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Abstract: Previous studies have reported that investigating the stagnation point flow is relevant in a
variety of industrial and technological processes, including extrusion and the polymer industries.
Hence, the present work aims to analyse the heat transfer performance of unsteady magnetohydro-
dynamics (MHD) in hybrid nanofluid and heat generation/absorption impact. The multivariable
differential equations with partial derivatives are converted into a specific type of ordinary differ-
ential equations by using valid similarity transformations. The resulting mathematical model is
clarified utilising the bvp4c function. The results of various control parameters were analysed, and
it was discovered that increasing the nanoparticle concentration and magnetic field increases the
coefficient of skin friction along the stretching/shrinking surface. The inclusion of the heat generation
parameter displays an upward trend in the temperature distribution profile, consequently degrading
the heat transfer performance. The findings are confirmed to have more than one solution, and this
invariably leads to a stability analysis, which confirms the first solution’s feasibility.

Keywords: magnetohydrodynamics; heat generation/absorption; stretching/shrinking surface;
stability analysis; hybrid nanofluid

1. Introduction

In real-world applications, the magnetic field is crucial in altering the field of flow.
The analysis of MHD in boundary layer flow is essential in the industry because of its
persistent demand in a variety of industrial fields, such as metallurgical procedures and
petroleum production [1]. Other than that, the MHD models are also particularly relevant
in the investigations of controlled thermonuclear fusion, where the vertical instability of the
plasma column inside the machine, such as the Tokamak ASDEX or ITER machines, is still
a challenge. Controlling plasma dynamics with the inclusion of MHD effect in tokamaks
is one of the most important issues in the theoretical and practical study of controlled
thermonuclear fusion, as well as in the global transition to fusion power engineering.
However, due to the complexity of construction in tokamak plasma properties, the plasma
magnetic control approaches are still underexplored [2]. Because of these circumstances,
complex mathematical models and the use of high-performance computing technologies
are required. The simulation approach and numerical study in plasma control systems are
usually beneficial in saving a lot of expensive experimental time [3]. Mitrishkin et al. [2]
conducted an experimental and numerical study on a plasma magnetic cascade multiloop
control system. Their findings revealed that a quantitative computation of the plasma shape
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scenario is required to obtain the most advantageous magnetic control system operating
modes. Meanwhile, De Tommasi [4] proposed several control algorithms based on the
dynamic model of the plasma magnetic control in tokamak devices. According to their
findings, the availability of reliable plant models is a critical aspect in the design and
deployment of plasma magnetic controllers.

Dealing with the study of MHD in boundary layer flow, Hartmann [5] pioneered
in establishing the principle of laminar flow of an electrically conductive liquid in a
homogeneous magnetic field, which led to major research in MHD over the last few
centuries. Leibovich [6] performed an investigation toward the MHD flow at a rear
stagnation point to study the use of magnetic fields as a valuable tool in a separation
process. Katagiri [1] demonstrated the MHD boundary layer separation by investigating
the problem of unsteady rear stagnation point in the presence of an applied magnetic
field. Later, Pavlov [7] used a uniform transverse magnetic field to investigate the flow of
electrically conducting fluids in a boundary layer. A summary of some research that tests
the effect of MHD in the boundary layer flow can be reviewed here [8-11]. The findings
in [8,9] show that the magnetic parameter is pronounced to have a significant impact on
the heat transfer rate. Meanwhile, [10,11] reported that a decrease in the fluid’s velocity
is caused by the increment of magnetic field’s intensity. Therefore, based on the stated
literature, we believe that this study has important implications for understanding the
crucial role of MHD in boundary layer flow.

Hiemenz [12] and Homann [13] are credited as the introducers of the classic stagnation
point problem in two-dimensional flow. Since then, various investigations were conducted
that recognised the important role of the stagnation point flow in several industrial and
technological processes such as extrusion activity and the polymer industry [14,15]. Proud-
man and Johnson [16] and Robins and Howarth [17] developed the boundary layer study at
a two-dimensional rear stagnation point, while Howarth [18] established the investigation
of boundary layer growth at a three-dimensional rear stagnation point flow. In another
study, Turkyimazolgu et al. [19] performed the unsteady MHD rear stagnation point in the
permeable and deformable sheet, and it is reported that the inclusion of unsteadiness and
magnetic parameter consequently allow a major contribution to the working fluid. Since
then, many investigators have conducted several reviews on stagnation point flow subject
to the heat transfer efficiency, for instance [20-23]. Khashi'ie et al. [20,21] demonstrate that
in the stagnation point flow, hybrid nanofluid has a higher heat transfer rate than conven-
tional nanofluid. Meanwhile, Zainal et al. [22,23] show that the thermal performance is
declined when the unsteady parameter is involved in the hybrid nanofluid stagnation point
flow. Therefore, the aim of this study is to emphasise the significance of the stagnation point
flow in hybrid nanofluids, which may be seen in both natural and industrial phenomena.

Many scholars and practitioners have improved the research of heat transfer analysis
involving the unsteady flow due to its essential role in transport phenomena. Due to the
different time-based conditions, the unsteady flow behaviour represents an odd pattern
instead of the steady flow, which disrupted the fluid motion structure and boundary layer
separation, as reported by Smith [24] and White [25]. New design techniques that increase
system performance, reliability, and cost reduction are possible with a comprehensive
knowledge of the unsteady flow practice in industrial procedures [26]. The numerical
study of unsteady flow problems was first initiated by Benson et al. [27], while Sears and
Telionis [28] examined the boundary layer separation in unsteady flow. Hayat et al. [29]
addressed the unsteady flow of nanofluid with magnetic field and double stratification
impact toward an inclined stretching surface. Jahan et al. [30] included the regression and
stability analyses of unsteady flow in a nanofluid over a permeable stretching/shrinking
sheet. Recently, Zainal et al. [8,31] performed several studies involving the unsteady flow
and heat transfer numerically. They reported that the unsteady flow revealed a considerable
influence on thermal energy effectiveness and boundary layer separation. Up to the present
day, a significant series of researches were carried out concerning the unsteady flow and
heat transfer focusing on numerous aspects, including [32-35]. According to the findings of
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those studies, the unsteadiness parameter has a substantial impact on the operating fluid.
Therefore, as part of the effort to properly understand and evaluate the irregular flows and
their applications, active investigations of unsteady boundary layers are required.

Temperature differences between two surfaces or inside separate areas of the same
object cause the heat transfer process. The heat transfer phenomenon that is disclosed with
heat generation/absorption is vital in geophysical, industrial, and bioengineering processes.
In particular, the heat generation impact may alter the thermal profile; subsequently, the
deposition rate of the particle in electronic chips, semiconductor wafers and also nuclear
reactors [36]. Vajravelu and Hadjinolaou [37] investigated the heat transfer characteristics
in the laminar boundary layer of a viscous fluid over a stretching sheet with viscous
dissipation and internal heat generation. Alsaedi et al. [38] considered the effect of heat
parameter on a stagnation point flow with convection heating at the nanofluid surface.
Their findings pointed out that the heat generation parameter, as predicted, causes an
increase in fluid temperature, while the heat absorption parameter has the opposite effect.
Soomro et al. [39] combined the effect of nonlinear radiation and heat parameter on
stagnation point flow toward a moving sheet in a nanofluid. The study discovered that the
increasing trend in nanoparticle volume fraction and fluid temperature is proportional to
an augmentation of the heat generation/absorption parameter. Latterly, the capability of
thermal stability and its performance can be assessed from scientific research for its actual
industrial applications, which can be found in the literature, such as [40,41].

A comprehensive examination of the previously discussed literature is only possible
to a limited extent. According to the available literature, an investigation of heat transfer
and the unsteady MHD rear stagnation point flow in Al,O3—Cu/H,O still lacks throughout
the scientific literature. As a result of the above main questions, the goal of this research
is to establish a computational model by performing a numerical analysis using Tiwari
and Das” model [42]. Additionally, Takabi and Salehi [43] and Ghalambaz et al. [44]
are acknowledged for the thermophysical properties of the operating fluid. Details and
explanations of each particular formulations for the thermophysical properties that were
employed in this investigation are available in Babu et al. [45] and Hussain et al. [46].
Additionally, the current study used the bvp4c approach in the MATLAB software to
elucidate the expressed problem. The stability analysis was carried out since the above
approach method effectively established more than one solution. The comparison results
for certain cases clearly demonstrate good agreement with the available data.

2. Mathematical Modeling

The unsteady MHD rear stagnation-point flow and heat transfer of Al,O3—Cu/H,0O
hybrid nanofluid past a permeable surface are considered, as demonstrated in Figure 1.
The impact of heat generation/absorption is also included. It is assumed that the free-
stream velocity is given by 1 = —9x/(1 — pt), where 1y and p are the real number and
constant, respectively. Additionally, the wall has a moving velocity along the x— axis
with 1y, = ugx/ (1 — Bt), and the wall transpiration velocity in the y— axis is given by
vw(x, t). Further, the wall temperature is given by Ty (x,t) = Teo + Tox/L(1 — Bt), while
the ambient temperature is considered constant which denoted by T.. The size of the
nanoparticles is regarded to be uniform. The governing equations of the hybrid nanofluid
for continuity, momentum, energy, and concentration by employing the usual boundary
layer approximations are written as (Devi and Devi [47]; Zainal et al. [48])

Ju oJv
gﬁ-@—O, 1)

ou  du  Ou i Qoo Hhnf 0*u  Ohuf
a Mo Ty T ot T pur 02 oy

B3 (1 — tico), ¢)

oT =~ 9T  oT k o’T T— T
7L = +7QS< >, ©)
ot = ax 3y (0Cp)y,r Oy (0Cp) s
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and the boundary conditions are

v =vyp(x,t),u = Auy(x,t), T =Ty(x,t), aty =0,
4)
U — Uoo(X, 1), T = Too as y — 0.

The velocity component along the x— and y— directions are denoted by u and v,
respectively, vy (x,t) is the wall mass transfer velocity with v, (x,t) < 0 for suction and
vw(x,t) > 0 for injection, T is the temperature of the hybrid nanofluid, s is the dynamic
viscosity, pp, is the density, 0y,,¢ is the electrical conductivity, and By is the transverse
magnetic field. Further, ky,,s is the hybrid nanofluid thermal conductivity, (0Cp),,,. f is the
heat capacity of the hybrid nanofluid and the coefficient of heat generation/absorption
is represented by Qs. The parameter of stretching/shrinking is symbolised by A with
A > 0and A < 0 represent the stretching and shrinking surfaces, respectively, while A = 0
indicated a static surface. The fluid systems’ thermophysical properties are portrayed in
Table 1 (see Abu Nada and Oztop [49]) while the correlation coefficient for the hybrid
nanofluid is depicted in Table 2 (see Takabi and Salehi [43]; Ghalambaz et al. [44]).

v,y Y
u. 111 T,
n A

’ I(*) E\/ EE =2

il % E‘-\ ﬁ

€ o > \l! > (0 €
v, (x.1) A (i) Lisd) wilzg) AU, (x,£) Tw (x.1)

(a) (b)

Figure 1. Physical models and coordinate systems: (a) stretching sheet (b) shrinking sheet.

o A

Table 1. The H,O, Al;O3 and Cu thermophysical properties (see Abu Nada and Oztop [49]).

Physical Properties k (W/mK) p (kg/m?) Cp (J/kgK)
H,0 0.613 997.1 4179
Al,O3 40 3970 765
Cu 400 8933 385

Table 2. The alumina—copper/water (Al,O3—Cu/H;O) correlation coefficient (Takabi and Salehi [43];
Ghalambaz et al. [44]).

Properties Al,03-Cu/H,0
Density Phnf = (1 - (Phnf)pf + 471‘0512? 2052
Dynamic viscosity Himg = 1/ (1= Png)”
Thermal capacity (pcp)hnf = ( (Ph”f) (pC,,) +¢1 (pcp)sl +¢2 (pCP)SZ
™ | conductivit Kinf (%)Hkﬁrz(% s1H¢oksn ) —2p kg
ermal conductivi &
y f (7% ksql)};izkbz )+2k/r*(‘l>l s1 +¢2k52)+¢hufkf
91951 2050 _
Electrical Conducﬁvity Vg”f _ ( : j]m;qu ) )+2(7f+2(¢1(751+472‘752) 2¢hnf(7f
/ (71 ‘},1,mf2 52 ) +205 = ($1051+42052) + Pn O
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The following similarity variables are implemented (Zainal et al. [8]; Fang and
Jing [50]):

W) =\ gy =\ [ = 6
so that
_ uoxf'(y) Uovy _ Uovy
BT e ey o ©

where S is the mass flux parameter with S < 0 for injection and S > 0 for suction, re-
spectively, while v is the base fluid kinematic viscosity. It is necessary to formulate the
similarity variables because there exist three independent variables (x,y, t) in the math-
ematical formulation, which is difficult to solve. By using the similarity variables, the
similarity solution is produced. The similarity solution can reduce the three independent
variables (x,y,t) to only one variable (1) by using appropriate similarity transformations.
Hence, the similarity transformations are employed to reduce the nonlinear partial differ-
ential equations together with their partial derivatives into ordinary differential equations.
Finally, the simplified mathematical model is solved using the bvp4c function in MATLAB
software.

Substituting Equations (5) and (6) into Equations (2) and (3), the following ordinary
(similarity) differential equations is obtained:

Pang/ s 2 7] Tinf/ Of
"y ffn +1— + Lfr 41 M =0, 7
omg /ey IS o(7ar) - Pung /0 U v
Hunf/ s /2 r 1 Ohnf/ Of /
my ffr +1-— + L 1) — M(f"+1) =0, 8
AR i e(f +1f +1) oo MU D) ®)
f(0)=S, f'(0) =7, 0(0)=1, )

f'(n) = =1, 0(y) > 0asy — oo,

where M = UfB/ugpf is the magnetic coefficient where B = By,/1 — Bt, Pr = nyp/kf,
¢ = PB/a represents the unsteadiness parameter, and J is the coefficient of heat genera-
tion/absorption. Meanwhile, Qs = Qo/ (1 — pt) where Qy is the initial value of the heat
generation/absorption coefficient. The heat generation/absorption parameter is given by
Q where Q > 0 and Q < 0 represents the heat generation and heat absorption, respectively.

. cpe _ Pmnf (ou — th”f _9oT
The physical quantities of concern are Cy = prie? ( 3y ) /=0 and Nu, = K (T To) ( 3y )y—O
which denote as the skin friction coefficient and the local Nusselt number, respectively.
Thus, we have

Kinf

ks 6'(0), (10)

Rel/ch thff//( 0),Re; V/2Nuy = —
where Rey = uox?/vs(1 — Bt).

3. Stability Analysis

By perceiving the efforts of Merkin [51] and Merrill et al. [52], a stability analysis is
implemented since the occurrence of several solutions was established in the boundary
value problem (7) and (8). Now, by introducing a new transformation variable, 7T is
proposed under the unsteady-state query, as follows (Waini et al. [53]; Zainal et al. [54]):

U= 1u0x af

Ml/
5350, 7), 0 = — s, 7), 0 = £, .

U=
[ ugt
T=Y,/ vf(lgﬁt)’ T= 1T
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Employing (11) into Equations (7) and (8), the following equations are secured:

Fang /1 P fazf (%)ZJA— (a{;+33f+1)
e

Onnf/0f 013 (12)
_ Thnf /i % A o Pf
Phnf/PfM< + 1) oot 0,

B (R VTZAN S < Y 700 =

Pr((Pcp)hnf/(PCp) )3172 ‘|‘f 9 €(9+ 29 ) + 0 0, (13)
with respect to
)
fO,1)=8, F0O1)=A 0071 =1, )
%(17,”()%—1 6(n,7) - 0asy — .

To scrutinise the steady flow solutions stability, where f(7) = fo(n7) and 6(7) = 6o(1),
we introduced the following equations:

f(n,7) = foln) + e “"F(n),
0(11,7) = 00(17) + e “TH(1), (15)

which is based on the work of Weidman et al. [55]. Here, F(17) and H(#) are relatively
small to fo(17) and 6y(77) whilst w is the unidentified eigenvalue. The eigenvalue problem
(12) and (13) leading to an infinite number of eigenvalues w; < wy < ws ... that disclose
a steady flow and initial deterioration when w; is positive. On the other hand, once w;
is found out negative; thus an initial development of perturbations is discovered. This
finding exposed the occurrence of unstable flow.

Replacing Equations (15) into Equations (12) and (13), hence

Minf/ug3F  0*F 9%fy _OFdfy (81—" 17 821-") Ohnf/ 0y (81—") oF
— + fo=s + F=20 —2—20 ¢ M +w=— =0, 16
Prnf/ pf O fo o> on* T dn oy o 200%)  pus/ps \O1 an (19
1 Ky / Kg ?H % _ (g2 1 9H _
Pr((pCp)hnf/(pCp)f) +fo ( +90 ) (H+ 7 aﬂ) +(0+w)H=0, (17)
with respect to
F(0) =0, gg@ =0, H(0)=0, a8

37(77)—”) H(y) — 0asy — co.

The steady-state flow solutions, i.e., fo(#) and 6y(17) were implemented via T — 0.
Eventually, the solution to the linearised eigenvalue problem is identified

Ping /B I ) Tnf/TF N | o
F" + Fr—|(2ffy+e+w+ M F + fo"F =0, 19
T (fo—el) (f 0 - fo (19)

1 Kh”f/Kf ) Ui ! I / /
- H' + (fo—el)H — (fo +e—6 — w)H — 0oF' +6,'F =0, (20)
((Pcp)hnf/(PCp)f ( 2) (
F(0,T)=0, F'(0,T)=0, H(0,7t)=0,

F'(n) =0, G(y)—0 as 5 — oo. (21)

According to [56], the possible eigenvalues can be established by relaxing a boundary
condition. Here, the value of F'(17) — 0 is fixed as 57 — oo, thus the linearised eigenvalue
problems (19) and (20) are exposed as F” (0) = 1 when wj is set up.

4. Results and Discussion

The resulting ordinary differential equations expressed in Equations (7)—(9) is clarified
by employing the bvp4c tool in the MATLAB software. In this technique, the essential
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approximation of boundary layer thickness is critical while discovering multiple solutions.
Before achieving the required outcome, several attempts need to be performed in offering a
significant initial prediction. The reliability of the results is evaluated with Turkyilmazoglu
et al. [19] and Bhattacharyya [57] as accessible in Table 3. The authors discovered that
the current findings are remarkably consistent with previous work. Thus, we are certain
that the suggested conceptual model can effectively investigate the heat transfer and fluid
flow activities.

Table 3. Approximation values of Re,!/2C £ by certain values of A whene =M =6 =5 =¢; = ¢ =0.

Present Result Turkyilmazoglu et al. [19] Bhattacharyya [57]
A First Solution = Second Solution  First Solution = Second Solution  First Solution = Second Solution
—0.25 1.4022408 - 1.4022408 - 1.4022405 -
—0.50 1.4956698 - 1.4956670 - 1.4956697 -
—0.75 1.4892982 - 1.4892982 - 1.4892981 -
—1.00 1.3288169 0.0000000 1.3288168 0.0000000 1.3288169 0.0000000
—1.15 1.0822312 0.1167021 1.0822312 0.1167021 1.0822316 0.1167023
-1.20 0.9324733 0.2336497 0.9324733 0.2336497 0.9324728 0.2336491
—1.2465 0.5842817 0.5542962 0.5842813 0.5542947 0.5842915 0.5542856
—1.24657 0.5745257 0.5640125 0.5774525 0.5640081 0.5745268 0.5639987

The numerical calculations for different physical parameters used in the study were
performed. In this study, a variety of ¢, is implemented (0.00 < ¢ < 0.02), while ¢; = 0.01.
Certain limiting parameters are utilised to assure the accuracy of the outputs, and they
are fixed to the extents listed here; 4.0 < M < 6.0 and 0.0 < ¢ < 1.5 to guarantee that the
obtained solutions are compatible. It should be noted that, in order to achieve the required
solution, an appropriate preliminary estimation should be determined by the values of the
specified parameter.

The effect of the selected parameter towards Re,1/2C Y and Re;l/ 2Nu, when
Pr=6.2,¢; =0.01,S = 6.0 and A = —10 for various values of ¢, M and ¢ is presented
in Table 4. The increment values of ¢, and M are reported to significantly improve the
values of Rexl/ 2C s while the increment values of § reduced the values of Re;l/ 2N Uy, aS
displayed in Table 4. As there exist dual solutions in this study, performing a stability
analysis is needed. The first solution is usually denoted reliable because it fulfils the
far-field boundary condition; however, by conducting a stability analysis, we are able to
confirm the accurate and reliable solutions convincingly. In the stability analysis procedure,
the smallest eigenvalue w; indicates the characteristics of the dual solutions. When w;
is positive, the flow is considered stable since the solutions comply with the stabilising
property where an initial decay is permitted. When w; is negative, however, the flow is
considered unstable because it causes an initial development of disturbances. The first
solution was found to be reliable due to its positive value, as witnessed in Table 5, while
the second solution is unreliable.

The preparation of compatible conventional /hybrid nanofluids is required to analyse
nanofluid flow characteristics and heat transfer effectiveness. The goal of developing
stable nanofluids was to improve the thermal properties of working fluids while using
as few nanoparticles as possible, as reported by Arifin et al. [58]. Suresh et al. [59], on
the other hand, worked on the synthesis of nanocomposite Al,O3-Cu/H,O powder and
its properties at different volume concentrations. According to their research, nanofluid
stability decreases as volume concentration rises.
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Table 4. Values of Re,!/ 2Cf and Re;l/ 2Nu, for Al,O3—Cu/water hybrid nanofluid when

Pr=6.2,¢; =0.01,S = 6.0 and A = —10 for various values of ¢, M and J.

Al,O3-Cu/Water Hybrid Nanofluid (¢ = 0.01)

92 M J Rexl/2 Cf Re, 1/2Nux
0.00 6.0 0.5 41.0286336560 33.2812323540
0.01 44.4794570250 33.1259684480
0.02 47.9973405430 32.9737922260
0.01 4.0 35.4463147500 33.0027615510

5.0 40.9347604490 33.0792778990
6.0 44.4794570250 33.1259684480
0.0 - 33.2417593770
0.5 - 33.1259684480
1.0 - 33.0091507970

Table 5. The smallest eigenvalues w; with assorted A.

A First Solution w4 Second Solution wq
—10 2.0570 —1.8571
-10.3 0.4956 —0.4836
—10.31 0.3416 —0.3359
—10.318 0.2560 —0.2527
—10.3183 0.2001 —0.1981
—10.3185 0.1210 —0.1203

The impact of nanoparticles concentration when ¢, varied is decribed in Figures 2-5,
while the value of alumina is fixed at ¢y = 0.1 as the sheet shrinks. Figures 2 and 3
show the characteristic of the skin friction coefficient (f”(0)) and the velocity profiles
(f'(17)) as the sheet shrinks. The addition of ¢, clearly enhances the f” (0) tendency from
Al,O3/H,0 nanofluid to Al,O3-Cu/H,0O hybrid nanofluid, as displayed in Figure 2. The
result indicates that as f” (0) increases, the frictional drag exerted upsurges and potentially
slowing the boundary layer separation on the shrinking surface of Al,O3—Cu/H,O hybrid
nanofluid. The velocity profiles in Figure 3 show a declining trend for the first solution,

but a reversal trend for the second solution is observed.

60.0
—VFirst Solution - --Second Solution
A, =-12.0411
A, =-12.2312
1 2 A, =-12.4301
40.0 2 3
=
~ \‘
~ R
N
200 1 W
\\\
§
@, =0.00,0.01,0.02
0=05M=85=6.0
¢, =0.01,6=-2.0,Pr=6.2
0.0 1 1 1 1
-14.0 -11.0 -8.0 -5.0 -2.0
A

Figure 2. /" (0)

against A by various ¢;.
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=20 |
— 4.0 | ¢, =0.00,0.01,0.02
o M=5=6.0,6=051=-12.0
bl $ =0.01,£ =-2.0,Pr=6.2
N~ -6.0 |
-8.0 | ! ; :
—First Solution - --Second Solution

2.0 3.0 4.0
n

0.0 1.0

Figure 3. f'(17) with various ¢, when A = —12.0.

37.0
—First Solution - --Second Solution
35.0 + 4,=-12.0411
—_ A, =-12.2312
o
St A, =-12.4301
s
I
33.0 +
@, =0.00,0.01,0.02
ﬂ"t'l
. 0=05M=5=6.0
Ny ¢ =0.01,z=-2.0,Pr=6.2
31.0 | 1 1 ‘

-15.0 -12.0 -9.0 -6.0 -3.0

Figure 4. —0'(0) against A by various ¢».
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—First Solution - --Second Solution

0.04
@, =0.00,0.01,0.02
M=S8=60,6=051=-12.0

¢ =0.01,z=-2.0,Pr=6.2 _

-
=

— i
N

0.02 |

0.00 |
0.1 02 03 04 05 0.6

Figure 5. 6(17) with various ¢, when A = —12.0.

Meanwhile, Figure 4 describes the reduction in —6’(0) results to an increase in ¢,.
The heat transfer activity in AlO3-Cu/H,O hybrid nanofluid was noticeably slowed by a
larger value of nanoparticle volume concentration. In other words, when the mass of the
Al,O3-Cu/H,0O hybrid nanoparticles increases, the temperature of the decreasing sheet
rises, reducing the heat transfer rate. The temperature profiles or (1) reveals a reduction
trend in both solutions. This may have occurred due to the simultaneous development of
the suction parameter and nanoparticle volume fraction.

It is widely known that the Lorentz force in transport phenomena has a significant
impact on fluid and heat transfer behaviour. The Lorentz force, which is heavily affected
by the electromagnetic force, tends to drag the fluid velocity down. As a result, the
temperature field of the working fluid increases. The findings in Figures 6-9 support this
argument which is discussed in detail afterwards. Figures 6 and 7 exemplify the trend of
£7(0) and f'(#) for an escalation of the magnetic parameter M. The findings reveal that
higher values of M aggravate the skin friction coefficient f” (0) while, the velocity profile
f'(n) of the first solution displays a reduction in the momentum boundary layer thickness,
as M intensifies in the shrinking case. Conversely, the momentum boundary layer thickness
in the second solution increases as the magnetic parameter is added, resulting in a reversal
of the velocity profile pattern. The performance of heat transfers —6’(0) and the thermal
profile 6(#) in the influence of M is examined in Figures 8 and 9. It is found that the
appearance of M has a particular influence on the fluid temperature. Substantially, —6'(0)
boosts when the magnetic parameter is intensified (see Figure 8) attributed to the existence
of the Lorentz force, as discussed earlier. The fluid temperature can also disperse from the
surface to the flow owing to this force. This can be seen in the temperature distribution
profile shown in Figure 9. The development and transmission of the drag force into the flow
helps to increase the temperature field, which ultimately increases the thermal boundary
layer thickness. In this particular study, the authors can deduce that the addition of the
magnetic parameter supports a substantial improvement in heat transfer performance from
the current and existing evidence. Even so, the authors would like to point out that when
different control parameters are taken into account, the effects may differ.



11 of 15

Mathematics 2021, 9, 2428

- --Second Solution

60.0
—First Solution
A A, =-10.3185
A, =-11.2711
40.0 A, =-12.2312
~~ Aes \
[ VA
S— \ \ﬂ'cll
= LS T
~ R
NN
20.0 + \\\

A Y
M =4.0,5.0,6.0
5=0.5,8=6.0,e =-2.0
¢ =, =0.01,Pr=6.2

0.0 | ‘
-15.0 -12.0 -9.0

A

Figure 6. " (0) against A by various M.

-1.0

-3.01

Vgl I
S SO0Ln M=4.0,5.0,6.0
N I,
R fi $=6.0,6=0.5,1=-10.0
é =@, =0.01, =-2.0,Pr=6.2

1]

=7.0 [u

-9.0 —First Solution - --Second Solution

6.0

0.0 2.0 4.0
n

Figure 7. f'(17) with various M when A = —10.0.



Mathematics 2021, 9, 2428

12 of 15

36.5
M =4.0,5.0,6.0
6=05,8§=6.0,£=-2.0
¢ =¢, =0.01,Pr=6.2
345 +
—_~
o
s
S
I A, =-10.3185
325 1 A, =-11.2711
A A, =-12.2312
—First Solution - --Second Solution
30.5 ' ‘ ! 1

-15.0 -12.0 -9.0 -6.0 -3.0

A

Figure 8. —0/(0) against A by various M.

—First Solution - --Second Solution
M =4.0,5.0,6.0 l

- §=6.0,06=0.51=-10.0 1

0.025 ¢ é=¢4=00L,6=-2.0,Pr=62 |

x10%
75 LU Y .

0.035

7

o (n)

0.015 ¢

0005 L . 018 '”u‘m 0z |

0.1 0.2 0.3 04 0.5 0.6

Figure 9. 6(77) with various M when A = —10.0.

In general, the temperature field of Al,O3-Cu/H;O hybrid nanofluid will be physi-
cally improved by including the heat generation/absorption parameter, while the sheet
shrinks due to the production of thermal energy at the boundary layer. Figure 10 demon-
strates the temperature distribution profiles 6(#) of the working fluid with various values
of 4. As exhibited in Figure 10, the thickness of the thermal boundary layer in the shrinking
sheet grows when the heat generation (6 > 0) parameter is amplified. The temperature
in the boundary layer, in particular, increases as a result of heat generation (6 > 0). Itis
indeed worth noting that the fluid temperature peak occurs near the wall rather than on
the wall at greater heat generation values. From a physical standpoint, the increase in
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fluid temperature is caused by the inclusion of heat generation. This phenomenon explains
the growth of the thermal boundary layer thickness. The observations in the previous
analyses (see Zainal et al. [48], Hayat and Nadeem [60]) indicate the same effects with the
current findings.

—First Solution - --Second Solution
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n

Figure 10. 6(7) with 6 = 0.0,0.5, 1.0.

5. Conclusions

Mathematical analysis on unsteady MHD rear stagnation point flow with a heat gener-
ation/absorption effect in Al;O3-Cu/H,O hybrid nanofluid was validated numerically in
the present study. The impact of assorted operating parameters, for example, the volume
fraction of nanoparticle, the MHD and heat generation/absorption parameter, were scruti-
nised. The outcomes suggest that dual solutions are feasible across the Al,O3—Cu/H;0
hybrid nanofluid is verifiable in certain controlling parameters. However, the dual solu-
tions occur when the sheet is shrinking. The stability analysis enables us to permit our first
solution consistency, while the second solution is considered unstable. Moreover, when
the magnetic parameter is induced in the operating fluid, the heat transfer performance
is increased. The inclusion of the nanoparticle volume fraction enhances the skin friction
coefficient in Al,O3-Cu/H;O hybrid nanofluid but declines the local Nusselt number. A
recent aggregation to the heat generation factor value has donated to the development in
the temperature distribution profile. As a result, the thermal boundary layer is urged to
elevate, and the heat transfer performance is degraded accordingly.
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