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Abstract: The heat and mass transfer characteristics on hydromagnetic squeeze flow of Jeffrey
nanofluid between two plates over a permeable medium by slip condition with the influences
of viscous dissipation and chemical reaction is examined. Buongiorno’s nanofluid model, which
includes Brownian motion and thermophoresis impacts, is implemented in this research. The gov-
erning nonlinear partial differential equations are transformed to the nonlinear ordinary differential
equations via asimilarity transformation. The transformed equations are solved by employing nu-
merical techniques of Keller-box. A comparison of the skin friction coefficient, Nusselt and Sherwood
numbers with reported outputs in the journals are carried out to validate the present outputs. An
excellent agreement is found. The results show that the squeezing of plates accelerates the velocity
and wall shear stress. Furthermore, the velocity, temperature and concentration profile decrease
when the Hartmann number and ratio of relaxation and retardation times increases. The raise in
thermophoresis and viscous dissipation elevate the temperature profile and the heat transfer rate.
Furthermore, the mass transfer rate declines due to the strong Brownian motion in the nanofluid,
whereas it increases with the addition of chemical reaction and thermophoresis.

Keywords: squeezing flow; Jeffrey nanofluid; slip condition; viscous dissipation; chemical reaction

1. Introduction

The development of an innovative heat transfer fluid is significant for achieving the
cooling rate standards in the current industries. Nanofluid is an engineered colloid con-
sisting of solid nanoparticles (1-100 nm) suspended in a conventional fluid, for instance,
ethylene glycol, water or engine oil. The conventional fluid has limited heat transfer
capability owing to the low thermal conductivity. Therefore, the dispersion of metallic
nanoparticles in the fluid is implemented to boost the thermal conductivity of the conven-
tional fluid. Eastman et al. [1] stated that the addition of copper nanoparticles increases
the thermal conductivity of ethylene glycol up to 40% because the suspended nanoparticles
enhance the ability of energy exchange in the flow. Nanofluid has been used in many
industrial applications, such as nanodrug delivery, lowering fuel in electric power plants
and vehicle cooling. Wong and De Leon [2] reported that nanofluid coolants contribute to
better energy savings and emission reductions. The analysis on seven slip mechanisms,
which generate a relative velocity amongst nanoparticles and base fluid, was carried out
by Buongiorno [3]. It was discovered that only Brownian motion and thermophoresis are
substantial for improving the heat transfer process in nanofluid. Later, Buongiorno’s model
was employed by many scientists to explore the convective flow of nanofluid [4-6].

Squeezing flow is caused by the motion of two parallel plates or boundaries with
normal external stress. The idea of squeeze flow has been investigated extensively due
to its engineering and industrial applications, for example, moving pistons, lubrication
systems, hydraulic lifts and injection molding. Stefan [7] began the study on the behavior of
lubricant within two squeezing plates using lubrication theory. Based on the pioneer works
of Stefan, the study on squeezing flow is explored for various geometries. Reynolds [8] and
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Archibald [9] continued Stefan’s work by considering elliptical and rectangular geometries,
respectively. Reynolds equation was used as the governing equations of the mathematical
model in the previous studies. However, Jackson [10] and Ishizawa [11] reviewed that
the Reynolds equation is inappropriate when applied in the squeezing flow with high
velocity and porous thrust bearings. Hence, several renewed studies were done to revise
the fundamental model of squeezing flow mathematically [12-17].

Jeffrey fluid is categorized as non-Newtonian fluid based on the flow behavior, which
correlated with the relationship of shear stress and strain. It is shear thinning flow with
yield stress and high shear viscosity. The fluid acts as a solid if the applied stress exerted is
lower than the yield stress, whereas the fluid begins to flow if the applied stress exerted is
more than yield stress [18]. Jeffrey fluid is a simple linear model where time derivatives are
used as a substitute for convective derivatives. The viscoelastic properties in the polymer
industry are described by the relaxation and retardation times parameter [19]. Furthermore,
the blood flow in narrow arteries is treated as Jeffrey fluid because of the rheological
characteristics [20].

The studies of MHD boundary layer flow has received great interest in engineering
application involving MHD pump and generator. The induction of Lorentz force occurs
when a magnetic field is imposed on the electrically conducting fluid. The Lorentz forces
are useful in regulating momentum and heat transfer flow in the boundary region [21].
The influence of suction and injection on an unsteady MHD squeeze flow of Jeffrey fluid
across a permeable channel was analyzed by Hayat et al. [22]. The series solution is
obtained via the homotopy analysis method (HAM). Then, Muhammad et al. [23] extended
Hayat et al. [22] research with magnetic field on squeezing flow of Jeffrey fluid with
stretching lower plate. The numerical solution of mixed convection of Jeffrey fluid at
a stagnation point was presented by Ahmad and Ishak [24] using Keller-box technique.
The flow is produced by a stretched vertical plate with a transverse magnetic field. Further,
Hayat et al. [25] investigated the squeezing flow of Jeffrey nanofluid through two disks
with a magnetic field effect.

Viscous dissipation is known as the irreversible process of mechanical energy con-
verted to thermal energy due to internal friction in the viscous flow. It is only significant
for the fluid with high velocity and viscosity. The presence of viscous dissipation on an
unsteady squeeze flow of nanofluid within two plates was examined by Sheikholeslami
et al. [26], Pourmehran et al. [27] and Gorgani et al. [28]. They used Tiwari and Das model
with different types of methods to obtain the solution. Acharya et al. [29] reported the
squeezing nanofluid flow with the combined impacts of viscous dissipation and magnetic
field via the Tiwari and Das model. Meanwhile, Azimi and Riazi [30] solved the same
problem via Buongiorno’s model. Later, Sheikholeslami et al. [31] extended Acharya
et al. [29] work by considering thermal radiation impact. Madaki et al. [32] explored
the influences of viscous dissipation and thermal radiation on the squeezing flow of the
nanofluid via the Tiwari and Das model.

All the above-mentioned studies involved with no slip condition at the plate. How-
ever, the momentum slip at the wall is important for the fluid that exhibits elastic char-
acteristics. The physical situations that possess slip conditions are the flow in the micro
devices, polishing of internal cavities and artificial heart valves [33]. The momentum slip
occurs when the velocity of the wall is no longer the same as the fluid velocity adjacent to
the wall. Khan et al. [34] discovered the impact of velocity slip on the squeeze flow of the
nanofluid in two plates with viscous dissipation. Furthermore, Singh et al. [35] extended
Khan et al.’s [34] studies by including a magnetic field. The research on an unsteady MHD
nanofluid flow caused by the squeezing of two parallel disks with a velocity slip was dis-
cussed by Sobamowo and Jayesimi [36]. Further, Sobamowo et al. [37] continued the study
of Sobamowo and Jayesimi [36] by considering squeezing nanofluid flow over permeable
medium with suction and injection under the influence of a velocity and temperature slip.

Another significant characteristic that affects the flow behavior is mass transfer in-
volving a chemical reaction. Several examples of chemical reaction applications are solar
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collectors, nuclear reactor safety, damage of crop equipment and the design of the chemical
process [38]. Many researchers have explored the chemical reaction impacts on nanofluid
flow for various geometries. Ullah et al. [39] analyzed the influences of a chemical reaction
and thermal radiation on the MHD squeeze flow of a nanofluid in the two disks with
suction and injection. The analytical solution of MHD squeeze flow of nanofluid over
two plates across permeable medium with chemical reaction, thermal radiation, viscous
dissipation and heat source or sink was studied by Mohamed et al. [40]. In non-Newtonian
fluid, Raju et al. [41] discussed the presence of a chemical reaction, magnetic field and
thermal radiation on a mixed convection flow of a Jeffrey nanofluid across a permeable
cone. Further, the squeeze flow of Casson nanofluid within two plates with the effects of
MHD, joule heating, viscous dissipation and a chemical reaction was examined by Shankar
and Naduvinamani [42]. Later, Noor et al. [43] extended Shankar and Naduvinamani’s [42]
work by considering the squeeze flow of a Casson nanofluid over a permeable medium
with a heat source or sink.

The literature discussion above reveals that most of the previous studies on an un-
steady squeeze flow within two plates are done for nanofluid. The study involving Jeffrey
nanofluid is limited. Furthermore, the combined impacts of viscous dissipation and chemi-
cal reaction on squeeze flow of the Jeffrey nanofluid have not yet been considered. Hence,
the present research concentrates on an unsteady squeeze flow of MHD Jeffrey nanofluid
through a permeable medium under the effects of viscous dissipation and chemical reaction.
The velocity slip boundary condition is considered. Similarity transformations are imposed
to convert the partial differential equations into the non-dimensional form and are solved
by the Keller-box technique. The results computed from MATLAB are compared with exist-
ing outputs from the literature. The velocity, temperature and nanoparticle concentration
fields are observed with different related parameters.

The present work is mostly implemented in the modeling of nuclear reactor safety. It
is designed to terminate the nuclear reaction automatically when hazards occur. The flow
with a chemical reaction is suitable to be used as a model for the nuclear reactor protection
system [38]. Furthermore, the electricity generated by a nuclear reactor increases when
a magnetic field is imposed on the system [44]. The presence of nanofluid is important
in a nuclear power plant to improve the heat transfer process. Heat transfer capacity in a
nuclear reactor is a thousand times larger than conventional fluids due to the high thermal
conductivity of the nanofluid. It increases the efficiency of the nuclear reactor and reduces
the thermal hydraulic problems. A new gateway for the high energy optimization has been
discovered with nanofluid [45].

2. Mathematical Formulation

The unsteady MHD flow of Jeffrey nanofluid through a permeable medium with a
chemical reaction and viscous dissipation impacts. The velocity slip is located at the upper
plate. The compression of two plates generates the fluid flow. The distance of two plates
is y = +h(t) = £I(1 — at)!/2. The upper and lower plates approach closer with velocity

oh(t)
Ow (t) = T
a > 0 until t = 1/&. The magnetic field B(t) = By(1 — at)~1/2 is applied to the electrically
conducting fluid through the lower plate. Figure 1 illustrates the coordinate system and
geometrical model for the squeeze flow of the Jeffrey nanofluid.

. The two plates are separated as & < 0, and the plates are squeezed as
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Figure 1. Geometrical model.

Based on the boundary layer approximations, the continuity, momentum, energy and

concentration equations of Jeffrey nanofluid are

ou dvu

ax oy Y

ou
o Thax Ty T f(” )ay2+ T34 \ara T Maxay?
Pu  oud*u du u )

ou  du o2u Ay <a3 3u

2
0B (t)u
Pf

"% oxay2 T ayoxay

_Vf(1+)31)7€1(€t)

u,

oT 9T T  o°T [
FUu- +o5- =

ot ox oy o2 Boy oy " T, \oy

L) G G
e+ ke,

a£+ a£+va—c D
ot ' ox | oy P

Here, ki(t) = ko(1 — at) is the permeability of porous medium, ay =

(oc) p

(pc) ¢

nanoparticles and fluid and k. (t) = k(1 — at) ! is the chemical reaction rate.
The corresponded boundary conditions are

k
(oc) s

thermal diffusivity of the Jeffrey fluid, T =

ou oh(t) . B -
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where Nj (t) = No(1 — at)!/? represents the momentum slip.
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The non-dimensional variables are implemented to reduce the partial differential
equations into ordinary differential equations [46];

Y xx wl

= l\/m,uz 2(1—at)f/(ﬂ)'v:mf(ﬂ)’ )
T C

QITiqub:Ciwl

Substituting the dimensionless variables of Equation (7) into Equations (2)—(4) yields

(14 ) F2 = SOuf™ +38" + £17" = ££")
1

+ (1 + Ail) %(nf” +5F0 4+ 2f" " — f 7 — ff°) — Ha*f" ®)

) -o

i é " Il i 11\2 20 ¢1\2
py (1 5Ra)0" - S(F0 —0/) + Ee| (14 ) (") +45%(f')) o
+ Nypg'0' + N () =0,
i 1 /Y] i& " _
with the non-dimensional boundary conditions
F1) =0,f"() = 0,f(y) = 0,0'(n) = 0,¢'(n) =0, at 5 =0, (11)

£ =150 = (14 ) F0),00) = Lgl) =1, at =1 (2

The significant parameters in the non-dimensional equations are defined as

2
5= Ho=1By |7 Da=" pe= M2
2vf PFVF ¢l 1—at

I Uf a?x?
6=-(1 —oct)l/2,Pr == b= —F77——5,
' Dacs | ; ?Twu 0 (13)
v
Le = irNb — M,Nt — M,
DB Uf Vme
2 N,
R— kol = ovf
Vf [

Physically, the movement of the channel is portrayed by a squeezing number, where
S > 0 shows the plates moving nearer and S < 0 shows the plates moving further. Deborah,
Hartmann and Darcy numbers are used to manage the fluid velocity. Moreover, Prandtl
and Eckert numbers are significant in regulating fluid temperature. The nanoparticle
concentration is discovered by a chemical reaction parameter. Furthermore, the flow at the
simultaneous momentum and mass diffusion is described by the Lewis number.

3. Results and Discussion

The ordinary differential Equations (8)—(10) with corresponding boundary conditions (11)
and (12) are solved using the Keller-box scheme. The numerical and graphical results are attained
via MATLAB software. A proper guess of the step size Ay = 0.01 and boundary layer thickness
o = 1 is considered to achieve precise results. The difference between the previous and
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present outputs of velocity, temperature and concentration is known as convergence criteria.
The iteration is stopped for all the values when it converged to [43].

The computations are discovered for S, A1, Ha, Da, v, De, Pr, Ec, Ny, N, Le and R to
examine the physical behavior of the velocity, temperature and nanoparticle concentration.
Tables 1-3 portray that the present results are compared with the reported outputs of the
journals as limiting cases.

The numerical results of the skin friction coefficient for S are compared with Wang [14]
and Khan et al. [17] in Table 1. The comparison of skin friction coefficient, Nusselt and
Sherwood numbers for S are presented in Table 2 with Naduvinamani and Shankar [47].
Table 3 depicts that the Nusselt number is compared with Mustafa et al. [48], Gupta and
Ray [49] and Celik [50] for Pr and Ec values. Good agreement is noticed from the numerical
results shown in Tables 1-3.

Table 1. Numerical outputs of —f”(1) for S as Ay — oo, Da — o, De = N, = 10710,
Hi=vy=Ec=6=Ny=R=0and Pr="Le=1.

-’

S Wang [14] Khan et al. [17] Present Results
—0.9780 2.235 2.1915 2.1917
—0.4977 2.6272 2.6193 2.6194
—0.09998 2.9279 2.9277 2.9277

0 3.000 3.000 3.000
0.09403 3.0665 3.0663 3.0664

0.4341 3.2969 3.2943 3.2943
1.1224 3.714 3.708 3.708

Table 2. Numerical outputs of —f”(1), —6'(1) and —¢'(1) for S as Ay — oo, Da — oo,
De=N, =107 Hi=9=N;=0,§=0.1and Pr=Ec=Le=R = 1.

Naduvinamani and Shankar [47] Present Outputs
S - - -9’1 () -1 —¢'(1)
—-1.0 2.170091 3.319899 0.804559 2.170255 3.319904 0.804558
—0.5 2.617404 3.129491 0.781402 2.617512 3.129556 0.781404
0.01 3.007134 3.047092 0.761225 3.007208 3.047166 0.761229

0.5 3.336449 3.026324 0.744224 3.336504 3.026389 0.744229
2.0 4.167389 3.118551 0.701813 4.167412 3.118564 0.701819

Table 3. Numerical outputs of the Nusselt number for Pr and Ec when Ay — oo, Da — oo,
De=N, =109, Hi=9=N;=0,0=01,5=05and Le=R = 1.

—60'(1)
Pr Ec Mustafa et al. [48] Gupta and Ray [49] Celik [50] Present Results
05 1.0 1.522368 1.522367 1.522367 1.522401
1.0 1.0 3.026324 3.026323 3.026324 3.026389
20 1.0 5.980530 5.980530 5.980530 5.980652
50 1.0 14.43941 14.43941 14.43941 14.43965
1.0 05 1.513162 1.513162 1.513162 1.513194
1.0 1.2 3.631588 3.631588 3.631588 3.631667
1.0 20 6.052647 6.052647 6.052647 6.052778
1.0 5.0 15.13162 15.13162 15.13162 15.13194

Figures 2-5 present the variation of S on velocity, temperature, and concentration.
The movement of plates closer to each other is represented by S > 0, and the separation of
plates from each other is represented by S < 0. The normal velocity displayed in Figure 2
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decreases as S > 0, whereas the velocity increases as S < 0 in the vicinity 0 < # < 1. Itis
discovered that the fluid is squeezed into the channel as the surfaces move further, which
results in enhancing the flow velocity. In contrast, the reduction of velocity caused by the
fluid is squeezed out from the channel as the plates move nearer. The impact of S on axial
velocity is exhibited in Figure 3. The vicinity adjacent to the lower wallis 0 < < 0.45, and
the vicinity adjacent to the upper wall is 0.45 < # < 1. The velocity is shown decelerating
for # < 0.45, and it accelerates for 7 < 0.45 when S > 0. In contrast, the velocity elevating
for 1 < 0.45 and it declines for 7 > 0.45 when S < 0. It is discovered that the squeeze of
plates leads to the flow over the narrow channel at a fast rate. Meanwhile, the fluid velocity
slows down due to the flow encounters high opposition in the wider channel. It is explored
that the crossflow arises at the center of the channel. It is found that for the velocity
profile at . = 0.45, the critical point is not affected when varying the squeeze parameter.
The variation of S on the temperature field is portrayed in Figure 4. The temperature
profile drops when the plates move closer (S > 0) because the smaller volume of the
channel reduces the kinetic energy of fluid particles. Furthermore, the movement of plates
further from one another (S < 0) promotes the kinetic energy and, therefore, elevates the
temperature in the flow. The kinetic energy is directly proportional to temperature. It is
noticed that the fluid temperature is constant adjacent to the upper wall. Figure 5 depicts
the influence of S on nanoparticle concentration. The concentration profile rises when
S > 0 and it declines when S < 0.

The influences of A1 on velocity, temperature, and concentration are exhibited in
Figures 6-9. The radial velocity in Figure 6 decelerating with a rise in A;. The reason is
that an increase in A; enhances the intermolecular forces within fluid particles, which
increases the viscosity of the fluid. The axial velocity presented in Figure 7 decreases for
7 < 0.5 and it increases for # > 0.5 when A rises. The cross behavior of flow occurs at the
middle of the boundary layer. Figure 8 depicts the effect of A; on the temperature field.
The flow temperature declines as A4 rises. The increase in fluid viscosity implies stronger
intermolecular forces and, consequently, reduces the kinetic energy of fluid particles.
Figure 9 demonstrates the influence of A1 on the concentration field. The increment of A4
elevates the nanoparticle concentration.

Figure 2. Impact of S on radial velocity.
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Figure 4. Impact of S on temperature.
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Figure 9. Impact of A1 on concentration.

The impacts of Ha on velocity, temperature and concentration are displayed in Figures 10-13.
The radial velocity slows down with an increase in Ha. The Lorentz force is produced by the
induction of a magnetic field in the flow. It raises the resistance towards the flow in the channel.
The axial velocity, as shown in Figure 11, decreases for 7 < 0.5, and it accelerates for # > 0.5
when Ha increases. The crossflow is observed at the center of the boundary layer. The effect
of Ha on the temperature field is presented in Figure 12. It is found that the flow temperature
reduces for 7 < 0.9, and it increases for 77 > 0.9 for a rise of Ha. Figure 13 describes the variation
of Ha on nanoparticle concentration. The concentration profile rises on # < 0.85, and it drops on
n > 0.85 with a rise in Ha.

7

Figure 10. Impact of Ha on radial velocity.
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Figure 12. Impact of Ha on temperature.
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Figure 13. Impact of Ha on concentration.
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The variation of Da on axial velocity is demonstrated in Figure 14. The velocity
enhances for < 0.5, and it declines for 7 > 0.5 when Da increases. The flow across porous
medium accelerates with the rise of permeability of the porous medium. The impact of
7 on axial velocity is portrayed in Figure 15. Physically, the slip condition at the upper
plate is considered when the velocity at the plate and the fluid velocity nearer the plate
is different. The velocity increases for 7 < 0.6, and it decreases for # > 0.6 for a rise in
7 values. The reduction of flow nearer the upper wall is due to the reason that more fluid
is able to slip over the wall as +y rises. The influence of De on axial velocity is presented in
Figure 16. It is noticed that the velocity accelerates nearby the lower wall, and it decelerates
nearby the upper wall with a rise in De. The ratio of retardation time and observation
time is defined as the Deborah number. The slow reaction to an applied stress or ‘delay
of elasticity” is called retardation time. It is found that the rise in De implies that the fluid
exhibits a longer retardation time, which causes the viscosity of the fluid to increase. Hence,
the intermolecular forces of fluid particles strengthen, which leads to the flow close to the
upper wall slowing down.

L — Da=05
14l S —— Da=25| |
\ Da=45
P e Da=65

144
[ 143

1.42

7

Figure 14. Impact of Da on axial velocity.
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1L |

051 1

£

-05+F J

7

Figure 15. Impact of o on axial velocity.
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Figure 16. Impact of De on axial velocity.

The influence of Pr on the temperature field is demonstrated in Figure 17. The flow
temperature elevates with a rise in Pr. The Prandtl number is the ratio of momentum
diffusivity and thermal diffusivity. It is discovered that the enhancement of Pr promotes
the specific heat capacity of the fluid. It has improved the fluid capability to absorb heat,
which results in elevation of the flow temperature. Figure 18 portrays the effect of Ec on the
temperature field. It is shown that the flow temperature elevates as Ec rises. The presence
of viscous dissipation is denoted by the Eckert parameter. High values of Ec accelerate
the kinetic energy in the fluid particles. It is converted to heat energy and thus, causes a
rise in the temperature profile at the flow boundary. The impact of N, on the temperature
field is described in Figure 19. It is found that the temperature decreases when Ny, rises.
The movement of nanoparticles suspended in the fluid is known as Brownian motion.
It is a key factor that promotes the thermal conductivity of nanofluid. The temperature
in the flow decreases because of the high efficiency of heat transfer. Figure 20 discovers
the variation of N; on the temperature field. The flow temperature is enhanced with
increments of N;. The thermophoretic force is imposed on nanoparticles when there is a
temperature difference within the flow and the upper boundary. The kinetic energy of
nanoparticles increases due to the thermophoretic force. This phenomenon elevates the
temperature profile.

1.18 1 — Pr=10|
Pr=15

116 F Pr=2.0| 1
Pr=25

7

Figure 17. Impact of Pr on temperature.
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Figure 20. Impact of N; on temperature.
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Figure 21 presents the variation of N; on nanoparticle concentration. The concentration
profile rises when N}, increases. Physically, the existence of Brownian motion enhances
the kinetic energy of nanoparticles. The nanoparticles move from the upper wall to the
flow region effectively and, thus, increase the concentration field. The influence of N; on
nanoparticle concentration is exhibited in Figure 22. It is noted that fluid concentration
decreases when N; rises. The movement of nanoparticles from the flow region to the
upper wall increases due to the thermophoretic force, which causes a reduction of the
concentration profile. Figure 23 describes the variation of Le on nanoparticle concentration.
The nanoparticle concentration drops with an increase in Le. It is stated that the Lewis
number is inversely proportional to the Brownian motion. The motion of nanoparticles from
the upper boundary to the flow region slows down as the Brownian motion decelerates.
This phenomenon reduces the concentration in the fluid flow. The impacts of R on the
concentration field are demonstrated in Figure 24. The influences of a chemical reaction are
categorized as destructive and constructive. It is shown that nanoparticle concentration
elevates in a constructive chemical reaction (R < 0), and it declines in a destructive
chemical reaction (R > 0). The constructive chemical reaction increases the rate of reaction
in the flow and, consequently, increases the fluid concentration.

(1)

7

Figure 21. Impact of N}, on concentration.
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Figure 22. Impact of N; on concentration.
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Figure 23. Impact of Le on concentration.
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Figure 24. Impact of R on concentration.

4. Physical Quantities of Interest

Skin friction coefficient, Nusselt and Sherwood numbers are the physical quantities
in the flow. The friction of the fluid near the wall against the wall boundary is known
as the skin friction parameter. Moreover, Nusselt and Sherwood parameters are the non-
dimensional parameters that describe the rate of heat and mass transfer of fluid adjacent
to the wall. The definitions of the skin friction coefficient C f,, Nusselt number Nu, and
Sherwood number Shy are denoted by [51]

Tw lqw qu
Cfr = —2  Nuy = ,Shy = , 14
fx pf0%" 7 ayT,' T DpCy (14)

where Ty, g and g; are the skin friction, heat and mass flux on the plate. The expressions
of Ty, quw and g; are given as

Tw = UB (1 + %1) {gﬁy_h(t),qw = af[g;h_h(t),qs = —Dg B(yjh_h(t). (15)
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The non-dimensional forms of Cfy, Nuy and Shy are

2
%(1 —at)RexCfy = (1 + /\il)f//(l)l

\/ (1 —at)Nu, = —0'(1), (16)

(1 —at)Shy = —¢'(1).

Numerical results of the physical quantities when varying the dimensionless parame-
ters are illustrated in Tables 4-7. The impact of S on the skin friction coefficient, Nusselt
and Sherwood numbers is presented in Table 4. The wall shear stress elevates as S rises,
whereas the reverse impact is noted in the rate of heat and mass transfer. It is found that the
frictional force on the fluid and the wall boundary enhances because the fluid accelerates
as the plates move closer. In contrast, the reduction of the mass and heat transfer rate
is owed to the kinetic energy of nanoparticles decreases in the narrow channel. Table 5
reveals the effect of S, A1, De, Ha, Da and 7y on the skin friction coefficient. The wall shear
stress rises with an increase in S, Ha and -y, whereas it slows down for increasing A1, Da
and De. The Lorentz force and slip condition increases the friction force near the wall
surface. Meanwhile, the rise in A1 and De enhances the viscosity of Jeffrey fluid, which
results in a decline in the velocity profile. The flow nearby the upper wall also decelerates
as Da increases. Therefore, the decline in the fluid velocity causes the wall shear stress to
decrease. The variation of Ec, Pr, N} and N; on the Nusselt number is portrayed in Table 6.
The Nusselt number is the ratio of thermal transfer by convection and thermal transfer by
diffusion. It is noticed that Ec, Pr and N; raise the heat transfer rate, while N, reduces the
heat transfer rate. Based on Figures 17, 18 and 20, the flow temperature elevates with in-
creasing Ec, Pr and N;. It has caused the kinetic energy of nanoparticles to become stronger
and, therefore, enhance the rate of the heat transfer. In contrast, Brownian motion reduces
the temperature profile, as exhibited in Figure 19. The deceleration of kinetic energy of
nanoparticles causes the rate of the heat transfer to decrease. Table 7 demonstrates the
impact of Le, R, N, and N; on the Sherwood number. It is discovered that the rate of mass
transfer elevates with an enhancement of Le, R and N;, whereas it drops when Nj, rises. The
Sherwood number is the ratio of convective mass transfer and the diffusive mass transfer.
Physically, the increment of Brownian motion enhances the diffusive mass transfer, which
causes the nanoparticle concentration in the flow to elevate, as displayed in Figure 21. The
Sherwood number is inversely proportional to the diffusive mass transfer. Hence, this
phenomenon causes a decrease in the Sherwood number. The reverse behavior is found for
increments of Le, R and N;. A high Sherwood number implies that the presence of Le, R
and N; increases the mass transfer due to convection.

Table 4. Numerical results of —(1 + 1/A1)f”(1), —6(1) and ¢’(1) for S when De = v = 0.01,
0=Ha=Ec=N,=N;=01,A =Da=1and Pr=Le=R =1.5.

S —(1+ /A1) f" (1) —0'(1) ¢’ (1)
—2.5 4.727939 1.244305 2.526508
-2.0 5.210547 1.158067 2.403976
—-1.5 5.653556 1.097885 2.308981
-1.0 6.063763 1.055755 2.233626
—-0.5 6.446384 1.026437 2.172665

0 6.805498 1.006412 2.122519

0.5 7.144352 0.993229 2.080659

1.0 7.465567 0.985166 2.045278

1.5 7.771288 0.980981 2.015046

2.0 8.063291 0.979766 1.988971

25 8.343065 0.980837 1.966294
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Table 5.

6=Ec=N,=Ny=01land Pr =Le=R=15.

Numerical outputs of —(1 + 1/A1)f"”(1) for S, Ay, Ha, Da, De and 7 when

S

A

Ha

Da

De

—(1+ 1A (1)

-15

-1.0

—-0.5

0

0.5
1.0
1.5
1.0

1.0

1.0

1.0

1.0

1.5

1.0
1.5
2.0
2.5
3.0
3.5
1.5

1.5

1.5

1.5

0.1

1.0
1.5
2.0
25
3.0
3.5
0.1

0.1

0.1

1.0

1.0
1.5
2.0
25
3.0
3.5
1.0

1.0

0.01

0.01

0.01

0.01

0.01
0.03
0.05
0.07
0.09
0.01

0.01

0.01

0.01

0.01

0.01

0.010
0.011
0.012
0.013
0.014

4.444929
4.866867
5253721
5.611752
5.945698
6.259225
6.555223
7.465567
6.259225
5.664561
5.310315
5.075164
4.907676
6.430432
6.640604
6.924462
7.273334
7.678004
8.129483
6.259225
6.161199
6.111640
6.081726
6.061708
6.047372
6.259225
6.985274
7.901794
9.093433
12.208567
6.259225
6.258774
6.258324
6.257884
6.257454

Table 6. Numerical outputs of —6’(1) for Ec, Pr, N, and N; when De = v = 0.01, Ha = § = 0.1,

S=Da=1land Ay =Le=R=15.

Ec Pr Ny N; —0'(1)

0.1 1.5 0.1 0.1 0.806612
0.2 1.620920
0.3 2.443096
0.4 3.273315
0.5 4111761
0.6 4.958621
0.1 1.0 0.1 0.1 0.547527
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Table 6. Cont.

Ec Pr Nb Nt - 9’ (1)
1.5 0.806612
2.0 1.057583
25 1.301498
3.0 1.539288
0.1 1.5 0.2 0.1 0.783219
0.4 0.739423
0.6 0.699276
0.8 0.662416
1.0 0.628517
0.1 1.5 0.1 0.2 0.810460
0.4 0.818329
0.6 0.826437
0.8 0.834797
1.0 0.843423

Table 7. Numerical outputs of ¢/(1) for Le, R, N, and N; when De = v = 0.01, Ha = 6 = Ec = 0.1,
S=Da=1and y; = Pr=15.

Le R N, N; ¢’ (1)

0.5 1.5 0.1 0.1 1.319558

1.0 1.655833

1.5 1.912033

2.0 2.121145

25 2.299830

3.0 2.457446
1.5 -15 0.1 0.1 —7.357027
-1.0 —1.463706

-0.5 0.049833

0.5 1.280691

1.0 1.632325

1.5 1.912033

1.5 1.5 0.2 0.1 1.589931

0.4 1.429529

0.6 1.376588

0.8 1.350472

1.0 1.335057

1.5 1.5 0.1 0.2 2.543099

0.4 3.824886

0.6 5.133900

0.8 6.471441

1.0 7.838907

5. Conclusions

The present numerical research examines the influences of viscous dissipation and
chemical reaction on an unsteady MHD slip flow of a Jeffrey nanofluid through permeable
medium. The flow occurs due to squeeze between two parallel plates. Conversion of partial
differential equations to ordinary differential equations is conducted by the implementation
of dimensionless variables. The numerical results are derived by the Keller-box approach,
and graphical results are attained using MATLAB. A comparison of the present results
with existing reported works is conducted and shown in excellent agreement. The effects
of S, A1, Ha, Da, vy, De, Pr, Ec, Ny, N, Le and R on velocity, temperature and nanoparticle
concentration are analyzed. The significant findings in the investigation are summarized as:

1. The flow velocity increases as the plates move closer (S > 0) and it decreases as the
plates move apart (S < 0) near the vicinity of the upper plate.
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2. The wall shear stress increases as S, 7y and Ha rise, while it reduces with an increase
in Ay, Da and De.

3. Theenhancement of A1 and Ha decelerate the fluid velocity, temperature, and concentration.

4. The flow velocity adjacent to the upper plate region slows down for increasing vy, Da
and De.

5. The fluid temperature and heat transfer rate enhance when Pr, Ec and N; increases,
whereas the opposite effect is observed with an increase in Nj,.

6.  Therise of Nj, increases the nanoparticle concentration and decreases the mass transfer rate.
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Abbreviations

The following abbreviations are used in this manuscript:

Roman letters
B magnetic field

¢f  concentration susceptibility

¢p  specific heat of nanoparticles

C nanoparticle concentration

Cw  concentration at upper plate

Dp  Brownian diffusion coefficient

Dr  Thermophoretic diffusion coefficient

De  Deborah Number

Da  Darcy Number

Ec  Eckert Number

Ha Hartmann number

h distance between two plates

k1 permeability of porous medium

kg thermal conductivity of fluid

k¢ rate of chemical reaction

Le  Lewis number

) initial distance between two surfaces (at t = 0)

N;  velocity slip

N,  Brownian motion parameter

Nt  thermophoresis parameter

Pr  Prandtl number

S squeeze number

R chemical reaction parameter

T fluid temperature

Ty  temperature at upper plate

T,y  ambient temperature

t time

u fluid velocity in x direction
fluid velocity in y direction

vy  velocity at upper plate
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(x,y) cartesian coordinates

Greek symbols

constant

thermal diffusivity of Jeffrey fluid

slip parameter

dimensionless velocity parameter
dimensionless temperature parameter
dimensionless length

Dimensionless concentration parameter
boundary layer thickness

kinematic viscosity

electrical conductivity

ps  fluid density

pp  density of nanoparticles

@  porosity of porous medium

A1 ratio of relaxation to retardation times
Ay retardation time

T  ratio of heat capacities of nanoparticles and fluid

Qf&‘%%m\Q\%Q
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