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Abstract

This work presents a computational investigation of a squeezing nanofluid flow under the influence of thermal radiation, mag-
netohydrodynamics (MHD), and chemical process in a constrained parallel-wall geometry. In this study, the non-Newtonian
behavior of a rate-type (Maxwell) nanofluid is captured by rheological expressions that serve as the foundation for the flow
formulation. This kind of thinking makes it possible to simulate the intricate nanofluid behavior that incorporates the elastic
and viscous responses, which are useful in a variety of situations related to nanofluid dynamics, rheology, and materials sci-
ence. Additionally, the transport equations are modeled properly using Wakif's—Buongiorno nanofluid model. The equations
reflecting the dynamics of the nanofluid and heat-mass transport are developed based on admissible physical assumptions,
such as the negligible viscous dissipation as well as the lower magnetic Reynolds number. After that, several similarity vari-
ables are introduced in these equations to get the dimensionless formulation form. Akbari-Ganji's method is used to carry
out extensive computational simulations. Our results show that the increased squeezing parameters lead to larger horizontal
and vertical velocities. On the other hand, the temperature showed a reverse relationship with the increasing squeezing
parameters and exhibiting a cooling impact.

Keywords Maxwell nanofluid - Wakif—-Buongiorno model - Sensor surface - Squeezed flow - Akbari—Ganji method -
Chemical reaction
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C Concentration of nanoparticles
T Temperature

T Heat capacitance ratio

Y Positive dimensional constant
o Reference concentration

1 Introduction

Squeezing flow elaborates the dynamic behavior of a fluid
as it travels between two tightly aligned surfaces. Stefan's
groundbreaking work [1] on using the lubrication approxi-
mation to squeeze flow was a major turning point, and this
part has been used for many years. Modern engineers and
researchers have been focusing more and more on studying
these flows in recent times because of the numerous indus-
trial applications of fluid flows confined between two paral-
lel surfaces, including in polymer processing, hydrodynami-
cal systems, solidity and injection design, food processing,
foam production, accelerators, lubrication equipment, and
power transmission damping devices. Taking into account
the applications, a range of methods and configurations have
been used to extensively analyze the squeezed flow dynam-
ics. This has consequences for both fundamental science and
real-world engineering environments.

Noor et al. [2] studied the properties of a magnetized
squeezed Casson nanomaterial with a heat source and radia-
tive flux. Their research showed that an increase in the flu-
id’s velocity and temperature distribution occurs when the
plates move inward. A dual-stratified compressed nanofluid
was examined by Farooq et al. [3] using a Maxwell rheologi-
cal model set up with parallel permeable plates. The results
showed that the velocity profile displays a crossflow behav-
ior when the material parameter increases. Sobamowo et al.
[4] investigated squeezed flow analysis of third-grade mag-
netized nanofluid configured by parallel disks susceptible to
radiative flux and porous medium. Based on better estima-
tions of the Prandtl number, the obtained results showed a
decrease in temperature. This phenomena is caused by the
lower diffusivity of the third-grade material. Convective-
stratified characteristics of squeezed flow were analyzed by
Khan et al. [5] while taking inclined rheology into account.
They reported a decrease in concentration and thermal fields
that were influenced by a greater stratification parameter
(solutal, thermal). Famakinwa et al. [6] developed squeezed
nanofluid incompressible flow taking alumna and copper
oxide nanoparticles and water base fluid into consideration.

Non-Newtonian fluids are recognized by having a viscos-
ity that varies according to the rate of stress or applied shear,
unlike Newtonian fluids, which maintain a consistent viscos-
ity. An illustrative example of a non-Newtonian fluid is the
Maxwell fluid, often employed to represent the rheological
behavior of complex fluids such as polymers, suspensions,
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and emulsions [7]. The time-dependent shear stress, as
explained by this model, arises from the relaxation of the
elastic component in a non-Newtonian fluid, characterized
by both elastic and viscous components. Given the occur-
rence of non-Newtonian fluid behavior in various applica-
tions such as biological fluids and industrial processes, it
has garnered significant attention from the scientific com-
munity. Several research endeavors have reported the flow
features of Maxwell fluids in different scenarios, including
flows with directional stress, stretching flow, and rhythmic
flow, employing a blend of experimental and computational
approaches. The results obtained from these studies have
significantly advanced our comprehension of the fundamen-
tal physical mechanisms governing the behavior of these
fluids. Additionally, they have played a key role in the crea-
tion of novel models and simulation strategies for forecasting
and comprehending the characteristics of non-Newtonian
fluids, such as the Maxwell fluid [8, 9] Several authors have
written in-depth comments regarding the significance of
non-Newtonian Maxwell fluid. This type of fluid’s poten-
tial manufacturing uses have been discussed in a number
of places [10-13]. A form of fluid called Maxwell fluid is
created by adding electrically conductive particles to a base
fluid. Particles scattered in Maxwell fluids typically range
in size from a few nanometers to a few microns and often
consist of metals like Copper (Cu) or Silver (Ag). Maxwell
fluids could be used in a variety of applications, including
electronic cooling and heat transfer, by altering the thermal
and electrical properties of the basic fluid by adding these
particles. A growing body of research is being done to bet-
ter understand and improve the performance of Maxwell
nanofluids because of the unique characteristics they display.
Many authors have studied the behavior of Maxwell fluid
flow because of its significance, introducing the effect of
many physical and mass transfer phenomena, as confirmed
by literature work [14-17].

Squeezed fluid has become a novel sort of fluid in recent
years and attracted a lot of curiosity. The squeezed fluid is
generated through the compression of a base fluid contain-
ing suspended nanoparticles, resulting in reduced particle
size and increased concentration. This pression operation
imparts unique properties to the squeezed fluid, such as
enhanced thermal conductivity and superior heat transfer
capabilities [18]. One of the main advantages of compressed
fluids is their ability to improve the efficiency of heat transfer
systems. By elevating the nanoparticle concentration of the
fluid, squeezed fluid augments thermal conductivity, ena-
bling more performance heat transmission. That’s particu-
larly beneficial in applications such as electronic cooling,
in which achieving efficient thermal dispersion is crucial
to maintaining optimum system functionality. Numerous
research endeavors have delved into exploring the flow
and thermal features of squeezed fluids in diverse forms
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and configurations [19-21]. Knowledge gained from such
investigations plays an essential role in understanding the
behavior of compressed fluid flow, helping to optimize and
improve the efficiency of devices using such flow.

Examining the Maxwell nanomaterial squeezed flow
by radiatively fluxed parallel stratified walls is the goal of
this work. The upper plate exhibits a certain time-depend-
ent velocity distribution as it approaches the lower plate,
while the lower plate stays stationary. Thermal radiation,
chemical processes, and magnetohydrodynamics (MHD)
are all aspects of mathematical modeling. Equations that
elaborate on the dynamics of heat, mass transport, and fluid
movement are developed and converted into a dimension-
less form through the use of similarity variables. Numerical
simulations employ the Akbari—Ganji method (AGM) and
Runge—Kutta (RK). Tables and graphs are used to exam-
ine the effects of various flow parameters on dimensionless
quantities (temperature, velocity, concentration, and heat-
mass transference rate).

2 Mathematical modeling

Let us define the Maxwell nanofluid that conducts electricity
and contains nanoparticles that are contained by parallel
plates that are layered. It is assumed that the formulated flow
is two-dimensional, laminar, incompressible, and unstable.
With a stretching velocity of U,, = %ﬂ, the lower plate, fixed
at y = 0, is moving inside its plane in the positive x direc-
tion. Assuming that the lower plate (y = 0) is porous. The
nanofluid can flow there at an injection (or suction) velocity
of =N, = dh)

- With a vertical velocity of v, = -

— =Y v
wherev, = -~ prrmt

is traveling in the direction of the lower plate. The distance

h(t) = \/@ is on the plates. It’s also important to

remember that the lower plate has linear stretchability in
addition to rigidity. Assuming a reduced magnetic Reynolds
B
hydrodynamic effects are considered. Additionally, we make
use of a Cartesian coordinate system (x,y), in which the
stretching sheet’s x-axis is parallel to its normal. Figure 1
shows a schematic illustration of the flow geometry. The
following is a concise, point-by-point summary of the fun-
damental assumptions underpinning the problem:

The upper plate, situated aty = A(t),

number and an applied magnetic field of

magneto-

e A squeezing Maxwell nanofluid flow is consid-
ered between parallel, horizontally positioned
plates under a magnetic field effect.

Unsteady Squeezing Flows

_dh
V=t

{ Upper plate (y=h (1) ) }

Y = h(t)

Maxwell Nanofluids Flow

ey
{ Lower plate (y=0)}

(0]

ex

Fig. 1 Physical model of the problem

e Wakif's-Buongiorno approach is adopted theoretically
as a realistic nanofluid model.

e The interactions between thermal radiation and thermal
sources disclose the characteristics of heat transfer.

e A chemical reaction process is taken into account when
evaluating the mass transfer.

The following are the governing formulations that
describe the flow with heat-mass transfer:

e The continuity equation of the nanofluid

The continuity equation is also known as mass conserva-
tive law which depicts that mass can neither be created nor
destroyed.

Mathematically, it can be displayed as:

dp _
3 +V.(pV) =0 €))

where the nanofluid density is represented by p, while V
designates the velocity field.
Balance of mass for incompressible nanofluids reduces to:

VV=0 2
In Cartesian coordinates:

% + Q =0

ox dy 3)

e The equation of momentum for Maxwell nanofluid
This law comes from Newton’s second law and addresses

the conservation of the total linear momentum of the given
system. It is mathematically stated as follows:

@ Springer
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pD—V=pg+V.6+J><B 4
Dt

Here, in Eq. (4), the term on the left-hand side denotes
inertial forces whereas the surface forces are designated by
the term V.o and the second term depicts body forces per
unit volume. In the above illustration, density is expressed
symbolically as p, and substantial derivative is represented
by g. V reflects the velocity field and pg represents the
gravitational body force, it is assumed negligible in our
problem, J X B is electromagnetic with J = o[E + (V X B)]
which due to small magnetic Reynolds, E is negligible, so
J=0(VXB),V=(u,pv)

we have:

By
JXxB=oc l(u — W)ez] X (Byey)

BO BO
=6<u\/1—yt><\/1 —yt>(ezxey)’

e, Xe, = —e,. -
So, we find that: J X B = —1_—;’tuex.

6 denotes the Cauchy stress tensor. For the flow of
an incompressible nanofluid, the Cauchy stress tensor
addresses as:

G=-PI+8 )

Here, I denotes the identity tensor, P is the pressure,
and S denotes the extra stress tensor. So, we find:

VG=-VP+VS 6)

Equation (4) becomes:

DV 65,
— =-VP+V.S— 7
"Di 1—ytue" ™
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e Maxwell nanofluid

It exhibits a non-Newtonian nature categorizes as a
subclass of rate-type nanofluids. It can predict viscoe-
lastic features and elaborate only on the relaxation time.
Maxwell nanofluids are polymer solutions having a low
molecular weight. The constitutive equation of Maxwell
nanofluid in terms of tensor is:

(1+/1§>S=pAl ®)

Here, u depicts the dynamic viscosity, % designates the
covariant derivative, the relaxation time is symbolized by
A, A, is the first Rivlin-Ericksen tensor and denotes the
rate of deformation. First Rivlin-Ericksen is described as:

A, = gradV + (gradV)* 9)

Here, (+) and V denote, respectively, the transpose and
velocity field.

In the Cartesian coordinates system, the gradient of
the velocity field and the first Rivlin—Ericksen tensor are
depicted as follows:

Ju ou u o
ox 0

gradV=| 2 2| (gradV)* = (3_ 3_) (10)
ox a_y dy dy

ou ou o o Q0 o v
A = ox dy + 3x gx — ox dy ox
1=\ & o g ov )=\ ou o o ) (1D
ox dy dy dy dy ox dy

Covariant derivatives of a tensor S, a vector B, and a
scalar W are defined by:

DS oS

= == (V.V)S

Dr = o V.V) (12)
DB 0B

— =—4(V.V)B

Dr = o (V.v) (13)
DW oW

=4+ V.IVW

Dr o v.v) (14)

to obtain the equation of momentum of the Maxwell nano-
fluid we introduce the following operator [1 + /1%] in Eq. (7)

we get:
D1/DV D D
p[l + /IE] <E> = —[1 + AE](VP) + [1 ¥ /IE](V.S)
oB?
- [1 +,12]< 0 uex>
DtI\ 1 -1t
(15)
After applying
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[1 a2 ](V ) (16)
and invoking the value of S (Eq. 8), we get:

[1 n th] <%‘;> [1 + A—](VP) +u(va,)

oB]
[ b ]<1_V’ ex> 17

DV _ oV ov .~ oV
Dt ot +u§+ dy

where:

(18)

V.A, represent divergence of the first Rivlin-Ericksen
tensor given by:

0A| e + aAlxy 202u u+ v dz_u+z)z_u
VA, = ox dy _ ox? 0y? oxdy _ ox? 2y?
L= A, + Ay | T Pu + v + 2& - [l + &

ox dy Oyox yox 0xdy ay? ox? 0y?
(19)

The components of the unsteady two-dimensional flow
of Maxwell nanofluid are established in Eq. (20) and Eq.
21):

du ou du 0%u 0%u %u 0 7] 202u
— — +v— A +2u—— +2v— +2uv
( ot o ox +v 6y> * ( or? dtox * c)tdy + dxdy v 0y?* )

__1@_1 Fp P, O ouop
B dtox | ox2 | oxdy  ox ox

0*u 02u GBoz GB02 du ou ou

vl +—=)|-——u—-—A — +u—+v—

ox2  dy? p(1 —yr) p(1 —yr) \ ot ox dy
(20)

CUOMI UL WY (S0 i A0 Wi AP L S G Y i’
ot ox ay i 0tox 0tdy 6x0y 0y?

__li_i P P O _ovor\ (v v
otox ox? oxdy  dy ox ox2  0y?
2D

e The energy equation of Maxwell nanofluid

First thermodynamics law is utilized to derive the
energy equation (balance of energy). Physically, it
describes the total energy in a system that remains con-
stant. Mathematically, it is defined as:

oT aT oT
pep| = tu—+v— | =

or T"ox TVay (V-4raa)

~(V.qr) -

DB DT
+ —=VI.VC+ —-VT.NT

5W Th
(22)

where g, and ¢,,, describe radiative and thermal fluxes
respectively. Stefan Boltzman and conventional Fourier’s
law are utilized to describe radiative and thermal heat fluxes
respectively.

qr = —kVT (23)

where k is the thermal conductivity. Utilizing Rosse-land
approximation for radiation we have:

40 0T4
9rad = — 3k ey (24)

where o is the Stefan-Boltzmann constant and &, is the mean
absorption coefficient of the nanofluid. Moreover, we sup-
pose that the temperature difference within the flow is such
that 7% may be expanded in a Taylor series. Hence, expand-
ing T* about 7, and ignoring higher-order terms we get:

=473 T - 3T (25)
We have:
v 46\ 02T* 46\ O*(4T3T —3T%)
raa = — §>—2—— %) a2
_ 1607, > 52
3k1pC 0y
(26)

For two-dimensional the energy equation takes the form:
2 2 D
or L ,oT [ ,OT _ (9L 0T\, Ds(0C0T  oCIT
ot ox ay ox2  9y? oy \ 0x ox  dy dy

Nt @
A [((Z) +<%) ] - lskljcp (;7

e The concentration equation of Maxwell nanofluid

According to this law, the change in concentration with
respect to time is equal to net mass flux. Second Fick’s law is
adopted to derive the mass transport equation. With chemical
reaction, Brownian, and thermophoresis diffusion effects This
law can be expressed mathematically as:

FTIMr PR v A V.J =k (C-Cp) (28)

(ac aC ac> 1
Pp

From first Fick’s law, we have : J = —pp<%VC + %VT)
w h

Here, p, represents the density of nanoparticles. Accord-
ingly, the concentration equation becomes:

@ Springer
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oC oC aC 9*C  o9*C
= ru=—+ Dyl ==+ =
( ot ax oy dy ) B( ox2  0y? >
owD 2
WP (OT TN 4 c-c)
T, \ox2 0y? (29)

The following are the boundary conditions:

-V
wy=0, u=v,=—9_ o N T
I —yt 1=yt 9y |,=0
aC .
= _hf(Y}‘_T)’ Dp— dy =_h f(Cf—C)
(30)
dh(t
aty:h(t), u:O, V=vh:%
=Y D
= T:Th’ C:Ch

a(l —yt)’

Here, p represents the nanofluid density, A is the relaxation
period, and (u, v) represent the components of the velocity in
the (x, y) directions. v = % represents the kinematic viscosity,

P is the pressure, B, for a constant applied magnetic field,
(T, C) are used for the temperature and the concentration,
represents the proportion of the nanofluid’s heat capacity to
the effective heat capacity of the nanoparticles. (hf, h*f) are
the convective heat and mass transmission coefficients. a is the
thermal diffusivity, 7, is designated as a reference temperature,
o is used for the electric conductivity, (D, Dy ) are the Brown-
ian and the thermophoresis diffusive coefficients, 7} and Cf
refer to the temperature and the concentration of the convective
nanofluid, y is a positive dimensional constant, C;, is reference
concentration, V|, < 0 specifies the injection case, V;, > 0
reflects the suction case, 7}, and C;, correspond to the tempera-
ture and concentration values of the upper plate, a is a con-
stant, k is used to show the thermal conductivity. Considering
the subsequent transformations:

y _ / _
=W u=Uf"(m, v= ‘/ yt)f(rl)

-1, S0n) = Cc-C,
T, —Ty g Cr—Cy (32)

Eliminating the pressure gradient term from Eqgs. (20) and
(21) and in view of Eq. 30, and Eq. 31, the following non-
dimensionalized forms of the governing equations and related
boundary conditions for this squeezing problem are given:

S S,\2
f/m +ﬁcm _frfr/ _ 7‘1(3fu + rlf//) -B [(3‘1) (lsf// + 14#717 + ’72f””)
+Sq(2f/f// + VI(f”)z _

_M2[<fr/ +ﬂ<?q(3f” + ”lfm) fflr ﬂ‘”’))] _

s + ")) = () + 200V -1 )|

(33)

@ Springer

P.S
(1+R)8" +P,f0' —P,S,0 - ane’ +P.N,0'$ +PNO" =0

(34)
P.L,S, N,
d)” + PrLequ/ - PrLeSq(»b - 2 rld)/ + ]Ve/, - KrLed) =0
b
(35)
with boundary conditions:
S‘l / /
fO)=s8, fH= > fo=1 f1=0
0'(0) = =y, [1-6(0)], 6(1)=0
¢'(0) = —y,[1 = p(0)], H(1)=0 (36)
Here 6 = 1/ %2 denotes length parameter, M = o (1190;)
the Hartman number, P, = - ¥ the Prandtl number, L, = D— the
a B

160T,°

Lewis number, R = e

Dy(C,—C,
TB(WS—f”) the Brownian motion parameter, S = ZE’[) the
w

\/ V(l Y1) the thermal Biot

D (1;-Ty) th

the radiation parameter,
Nb =
injection/suction parameter, y; =

number, f = l_yt the Deborah number, N, =
- H

thermophoresis parameter, S, = g the squeezing parameter,
- . . h* —
K, = w the chemical reaction and y, = 4/ @ the
B

mass Biot number.

It is important to clarify here that 6y, is a corrective con-
centration coefficient, which is called as Wakif’s concentration
coefficient [22-25].The value of S , can be used to character-
ize the movement of parallel plates. When S is positive, it
means that the sheets are traveling in the direction of each
other, whereas when S 4 is negative, it means that the sheets are
moving outward. The following formulas are used to calculate
the rates of mass and heat transmission:

—x(k+ 1607, )g

Nu, = AR, (37)
k(T = T)
aC
Dy 5, y=h(?)
Sh, = ——— 210 (38)

t DG - Gy)

The form of Egs. (37) and (38) in dimensionless forms
is as follows:

(Rex)_%Nux =—(1+R0'(1) (39)

(Re,)25h, = /(1) (40)

Re, is a local Reynolds number in this instance.
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3 Akbari-Ganji's method

The complete procedure has been spelled out in detail so
that readers can understand the method used in this work.

In accordance with the boundary conditions, the general
manner of a differential equation is as follows:

Pkif(u, u/’ ul’7...7u(m)) =0; u=uX) 41)

The following is taken into consideration for the nonlin-
ear differential equation of p, which is a function of u, the
parameter u, which is a function of x, and their derivatives:

Appropriate boundary conditions are given as:

u(x) = Ug,
u(x) = Uros
The series of letters in the polynomial function with con-

stant coefficient of the differential equation is stated in the

following form, which may be used to analyze the differen-
tial equation given in Eq. (41) using the AGM.

W@ =up, ...,y V@) =u, , a x=0

)

W) =up e " ) =y, | at x=

n
u(x) = Z ax' = ag+ ax' + ayx* + az -+ a,)" (43)
i=0
It is important to note that the number of coefficients
adopted in the Eq. (43) depends on the desired precision
of accuracy. However, it is noted in common engineering
problems five or six series are sufficient. Equation (41) is
regarded as an answer function, regarding the series from
degree n there are (n + 1) unknowns, which can be deter-
mined with the aid of the boundary conditions.

3.1 Applying the boundary conditions

The application of the boundary conditions are as follows:
when x=0 (44)
we find
u(0) = ag = u,

W'(0)=a; =u, (45)
WO0)=a,=u,

And when x = L:

u(l) = ag + a;L+ aL* + - + a,L" = uy,
W'(L) = a, +2a,L +3a3L? + - + na, L'~ = u,
u'(L) = 2a, + 6a;L + 12a,1* + -+ + n(n — 1a, L2 = uy,
(46)
Upon substituting Eq. (43) into Eq. (41), the application

of the boundary conditions to determine the unknown coef-
ficients is proceeded as :

po  f(u(0),u'(0),u”(0), ... ... ,u™(0))

47
py L f(u), u' (L), u" (L), ... ... ,u™(L)) @7

Concerning the selection of n; (n < m) sentences from
Eq. (41) and the creation of a set of equations comprising of
(n + 1) equations and (n + 1); unknowns, we encounter sev-
eral extra unknowns, which coincidentally are the identical
coefficients of Eq.(43). In order to solve this issue, we must
first apply the boundary conditions to the aforementioned
sets of differential equations and then deduce m times from
Eq. (41) in accordance with the extra unknowns.

pl’{ :f(u’,u”,u”’, ...... ,u(”‘“)) )
P :f(u”,u’”,u(lv), ...... ,u(’"+2))

The differential equation p,’s derivatives are subjected to
the boundary conditions applied in Eq. (48) in the following
manner:

£ ), u"(0), u"(0), ... ... ,umD(0))
P 49)
F(u' @y, ' D), u" (L), ... ... ,utm+h(L))
L (), u"(0), (0 ... ... ,u™D(0))
P (50)
F(w' @), W (L), u™(L)... ... ,utm+h(L))

(n + 1) equations can be made from Eq. (45) to Eq. (50) so
that (n + 1) unknown coefficients of Eq. (43) such as q, a,,
a,....a,. Be computer. The solution of the nonlinear differ-
ential equation, Eq. (42) will be gained by determining the
coefficients of Eq. (43). To comprehend the procedures of
applying the following explanation we have presented the
relevant process step by step in the following part.

3.2 Application of Akbari—Ganji’s method (AGM)

Based on the previously given coupled system of nonlinear
differential equations and the fundamental concept of the

@ Springer
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approach, we rewrite Egs. (33) through (35) in the fol-
lowing order:

S
F(T]) =fHH +_ff”’ _f/f// _ 7‘1(3‘]0// + nf//)

2

S 2
_ﬁl<l> (15f//+14’1f’,,+’72f"") +Sq<2f’f”+"/(f”>2_

— M?

S
<f” +ﬂ<?q(3f” +"lfm) —f/f” —ﬁ”’))] =0

agreement as they have been demonstrated in Table 1 and
Figs. 2, 3 and 4.

s +n") ) = (2 () +207) " —f%f””)] eb

G(n) = (1+R)0" +P,f0' - P,S,0

PS, : (52)
- Tﬂa’ + P,Nb9'¢' + Perg’ =0

PL,S N
r-e-q / 14
—L9" _KL¢=0
Mty Led
(53)

Owing to the fundamental principle of AGM, we have
employed an appropriate trial function to solve the dif-
ferential equation under consideration, which is a finite
sequence of polynomials with constant coefficients, in the
following manner:

o) =¢" +P,Lf¢ —P,LS,p—

9
i 2 3
fo =Y an' =ay+am' +an’ +azn
i=0
+ a4x4 + a5x5 + a6x6 + a7x7 + a8x8 + a9x9 +...
G4

9
OM) = ) bn' = by +bn' + by’ + by’
i=0
+ by + bsx® + bex® 4+ box” + bgx® + box” + ...
(35)
9
o(n) = Z e’ = co+em' + o’ + o’
i=0
+ c4x4 + 05x5 + c6x6 + c7x7 + chg + ch9 + ...
(56)

3.3 Validation of numerical results

In this work, the unsteady MHD Maxwell nanofluid
flow, heat, and mass transfer past between two parallel
plates with the attendance of thermal radiation impacts,
chemical reaction, Brownian, and thermophoresis diffu-
sion effects considering the conventional Fourier’s heat
flux model of heat conduction and from first Fick’s law
for mass transport, are studied Semian-analytically by
using the Akbari—Ganji’s Method (AGM). To verify the
present analytical solution, we compared our results with
results given by using Runge—Kutta. They are in excellent
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4 Results and discussion

This section reveals the relationship between the flow
parameters and many relevant characteristics, including tem-
perature, velocity, and nanoparticle concentration. Plotting is
done to this end in Figs. 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, and 20. The mass flow, heat, and squeezing
phenomena representative parameters are used to build the
graphical findings.

Figures 5 and 6 show the squeezing parameter (S q) impact
on the velocity components f(#) and f’(5). It is observed
that an increase in squeezing parameter (Sq) leads to an
improvement in both horizontal and vertical velocities. Since
the top plate’s movement toward the lower plate creates pres-
sure, the squeezed nanoparticles flow quickly. The velocity
distribution therefore increases.

The behavior of the injection/suction parameter (S) on
the vertical velocity f(#) field is depicted in Fig. 7. With an
increase in the suction/injection parameter, the velocity field
rises. The addition of physical fluid particles improves the
velocity profile in the system.

The behavior of injection/suction parameter (S) on a hori-
zontal f’(n) velocity profile is depicted in Fig. 8. Analysis
shows that as the injection/suction parameter is increased,
the velocity distribution diminishes. Compared to the vicin-
ity of the lower porous stretchable plate, the velocity field
decays more quickly near the top plate. The velocity field
thus shows a drop.

Figure 9 addresses the response of the Hartman num-
ber (M) on the velocity field. Increased resistance to the
nanofluid's velocity is the result of interactions between the
magnetic field and the conductive nanofluid. This resist-
ance results in a decrease in f'(y). Stated differently, a
reduction in f’(#) results from an increased Hartmann num-
ber (M), which denotes a stronger magnetic field influence.

Higher Hartmann number (M) leads to lower f'(n)
because the magnetic field has a more significant retard-
ing effect on the nanofluid motion; however, the opposite
effects are observed in the second portion of the velocity
curve. The magnetic field acts as a constraint, opposing the
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Table 1 Comparison of the present results with two different methods (AGM) and (RK) for f(x), 6(n) and ¢(n) when =S =6 =N, =0.3,
M=05S8,=L,=01,R=02,N,=07,=08K, =13,y =y, =14and P, = 25.

n The Akbari—Ganji’s method (AGM) The Runge—Kutta method (RK)
f@m 0(n) o) f@m) 0(n) ()
0.1 0.372539742592 0.753207369446 0.170565114982 0.372539742550 0.753207368702 0.170565111190
0.2 0.397736657170 0.719713727672 0.291209266950 0.397736656947 0.719713727173 0.291209263499
0.3 0.386193384084 0.687748985232 0.405287065516 0.386193383490 0.687748985030 0.405287063271
0.4 0.347716587624 0.658406649821 0.516637213005 0.347716586381 0.658406648042 0.516637209342
0.5 0.291575731467 0.630892326704 0.625227052916 0.291575729743 0.630892320885 0.625227039620
0.6 0.226685487649 0.602388576781 0.726838762043 0.226685486263 0.602388568357 0.726838740999
0.7 0.161706449133 0.566312077673 0.808883329657 0.161706448208 0.566312071689 0.808883313431
0.8 0.105093499512 0.505641691122 0.834572878937 0.105093499042 0.505641686806 0.834572867227
0.9 0.065132328099 0.370121051931 0.689094345028 0.065132327978 0.370121048735 0.689094336763
1.1 0.340920442092 0.093170416254 0.466388563128 0.340920442091 0.093170416685 0.466388562114
1.2 0.295550171661 0.084589431274 0.398261067469 0.295550171660 0.084589431737 0.398261066380
1.3 0.249934856107 0.077458742494 0.332219665607 0.249934856106 0.077458742923 0.332219664592
1.4 0.205624069287 0.071172840011 0.268477574157 0.205624069286 0.071172840327 0.268477573415
1.5 0.164127027293 0.065175838888 0.207210957387 0.164127027292 0.065175839187 0.207210956680
1.6 0.126920782708 0.058841563018 0.148864265133 0.126920782707 0.058841562865 0.148864265519
1.7 0.095459535710 0.051290734220 0.094598722276 0.095459535709 0.051290734215 0.094598722309
Fig.2 Comparison between 0.4 = — 1.2
the results given by (RK) and / 7 N \ 1
(AGM) for f(n)and f'(n) 1/ \ . - = RK 0ed\ — — RK
03 \ 4\
\ oad B=0.3;8Sq9=0.1;6=0.3.
= 7 \ = ] M=0.5;S=0.3.
Z : \
™ 024 \ ~ 4
\ \
/
] \ 1 \ /
\ 0.4 N /
o1 p=03;8q=0.1;8=03." \ y.
- N\
M=0.5;S=0.3. \ 1 S 7
N
L ' L ' L ' L ' L _08 L ' L ' L ' L ' L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
n n
Fig.3 Comparison between 08 == 0 —
the results given by (RK) and . - -~ N
(AGM) for 8(n) and 6’ () 1 ~< - = RK J \
-~
0.6 = ~— — = RK \
~ \
N 2 -
N \ — \
— =
E 04 \ = \
@ Sq=0.1;8$=03;6=03. © Sq=0.1;S=0.3;5=0.23. \
M=0.58=03R=02. \ a4 M=05p=03R=02. |\
02 Pr=25;Nt=0.7;Le=0.1. \ Pr=25;Nt=0.7;Le=0.1. \
Kr=07y,=14v,=14 \ {Kr=07;y,=14;y,=14; il
Nb=0.3. \ Nb = 0.3.
O L ' L ' L ' L ' L _6 L ' L ' L ' L ' L
0 02 0.4 0.6 08 1 0 02 0.4 06 08 1
Y| Ui
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Fig.4 Comparison between 0.3 4
the results given by (RK) and J Sq=0.1;S=0.3;6=0.3. J
(AGM) for ¢(n7) and @' (n) 0o M=0.53=03;R=0.2. 3 - = RK
' ‘\ Pr=25;Nt=0.7; Le =0.1. ] 1
1 « Kr=07y,=14y,=14; Sq=0.1;S=0.3;6=0.3. |
01 \ Nb=023. = 294 M=0.5;B=03;R=0.2.
G N\ = 4 Pr=25Nt=07;Le=0.1. !
S- o \\ e 1+ Kr=07;7,=14;7,=1.4; !
| N | ] Nb=0.3. /
\ /
0.1 = \ / 0 /
\ / J P S
1/ = RK N /’
S~/ 1=y
Ve——TTT 7T — T T T T
0 02 04 06 08 1 0 02 04 06 08 1
n n
motion of the nanofluid and impeding its flow between the 1.2
parallel plates. p=0.2;S=0.1;6=0.2.

The change in Deborah’s number (f) on the horizontal M =0.5.
velocity f”(#) is shown in Fig. 10. It is observed that the veloc-
ity profile gets stronger with an increase in () in the region
0 < f < 0.6, whereas in the region 0.6 < g < 1.0, the velocity -
decreases as (f) increases. Larger Deborah’s numbers correlate
with longer relaxation times, which provide more resistance to
the nanofluid flow. The velocity field so decays.

The impact of the squeezing parameter (S q) on the tem-
perature 6(n) is seen in Fig. 11 In this case, when the squeez- 0 -
ing parameter (S q) increases, 6(r) decreases. As a result of
the upper plate movement’s squeezing impact, temperature 9
is reduced. The squeezing force applied to the nanofluid low- L . R A DA
ers as (Sq) increases, which causes the flow temperature to 0 0.2 0.4 0.6 0.8 1
drop in tandem. n

The impact of radiation parameter (R) versus temperature
field 6(n) is shown in Fig. 12. Temperature (1) decreases  Fig.6 Impact of S, on f’(n)

0.8 =
Sq=0.3;0.5;0.7; 0.9.

0.4 =

U)

0.8 1.2
B=0.2;S=0.1;06=0.2. i fp=0.2;Sq9=0.3;5=0.2.
M=0.1. 1 M=0.5.
0.6 = .
0.8 =
€ =
™ 0.4 < 06 -
i 0.4 =
2 = Sq=0.7;0.9; 1.1; 1.3. .
o d 1 s=040608; 10
v I v I v I v I v L] I L] I L] I L] I L]
0 0.2 04 06 08 1 0 0.2 04 06 0.8 1
n n
Fig.5 Impact of Sq on f(n) Fig.7 Impact of S on f(#)
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1.2
d B=0.2;Sq=0.3;6=0.2.
0.8 M =0.5.
0.4 = —01-02-03-
= S=0.1;0.2;0.3; 0.38.
~
0.4 =
-0.8 — 1 ' 1 1717
0 0.2 0.4 0.6 0.8 1

Fig. 8 Impact of S on f/()

12
B=0.2;S=0.1;6=0.2.
| Sq=0.3.
0.8 =
=
L 04
i M=2.5;4.5;6.8; 10.5.
0 =
LJ I LJ I LJ I LJ I LJ
0 0.2 0.4 0.6 0.8 1

Fig.9 Impact of M on f'(n)

as the radiation parameter (R) increases. This is because the
heat absorption coefficient’s effect on the working nanofluid
decreases with increasing (R), which causes the temperature
field to drop.

The effect of the Brownian diffusion parameter (Nb) on
the temperature distribution is seen in Fig. 13. A higher
Brownian diffusion parameter raises the temperature of
the nanofluid. The substantial dependency of the Brownian
diffusion parameter on the Brownian diffusion coefficient
is the reason for this relationship. The Brownian diffusion
coefficient, which controls the nanofluid’s temperature dis-
tribution, rises in response to an increase in the Brownian
motion parameter.

1.2
Sq=02;S=0.1;8=0.2.
1 M=0.5.
0.8 =
=
g
0.4 =
1 B=0.1;0.3;0.5; 0.65.
0 1 ] | L] | L] | T | T
0 0.2 0.4 0.6 0.8 1

Fig. 10 Impact of § on f'(1)

Sq=0.3;S=0.3; 6=0.3.
M=03;3=0.3;R=0.7.
Pr=40;Nt=0.5; Le=04.
Kr=0.7;y1=14;yp=14;

g .
)
0.4 =
Sq=0.1;0.2; 0.3; 0.5.
O L] l L] l L] l L] l L]
0 0.2 0.4 0.6 0.8 1
|

Fig. 11 Impact of S, on 8(n)

The impact of the thermophoresis variable (N,) on
the non-dimensional temperature 6(z) profile is seen in
Fig. 14. In fact, a higher thermophoresis variable (N,)
causes the nanofluid’s thermophoresis force to rise. The
nanofluid’s temperature is subsequently raised because of
this increased thermophoresis force.

Figure 15 shows the temperature field 6(s) vs thermal
Biot number (71) curves. The coefficient of heat transmis-
sion increases with larger thermal Biot numbers (yl). The
system’s temperature rises as a result of this increase in the
heat transport coefficient.

The effect of the Lewis number (L,) on particle con-
centration ¢ () is seen in Fig. 16, which indicates that a

@ Springer



Journal of Umm Al-Qura University for Applied Sciences

0.5

Sq=0.3;S=0.3;5=0.3.
M=0.3;=0.3; Kr=0.7.
Pr=40; Nb=0.5; Le=0.4.
Nt=0.7;vy,=14;v,=1.4;

0 (n)

Tr=1.0;5.0;9.0; 13.

0 L] I L] I L] I L] I
0 0.2 0.4 0.6 0.8 1

n

Fig. 12 Impact of R on 6(#)

0.6

Sq=0.3;S=0.3;05=0.3.
M=03;=0.3;R=0.7.
Pr=40; Nt=0.5; Le = 0.4.
Kr=07;vy,=14;v,=1.4;

0.4 =

Nb=0.1;0.5; 0.9; 1.3.

0 (n)

0.2 =

Fig. 13 Impact of N, on 6(y)

greater Lewis number causes the concentration distribu-
tion to drop. The inverse link between the Lewis number
and the coefficient of Brownian diffusion is the reason for
these phenomena. As the Lewis number rises, the coef-
ficient of Brownian diffusion falls, which lowers the con-
centration profile.

Figure 17 shows the effect of the Brownian diffusion
parameter (N,) on the concentration distribution ¢(1).
The concentration profile here gets better for the domi-
nating parameter of Brownian motion. The movement of
the nanoparticles from the top plate to the nanofluid is
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05
Sq=0.3;S=0.3;0=0.3.
M=03;p=03;R=0.7.

Pr=40;Nb=0.5;Le=04.

Kr=0.7;y,=14;y,=1.4;

Nt=0.3;0.5;0.7; 0.9.

Fig. 14 Impact of N, on 6(#)

0.08
Sq=0.3;S=0.3;06=0.3.
M=03;p=0.3;R=0.7.

Pr=40;Nb=0.5; Le=0.4.

Kr=0.7;Nt=14;y,=14;

0.06

y,=0.1;0.15; 0.2; 0.25.

Fig. 15 Impact of y, on 6(n)

responsible for the observed increase in concentration
distribution.

The relationship between the concentration ¢(z) field
and the thermophoresis variable (N,) is shown in Fig. 18.
It is clear that resistance to mass diffusion generated by
a greater (N,) causes the concentration distribution to
contract.

The fluctuation of concentration ¢(#) vs chemical reac-
tion (K, ) is shown in Fig. 19. It is evident that concentration
$(n) decreases as the chemical reaction (K, ) increases. For
the concentration ¢(#) vs the mass Biot number (y2), Fig. 20
is constructed. In this case, the mass Biot number (y2> is a
function of concentration ¢(#) rising. The mass Biot number
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0.3

Sq=0.3;S=0.3;6=0.3.
M=0.3;=03;R=0.7.
Pr=40; Nb=0.5;Nt=10.7.

0.2 Kr=0.7;vy,=14;y,=14;

Le=0.1;0.2;0.3; 0.4.

XQ))

0.1 =

Fig. 16 Impact of L, on ¢(#)

0.6 Sq=0.3;S=0.3;6=0.3.
M=03;=03;R=0.7.
1 Pr=40; Nt=0.5;Le=04

Kr=0.7;y,=14;v,=14;

¢ (1)

0.2=-

0.1; 0.12; 0.15; 0.20.

b

0 L] l L] l L] l L] l L]
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1

Fig. 17 Impact of N, on ¢()

is expressed in terms of the coefficient of mass-transference,
which increases as (yz) increases. Consequently, ¢(#) rises.

Using Tables 2 and 3, the characteristics of significant
physical elements opposing Nusselt and Sherwood numbers
are developed. We discovered that as the chemical reaction
parameter, Brownian motion, and thermophoresis variables
rise, so does the Nusselt number Table 2. while the Nus-
selt number decreases with higher numbers of the squeezing
parameter.

On the other hand, Table 3 shows that when L, values
increase, the mass transfer rate increases as well, For the
(K,) parameter, however, the opposite effects are observed.

0.2
Sq=0.3;S=0.3;5=0.3.
016 M=03;=03;R=0.7.
Pr=40;Nb=0.5;Le=0.4.
Kr=07;v,=14;y,=1.4;
012
E ]
Nt=0.1;0.2; 0.3; 0.4.
S 0.084
0.04 =
0 =
0 0.2 0.4 0.6 0.8 1

Fig. 18 Impact of N, on ¢(1)

0.2

Sq=0.3;S=0.3;56=0.3.
M=03;3=03;R=0.7.
Pr=40; Nb=0.5; Le=0.4.
Nt=0.7;v,=14;v,=14;

0.16

Kr=1.0; 10; 19; 28.

0 L] I L] I L] I L] I L]
0 0.2 0.4 0.6 0.8 1

n

Fig. 19 Impact of K, on ¢(n)

5 Conclusion and important remarks

The flow of magnetohydrodynamics Maxwell nanofluid
squeezing flow under multi-physical assumptions in a con-
strained parallel-wall geometry is the main topic of this
study. The conclusions of our investigation are summed up
as follows:

e A higher Hartman, Deborah, and squeezing parameter all
indicate increased velocity, however the suction/injection
parameter shows the reverse trend.

e When suction/injection variables and squeezing are
increased, vertical velocity increases.
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M=0.3;p=0.3;R=0.7.
Pr=40;Nb=0.5;Le =0.4.
Kr=0.7;Nt=1.4;y,=1.4;

1v,=0.1;0.15;0.2; 0.25.
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Fig.20 Impact of y on ¢(n)

e The temperature of the nanofluid increases with increas-
ing radiation, thermophoresis, and thermal stratification
factors, but decreases with increasing the squeezing
parameter.

e Lower concentrations of nanoparticles are produced by
a larger solutal stratification parameter, Lewis number,
thermophoresis variable, chemical reaction parameter,

1
Table2 Numerical values of (Rex)szux for f=0.3, S=0.3,
M=05 Pr=25L,=04K =07, 1, =7, =14 6§=03

1
S, R N, N, (Rex)iiNux =—(1+R)or(1)

0.1 0.2 0.2 0.5 2.04506772397
0.2 0.856741445876
0.3 0.376422242207
0.4 0.177604687332

0.5 0.0900990130345

0.1 0.1 2.01796323714

0.2 2.04506772397

0.3 2.07771649991

0.4 2.11492162078

0.5 2.15587819461

0.2 0.1 1.14499488470

0.2 2.04506772397

0.3 3.12639334758

04 4.27394028728

0.5 5.39442691878
0.1 0.35 0.105558133121
0.40 0.260423433409
0.45 0.585242406817

0.50 1.14499488470

0.55 195605776843
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Table 3 Numerical values of L K 1
(Re,) "2 Sh, for f=0.3, § =03, ¢ 7 (Re,) 2Shy=—r(1)
M =05, Pr=25, L, =04, 0.1 0.2 18.9110812049376
K, =07, 1y, =p,=14,5,=0.,
0.4 14.6390889394670
R=02, N,=03, N,=0.7, 6 =03
0.7 13.5074746364869
1.0 12.9066715105030
1.3 12.5109873569323

0.1 0.1 18.8657175059076
0.4 19.0015032037339
0.7 19.1363675105526
1.0 19.2703013193933
1.3 19.4032973906335

and Brownian motion parameter; converse effects are
noted for solutal Biot number.

e In contrast to the opposing trends observed for squeezing
and radiation factors, the local Nusselt number increases
as length, Brownian motion, and thermophoresis vari-
ables increase.

e Growing chemical reaction and solutal stratification char-
acteristics cause a significant drop in the bulk transmis-
sion rate.
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