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ABSTRACT ARTICLE HISTORY
This article presents a comparative analysis of flow and heat transfer char- Received 9 June 2023
acteristics of magnetohydrodynamic flow of non-Newtonian base fluid Revised 11 October 2023
(ethylene glycol) and nanofluid (ethylene glycol + graphene) between two ~ Accepted 27 October 2023
parallel plates moving toward/apart to each other. The study also includes
the effects of Joule dissipation, thermal radiation, and heat absorption. The Ab o

8 . sorption; Joule
math'ematlf:al model that governs the flow of the aboye—descnbed prqb— dissipation; Maxwell fluid;
lem is a single-phase flow model for nanofluids that is augmented with MHD; nanofluid
the non-Newtonian Maxwell fluid model. Similarity transformation was
used to change controlling partial differential equations into coupled non-
dimensional ordinary differential equations. The numerical solution is
obtained by employing the shooting technique along with fourth order
Runge—Kutta Fehlberg method. The impact of several physical characteris-
tics on fluid velocity, temperature, the coefficient of skin friction, and the
heat transfer rate is also explored. As a result, this research has the poten-
tial to be used in biomedical engineering as well as powder technology.

KEYWORDS

1. Introduction

Nanofluids have been a major consideration nowadays due to their amazing properties in indus-
try and public endeavor. Masuda et al. [1] pioneered the idea of nanofluid by demonstrating an
enhanced thermal conductivity in colloidal suspension of water y-Al,O3. Later in 1995, Choi [2]
first used the term nanofluid for the colloidal suspension of nanoparticles and base fluid. These
nanofluids are engineered through suspension of metallic and nonmetallic particles of different
shapes and sizes that are nanometer-sized or droplets in oil, water, and ethylene. When compared
to traditional fluids, these nanofluids exhibit better thermophysical properties such as viscosity,
thermal conductivity, and convective heat transfer coefficients [3]. In order to explain the
astounding thermophysical behavior of nanofluids, Buongiorno [4] suggested seven slip mecha-
nisms that are responsible for abnormal enhancement in thermophysical properties of nanofluids.
Out of these he found that the Brownian motion and thermophoresis effects plays major role in
heat transfer enhancement of nanofluids. Potential applications like energy conversion, microsys-
tems cooling, medical industry, and optical devices and in sensors make nanofluids to be used
widely. Further many researchers investigated unique heat transfer rate characteristics [5-13].
The abnormal and complex behavior of nanofluids still holds lot of mysteries, and several
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researchers are devoted to unearth the complex and abnormal thermophysical behavior of
nanofluids.

Graphene is the material arranged with one atom thick layer of carbon atoms defined in hex-
agonal lattice, which is almost like honeycomb, pertaining to graphene outstanding properties like
high elasticity, thermal conductivity, flexibility, and hardness with large resistance [14]. Graphene
polymer composite is important for researchers because of its immense applications in batteries,
biomedical sensors, super capacitors, and miniaturized solar or fuel cells [15]. Theoretical studies
of graphene and dust particle doped magneto-Carreau fluid indicated that the combination of
ethylene glycol and graphene nanoparticles improve heat transport phenomena [16]. In addition,
it is reported that unsteadiness increases due to heat generation and thermal radiation, augment-
ing profiles of velocity and temperature [17]. Graphene based nanofluids have piqued the interest
of various researchers due to its superior thermophysical, mechanical, and environmental
properties.

Earlier research has primarily focused on Newtonian fluids, but many fluids used in practice
are non-Newtonian, such as molten plastics and heavy oil lubricants. Additionally, dispersion of
ultrafine nanoparticles into Newtonian fluids can cause them to exhibit non-Newtonian character-
istics. Due to the complex nature of non-Newtonian fluids, no single equation can fully capture
their properties. Further, many researchers reported beautiful complex models for non-
Newtonian fluids [18-22]. All the suggested models for fluids in grades two, three, and four can
evaluate the effects of elasticity but are shear independent and unable to predict shear relaxation
[23]. Further the type of fluid was rated by Maxwell model which approximates shear stress relax-
ation. These models serve as additional evidence of the significance of boundary layer viscosity
issues. In light of this, numerous scholars reported their assessments of Maxwell fluid flow prob-
lems conducted through usage of different geometrical configurations to assess various germane
characteristics on the flow [24-28]. There is still dearth of research related to non-Newtonian gra-
phene based nanofluid in the literature.

When examining industrial operations that occur at high temperatures, such as electrical power
generation, furnace design, glass manufacture, missiles, and solar power technology, important
properties of heat radiation for surface heat transfer cannot be overlooked. Due to depletion of
traditional energy resources in the current industrial scenario, focus has been shifted to renewable
energy with high sustainability. Solar energy acts as prime renewable energy source and heat radi-
ation is significant in converting into required form depending on industrial requirements. As a
result, Wang et al. [29] studies the effect of thermal radiation on non-Newtonian hydro magnetic
stagnation point flow with Ohmic heating and discovered that the radiation parameter enhances
the heat transfer rate. Nayak et al. [30] explained a new thermal conductivity model based on a
dynamic and static method to explain the effect of heat radiation on nanofluid (Darcy-
Forchheimer) flow across a rotating disk. The effect of nonlinear heat radiation on a hydromagnetic
Walter-B nanofluid’s stagnation point flow is discussed by Khan and Alzahrani [31], who also
found that increasing the thermophoresis diffusion coefficient, thermal Biot number, and activation
energy raises the temperature of the nanofluid. Abbas et al. [32] analyzed the time depended second
grade fluid flow over nonlinear slandering stretching sheet under the consideration the effect of
thermal radiation. Chu et al. [33] explore the effect of steady flow of Maxwell fluid due to stretch-
ing of two infinite disks with radiation is also taking into account. Varun et al. [34] analyzed the
Maxwell nanofluid flow mixed with single walled carbon nanotubes(SWCNT)/ multi walled carbon
nanotubes(MWCNT) considering the impact of magnetic dipole. Rasool et al. [35] explore and ana-
lyzed chemical reactive and viscous nanofluid flow via porous media over surface with stretching
velocity. Further, many of the distinguished researchers reported new features of heat radiation on
various flow fields [36-45]. Due to significant difference of temperature between free stream fluid
and on the surface, many researchers analyzed the impact of heat source/sink on heat transfer
nature. Keeping in view Ramzan et al. [46] explore the magnetohydrodynamic (MHD) nanofluid
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(Fe;O4—ethylene glycol) flow over a sheet which is linearly stretched and consider the combine
effect of heat generation/absorption and Cattaneo—-Christov heat flux. In addition, Joule dissipation
displays features such as volumetric heat source in MHD fluid flow. The combined importance of
viscous and Joule dissipation is essential in perspective of the heat-treated materials. Owing to the
importance of Joule dissipation, many researchers [47-50] reported the impact of Joule dissipations
on fluid flow under different situations.

Present article aims to understand the impact of thermal radiation, Joule dissipation on gra-
phene, and ethylene glycol based nanofluid flow and heat transfer across a horizontal squeezing
channel by taking into account the Maxwell’s non-Newtonian fluid model. The present research
is motivated by following research questions:

1. How does the boundary later flow fields respond to increasing nanoparticle concentration
values in a squeezing flow environment?

2. How does the Nusselt number and skin friction coefficients vary against the applied magnetic
field and Joule dissipation in present flow situation?

3. What is the impact of squeezing channel over the Nusselt number and skin friction
coefficients?

To the best of authors’ knowledge, no investigation has been conducted on flow and heat
transfer-nanofluid (ethylene glycol + graphene) passing through a squeezing channel taking into
account of Joule dissipation, thermal radiation, heat absorption, and magnetic field effects. The
article contains eight sections namely, Abstract, Introduction, Problem formulation, Numerical
method implementation, Results and discussions, Conclusion, Acknowledgments, and References.

2. Problem formulation

The present study is formulated by taking the flow of two-dimensional (2-D) incompressible,
electrically conducting, streamline, heat radiating, absorbing, and Joule dissipative Maxwell gra-
phene nanofluid flow in squeezing channel (Figure 1). Our model is described in terms of 2-D
Cartesian coordinates, in which the plates are positioned along x-axis with their normal direction
along y-axis. The distance between the two plates is h(t) = H(1 — ott)l/ * at time t. Now the speed
and direction of plates’ motion are determined by o. The plates are moving at a speed of v(t) =
dh/dt, and they will ultimately meet at a time t =1/ a (o # 0). If « value is negative, indicates
the plates shift apart from each other. During the commencement, at the time t = 0, the plates

y-axis B(¢)

Upper Plate

/

Height h(t) o

T - x-axis
i

Nanofluid

Z-axis
Lower Plate

Figure 1. An illustration of the physical problem.
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are separated by H. The time dependent magnetic field of strength B(t) = B,(1 —oct)_l/ % s

applied in the y-direction. The mathematical model of the problem is based on following
assumptions:

It is assumed that there is no chemical reaction.

The induced magnetic field is neglected.

The nanoparticle and base fluid are considered to be in thermal equilibrium.
Viscous dissipation is disregarded.

Under the above assumptions, the system of boundary layer equations representing the flow
situation is given below [49]:

Ry (M
Ox Oy
@4’_ @—FV%——L@—X uz@—i— 2@_’_2 Ou _O—”fBz<t)u_|_79 @4_@
ar " ox oy Py OX 92 T T M axay P ox2 T oy
(2)
@+u@+v@——ia—p— uZ@—FvZ&—FZuVﬂ + 0 @-‘r@ 3)
ot ox  Jy Puf Oy Y o 0y? O0x0y " | 02 0y?

0 B2 (1)1 1 g, QT

(PCo) s (PCp), Oy (PCp) s

E"‘Ma‘i'va—y (pcp)nf

Ox? 8—}/2

oT AT OT kg |*T T
(4)

The velocities u and v are characterized by their components in x- and y-direction and T
stands for temperature. Where the relaxation time given by /;, fluid pressure is given as p, p, is
the density of nanofluid, and dynamic viscosity of nanofluid is given by wx,, , kinematic viscosity
of nanofluid as ,y, the effective heat capacity of nanofluid as (pC,),, thermal conductivity of
nanofluid as knf , the radiative heat flux of the nanofluid is given as ¢q,, heat absorption coeffi-
cient is given as Q, and the electrical conductivity of the nanofluid is given as 7. The radiative
heat flux is calculated using Rosseland approximation as

- 40'1 8T4
ar= 3k1 8y

The Stefan-Boltzmann constant is given by o), and the mean absorption coefficient is given
by k;; temperature was linearized by using Taylor series expansion of T* and we get

T* = 4T}, T - 3T},
in which the term Ty denotes the constant temperature near the wall; therefore, we attain

5(], 160’1 TI%I 82T

— - 5
The effective nanofluid’s thermophysical properties are written as follows [50]:
Pop = [(1 = ¢)ps + ;] (6)
(0Co)oy = [(1= )(0Cp)y + B(0Gy),] )
U
o = — (8)

(1 _ ¢)245
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knf ks+2kf - 2¢(kf - ks)

ki ki2k + bl — k) ©)
R 2l (10)

o | T i) - (2o ®
(+2) - ()

Thermophysical properties of ethylene glycol and graphene nanoparticles are mentioned in
Table 1.

The thermal conductivity of the Maxwell fluid is ks, volume fraction of nanoparticle in nano-
fluid is ¢, and thermal conductivity of solid graphene is represented by k. In addition, ¢, and oy
indicate the electrical conductivity of nanoparticle and base fluid respectively. The boundary con-
ditions are considered as follows:

dh

uzO,v:a,T:TH at y = h(¢) (11)

0 0, T_0 aty=o0 (12)
— =V, v=0U, —|—= a’ =
9 Oy g

The similarity transformation and dimensionless variables introduced are given below [51]:

-2 =2 g __ —eH _T
n_H\/l—oct’ ! 2(1—oct)f(n)’ v 2 (l—oct)f(n)’ 0 Th (13)

Following nonlinear ordinary differential equations along with thermal energy Eq. (4) are
derived using dimensionless variables by removing pressure factors by cross- differentiations of
Egs. (2) and (3):

o,

(1= 3"+t 117 =D g 2 -] e (2

Jr=rt aw

{1+ R}G”+S Pr( )[fﬁ/—ne’}+M2(¢h)%f’z—G.9—0 (15)
3

ba) As(1-¢)
n=0=f"(0)=0, f(0)=0, 6(0)=0 (16)
n=1=f(1)=0, f(1)=1, 0(1)=1 (17)

where §=oH?/20;  indicates squeezing number, A; = Pupl P> Az = (pCp)nf/(pCp) ,
Ay =ky [ks . G = us/ty, ¢y = 0ny/0s. The Prandtl number Pr= uf(pCp)f/pfkf, the Eckert
number Ec = (pf/(pCp)fTH)(ocx/Z(l - ott))z, the Deborah number De = ol /(1 — at), the mag-
netic number M = HBy,/as/ K G= QH?/ ki, and the thermal radiation param-
eter R = 40, T}, /Ky kys.

Table 1. Thermophysical properties of ethylene glycol and graphene nanoparticles [50].

Thermophysical properties p (kg/m?) Cp (J/kgK) k (W/mK) g (S/m)

Ethylene glycol 1,114 2,415 0.252 55x107°
Graphene 2,250 2,100 2,500 1x1077
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Figure 2. Velocity profiles against M.

—¢=0.0 |
= = ¢$=0.05

14 | De=0,1,234

De=0,1,234

Figure 3. Velocity profiles against De.

The Nusselt number Nu and the coefficient of skin friction C; can be represented as

u .
Cf :an (ay)y:h(t) _ Zf(l) (18)
2 25
%%f(%) S0y (1-¢)
—HK ﬂ)
Ny — nf (By y=ht) _ —Nu, (19)
Ky Th (1—at)

where Nu, = —A;0/(1) and 6 = Hy/(1 — at)/x.
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Figure 4. Velocity profiles against S.
4_5 3 - T T T =
S —¢= 0.0
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Figure 5. Temperature profiles against M.

3. Numerical method implementation

Because of nonlinear and coupled nature of the mathematical model, analytical solution is diffi-
cult to obtain. Thus, to find the solution of the set of nonlinear ordinary differential Eqs. (14)
and (15) along with boundary conditions (16) and (17), a fourth order Runge-Kutta Fehlberg
scheme along with the shooting technique is employed. At first, Eqs. (14) and (15) are converted
into a set of six first order differential equations. Furthermore, to get the solution of this set of
six differential equations in which initial values of functions f”(0), f”7(0), and 6'(0) are obtained
by using of shooting technique. The step-size is chosen as 0.001 during the whole computation.
To get precise result the tolerance error is selected as 107°. This whole procedure is repeated till
the required accuracy in the result is attained.
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Figure 6. Temperature profiles against R.
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Figure 7. Temperature profiles against De.

4, Results and discussions

In this section, findings are represented by graphs and tabular forms. For this purpose, through-
out the numerical computations, values of different types of nondimensional parameter are taken
as magnetic parameter M = 2, Prandtl number Pr = 11, Eckert number Ec = 0.05, nanoparticle
volume fraction ¢ = 0.05, squeezing number S = 0.1, radiation parameter R = 0.4, absorption
parameter G = 0.2, Deborah number De =3, A} =0.1, A, =0.1, A; =0.1. These values did
not vary throughout the computation.

Figures 2-4 show the nature of the velocity along y-direction of Maxwell graphene nanofluid
according to varying magnetic field, Deborah number, and squeeze number. Figure 2 presents the
nature of changes of velocity along the y-direction according to change in magnetic field. It
shows that if magnetic field is increasing the velocity of Maxwell graphene nanofluid is decreasing
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Figure 9. Skin friction coefficient C¢ profiles against M.

up to central region whereas opposite behavior is visible after that. The reason behind this behav-
ior of Maxwell graphene nanofluid motion up to central region is because of Lorentz force within
the channel, and opposite behavior is justified by continuity equation. Figure 3 explores the effect
of Deborah number in Maxwell graphene nanofluid motion. It is noted that as Deborah number
increases the fluid motion decreases up to central region while opposite trends happened after
central region. The logic behind this nature of the velocity up to central region is that at larger
Deborah numbers, the material nature varies to increasingly dominated by elasticity (or solid like
behavior). Therefore, flow velocity is going down due to increase in Deborah number. Figure 4
explores the effect of Squeeze number. It shows that as squeeze number increases the fluid
motion decreases but opposite behavior seems away from the sheet.

It is clearly revealed from Figure 5 that on increasing magnetic field there is an enhancement
in Maxwell graphene nanofluid temperature. The reason behind the nature of temperature of the
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Figure 14. Nusselt number Nu, profiles against G.

fluid is that as magnetic field is increasing fluid has to work more for flowing. This work is con-
verting into the kinetic energy. Therefore, temperature is increasing.

It is depicted from Figure 6 that Maxwell graphene nanofluid temperature is reducing on
increasing of radiation parameter. This happened because higher values of radiation parameter
are the cause of increasing the dominating nature of conduction over radiation. Therefore, ther-
mal boundary layer thickness is getting down and as a result heat loss is increasing.

Figure 7 depicts that Maxwell graphene nanofluid temperature is decreasing as Deborah num-
ber is increasing. Figure 8 exhibits that raising the Eckert number will also raise the temperature
of the Maxwell graphene nanofluid. The theory underlying this property of Maxwell graphene
nanofluid is that since the complete work is done against the viscosity and Eckert number is the
ratio of kinetic energy to enthalpy, the partial kinetic energy is converting into internal energy.
As a result, in the entire boundary layer domain, Joule dissipation can raise the temperature of
the Maxwell graphene nanofluid.
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Figure 16. Nusselt number Nu, profiles against Ec.

The values of Cy at the upper plate of the channel are computed and are displayed graphically
for M, De, G, and S in Figures 9-12. An observation to Figure 9 reveals that Cr decreases when
M increases.

Figures 10-12 exhibit that C is increasing as De, G, and S are increasing. From Figures 9-11
it is also notated that Cs is increasing as ¢ is increasing. Figure 12 shows that whenever § < 0,
Cr decreases as ¢ increases. While for S > 0, Cy increases as ¢ increases.

The values of Nu are computed at the upper plate of the channel and are displayed graphically
in Figures 13-16 for the M, G, S, and Ec. It is observed from Figures 13 and 16 that Nu inceases
with increasing M and Ec. Figures 14 and 15 present that Nu decreases as G and S increase; it is
also notated that Nu increases as ¢ increases.

It is revealed from Table 2 that the present results of this article are in excellent conformity
with the result obtained in [52-54].
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Table 2. Validation of —0'(1) when S=10.5, R=0, G=0, and M = 0.
Pr Ec —-0'(1) —-0'(1) -0'(1) —-0'(1)

Ref. [52] Ref. [53] Ref. [54] Present work
0.5 1.0 1.5222368 1.518 859607 15222367498 1.52248
1.0 1.0 3.0263240 3.019545607 3.0263235590 3.02652
2.0 1.0 5.9805300 5.967887511 5.9805303980 5.98026
5.0 1.0 14.34394100 14.413946780 14.4394132400 14.43973
1.0 0.5 1.5131620 1.509772831 1.5131618070 1.51318
1.0 1.2 3.6315880 3.623454726 3.6315882690 3.63184
1.0 2.0 6.0526470 6.039091204 6.0526471080 6.05256
1.0 5.0 15.1316200 15.097728080 15.1316178400 15.13154

5. Conclusion

The article explores the comparative study of flow and heat transfer characteristics of non-
Newtonian graphene + ethylene glycol based nanofluid and simple base fluid passing through a
squeezing channel under the influence of magnetic field, radiation, nanoparticle volume fraction,
Joule dissipation, and Deborah number. The study carried out under the assumption that fluid is
non-Newtonian and incompressible, the base fluid and nanoparticles have no chemical reaction
in between, the induced magnetic field is small and neglected, nanoparticle and base fluid are
considered to be in thermal equilibrium, and viscous dissipation is disregarded.
Some important findings of this study are as follows:

e The Maxwell graphene nanofluid velocity reduced due to enhancement in magnetic field,
Deborah number, and squeezing number up to central region while opposite trends follow
central region.

e The temperature of Maxwell graphene nanofluid is enhanced due to increasing magnetic field
nanoparticle volume fraction and Joule dissipation; on the other way, opposite nature of fluid
temperature is happened due to increasing radiation parameter and Deborah number.

e The local skin friction is reduced due to increase in magnetic field while opposite trends fol-
low the Deborah number and absorption coefficient, and it also increases on increasing nano-
particle volume fraction. It is also observed that local skin friction is enhanced due to
enhancing squeezing number (when S > 0) and reduced due to enhancing squeezing number
(when S < 0)

e The Nusselt number is enhanced because of increasing magnetic field and Eckert number
while opposite trends follow due to increasing absorption coefficient and squeezing number
and it also increases on increasing nanoparticle volume fraction.

e As reported by earlier studies the graphene + ethylene glycol based nanofluid has better heat
transfer characteristics compared to that of simple ethylene glycol fluid.

e It is also noted that the graphene + ethylene glycol based nanofluid displays lesser surface drag
force compared to the simple base fluid (ethylene glycol).

The present research can be extended into multifaced, to name a few, it can be extended by
including the entropy analysis of the present system; further in order to have improved heat
transfer characteristics of the present flow system, one can consider a hybrid nanofluid flow
under present physical and geometrical conditions.
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