Co-published by
Institute of Fluid-Flow Machinery
Polish Academy of Sciences

MP

A

I ’-'-':=.=

P

©

ARCHIVES

OF THERMODYNAMICS

5
Committee on Thermodynamics and Combustion
N Polish Academy of Sciences

Copyright©2025 by the Authors under licence CC BY-NC-ND 4.0

POLISH ACADEMY OF SCIENCES

http://www.imp.gda.pl/archives-of-thermodynamics

Electro-osmotic and magnetohydrodynamic flow
of Maxwell nanofluid over Darcy-Forchheimer porous
medium with Soret-Dufour effects

Amudhini M, Poulomi De”

Department of Mathematics, School of Advanced Sciences, Vellore Institute of Technology, Chennai-600127, Tamilnadu, India
*Corresponding author email: poulomidel2@yahoo.com

Received: 16.07.2024; revised: 09.09.2024; accepted: 08.10.2024

Abstract

In this study, we investigate the potential impacts of the thermo-diffusion and diffusion-thermo effects on electro-osmotic
flow of Maxwell nanofluid across the stretching sheet. Magnetic and electric field over Darcy-Forchheimer flow and chem-
ical reaction are also included. This study is vital in areas such as microfluidics, medical applications, and thermal man-
agement, where manipulating nanofluids under electromagnetic fields is essential. Through similarity transformation, the
governing equations are turned into a collection of non-linear ordinary differential equations. The numerical results for the
changed equations are obtained using the fifth order Runge-Kutta-Fehlberg technique with a shooting method. It has been
established that if the Forchheimer number and electro-osmotic parameter increase, the velocity profile drops. As the dif-
fusion-thermo effect grows so does the temperature profile. Similarly, the thermo-diffusion effect increases along with the
concentration profile. The skin friction coefficient decreases by 10% and 23%, for the magnetic parameter increases from
0.4 to 2 and the Forchheimer number rises from 1 to 5, respectively. Additionally, with an increase in the Dufour number
from 1.5 to 2, the Nusselt number decreases by 9%, while the Sherwood number increases by 33%. This research provides
a more comprehensive analytical framework by integrating multiple physical effects such as Soret and Dufour effects,
magnetic and electric fields, and porous media, thereby enhancing applications in microfluidic devices for precise fluid
control, biomedical engineering for improved drug delivery and tissue engineering, thermal management for more efficient
electronic cooling systems, environmental remediation for effective pollution control, and materials science for developing
smart materials and nanocomposites.
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1. Introduction

The capability to move a liquid caused by an electric field that
is applied over a porous medium is referred to as electro-osmo-
sis. The electro-osmotic force is induced from the collision of
the electro-magnetic field that meets the ion in the liquid, which
results in an overall movement of the fluid. Electro-osmotic flow

is useful in a variety of domains, including microfluidics, chro-
matography, and electrokinetic separations. It is frequently used
to regulate fluid motion in small-scale systems.

Nanofluids are made up of colloids containing nanoscale-
sized particles, which are typically called nanoparticles that are
dispersed throughout a base fluid like ethylene glycol, water
or oil. Choi and Eastman [1] established the theoretical idea of
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Nomenclature

a — parameter

Bo — magnetic field strength, T

¢, — specific heat, J/(kg K)

cs — concentration susceptibility, m3/kg
C - concentration, mol/m3

Cyx — coefficient of local skin friction

C,, — concentration at the surface of the sheet, mol/m3
Cs — ambient concentration, mol/m?3

Dy — Brownian diffusion coefficient, m?/s
D — thermophoresis diffusion coefficient, m?/s
D,, — mass diffusivity, m?/s

Df — Dufour number

e — electronic charge, C

E — electric field strength, N/C

E, — electric field parameter

Ec — Eckert number

E, — applied electro-osmotic force, N

f — dimensionless stream function

F —non-uniform inertia force

Fr — Forchheimer number

k —thermal conductivity, W/(m K)

k, — permeability of porous medium, m?
k; — rate of chemical reaction

K — porosity parameter

Kg — Boltzmann constant, 1/(K mol)

Kr — thermo-diffusion ratio, 1/K

Kr — chemical reaction parameter

M — magnetic parameter

m, — electroosmotic parameter

n, — bulk concentration,

n*, n~— cations and anions

Nb — Brownian motion parameter

Nt — thermophoresis parameter

nanofluids by attempting to sustain different nanoparticles made
from metals and metal oxides in various base fluids. Wong and
De Leon [2] discussed existing and next-generation uses involv-
ing nanofluids, highlighting their better controlled heat transfer
qualities and unique features. In a comparable manner, Jama et
al. [3] evaluated the creation of metallic and nonmetallic nano-
fluids, in addition to the endurance of created nanofluids, plus
also covered physical and thermal characteristics, as well as
nanofluid applications. De et al. [4] evaluated the flow of nano-
fluid across the shrinking sheet utilizing thermal radiation and
compared it to earlier studies. Kariko et al. [5] studied the flow
of thixotropic nanofluid containing gyrotatic microorganisms
along a vertical surface under convective conditions using active
and passive controls. Yaseen et al. [6] analysed the flow of tri-
hybrid nanofluid with gyrotactic microorganisms and Cattaneo-
Christov model with a comparison of cone, wedge and plate, and
concluded that heat transfer in a cone is greater than in other
geometries. Akram et al. [7] investigated the flow of an Eyring-
Powell hybrid nanofluid through an elliptical conduit with
a concurrent entropy generation. Shah et al. [8] studied the mag-
netohydrodynamic (MHD) flow of Sutterby nanofluid via a Riga
plate, including heat production. Shahzad et al. [9] investigated
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Nu,— local Nusselt number

Pr — Prandtl number

Qw, gm— heat and mass flux, W/m?2, kg/(m?s)
Rex— local Reynolds number

Sc — Schmidt number

Sr — Soret number

Shx — local Sherwood number

T —temperature of the fluid, K

Tw — temperature at the sheet’s surface, K
T_ — ambient temperature, K

Tav — average temperature, K

u, v— fluid velocity in x- and y-direction, m/s
u,, — stretching velocity of sheet, m/s

Uns — Helmholtz-Smoluchowski velocity, m/s
X, ¥y — Cartesian coordinates, m

Zy — charge balance

(+)' — differentiation with respect to »

Greek symbols

a — thermal diffusivity, m?/s

B° — Maxwell parameter

' —dimensional variable

I' - electric potential, V

& —dielectric permittivity

n —similarity variable

6 —temperature function

A — fluid relaxation time, S

e — Debye length, m

# — dynamic viscosity of fluid, kg/(m s)
v — kinematic viscosity of fluid, m?/s

& —dimensionless similarity variable

p — density of fluid, kg/m®

pe — density of the total ionic energy, J/m?
o —electrical conductivity, S/m

7 —ratio of effective heat capacity of nanoparticle and base fluid
¢ — concentration function

the peristaltic flow of hybrid nanofluid over an elliptical multi-
stenotic artery, and the importance of the parameters was evalu-
ated using a fuzzy environment. They also used entropy genera-
tion to reduce energy loss. Akbar et al. [10] explored the flow of
Carreau-Yasuda nanofluid past an expanding sheet with the im-
pacts of magnetic field, heat generation and variable thermal
conductivity. Among these models, Maxwell fluid represents
a type of non-Newtonian fluid. Maxwell fluids have a linear vis-
coelastic behaviour and are frequently employed for describing
complicated fluids such as polymer melts or solutions that have
both viscous and elastic effects. Knowing the rheological behav-
iour of Maxwell fluids is critical in a variety of industrial pro-
cesses, including polymer and other material processing. Hayat
et al. [11] explored the three-dimensional flow of Maxwell
nanofluid together by employing convective and magnetic ef-
fects through a stretching sheet and numerically solved it using
the homotopy analysis method. Through a porous expanding
surface, Nagendramma et al. [12] reported the steady and incom-
pressible transport of Maxwell nanofluid involving slip bound-
ary conditions, thermal radiation and viscous dissipation. Using
the Keller box method, Jamshed [13] numerically solved the
problem of entropy generation in the MHD two-dimensional
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flow of Maxwell nanofluid across an infinite horizontal surface
containing viscous dissipation and thermal radiation effects.
Murtaza et al. [14] used the Fourier sine transform and Laplace
transform to precisely solve the problem of the electro-osmotic
flow of Maxwell nanofluid along the existence of the field of
electric charge into a conduit amid two plates which are parallel.
Sultana et al. [15] examined the flow of a Maxwell hybrid fluid
across a spinning disc in a porous media, taking into account
suction effects and analyzing entropy generation.

The electromagnetohydrodynamic (EMHD) flow of fluid
has been used in a variety of technological fields recently be-
cause of its benefits. The Lorentz force, which is produced by
passing an electrical current over the channel in the direction of
a perpendicular magnetic field, is the basis for the EMHD flow
phenomenon. The electro-magnetohydrodynamic flow through
the riga plate with buoyancy forces was studied by Pantokrato-
ras and Magyari [16], who used a finite difference approach to
tackle the issue. Buren and Jian [17] used the perturbation ap-
proach to solve the two-dimensional, unsteady, incompressible
electro-magnetohydrodynamic flow in a microparallel channel
containing slightly transverse corrugated walls. The simplified
finite difference method (SFDM) was used by Irfan et al. [18] to
solve the steady transport of nanofluid past the stretching sheet
that is non-linear with electric and magnetic fields, porosity and
heat generation/absorption. The electro-magnetohydrodynamic
micropolar nanofluids involving slip conditions going along an
expanded sheet are explored by Muhammad et al. [19] at its
stagnation point flow.

Porous media, which are defined by interconnected void
spaces, are used in a variety of engineering sectors, including
environmental remediation, oil reservoir engineering, ground-
water management and other areas. They aid in the comprehen-
sion and optimization of fluid flow in both naturally occurring
and artificial systems. So, researchers are quite interested in it.
An equation known as the Darcy law describes how fluid moves
through a porous material. A fluid flow that defines the Darcy
law is referred to as non-Darcy fluid movement. In spite of suc-
tion velocity and heat radiation, Raptis [20] studied the two di-
mensions and steady movement of the fluid with viscous prop-
erties through a medium that is porous on an infinite plate. Hayat
et al. [21] use the homotopy analysis method (HAM) to solve
the magnetohydrodynamic flow of a fluid that is not compressi-
ble but viscous through a porous medium via a vertically ex-
panding sheet at its stagnation point. Qing et al. [22] investigated
chemical reaction, heat radiation and magnetohydrodynamic
flow of Casson nanofluid across a porous stretching/shrinking
surface. Sajid et al. [23] studied the Maxwell nanofluid Darcy-
Forchheimer transport across a linear stretching sheet combined
with thermal conductivity, activation energy, as well as non-lin-
ear thermal radiation. Sangetha and De [24] studied the transport
of a nanofluid containing microorganisms, implanted in a non-
Darcy porous medium, as it passed over a convectively heated
surface. Mohanty et al. [25—27] investigated the Darcy-Forch-
heimer flow of a hybrid nanofluid in a variety of scenarios, in-
cluding flow past a moving needle under thermal radiation and
Cattaneo-Christov heat flux, as well as past a disc influenced by
Marangoni convection, thermo-solutal Marangoni convection,
and activation energy, using entropy production analysis. Sohail
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et al. [28] investigated the flow of tri-hybrid pseudo-plastic fluid
in the presence of a non-Darcy porous medium across a stret-
ched sheet.

When distinct species or components within a mixture dis-
play varying rates of diffusion, this phenomenon is referred to
as cross diffusion. Mass and thermal transfer processes, specifi-
cally in mixtures or multi-component fluids, are associated with
the Soret and Dufour effects. The phenomenon wherein all the
parts of a mixture travel with various speeds along a temperature
gradient is referred to as the Soret effect, or thermal diffusion
effect. The Dufour effect, sometimes referred to as diffusion-
thermo effect, indicates that a temperature gradient can be in-
duced by a concentration gradient and vice versa, resulting in
the linked transfer of mass and heat. On a porous media with
thermo-diffusion and diffusion-thermo effects, Moorthy and
Senthilvadivu [29] investigated the thermal and mass transfer in
a buoyancy-driven flow through a vertical surface. Using ther-
mo-diffusion and diffusion-thermo effects, Partha et al. [30] ex-
plored the influence of double dispersion upon thermal and mass
transfer by free convection over a vertical surface containing
a non-Darcy conducting fluid filled with porous media. Ramzan
et al. [31] researched on the mixed convective transport that oc-
curs in a Maxwell nanofluid across a porous vertically expanded
surface combining the thermo-diffusion and diffusion-thermo
effects. Venkateswarlu and Narayana [32] researched the mixed
convection flow of the Maxwell fluid through a vertical stret-
ched sheet in combination with the context of magnetic field,
Joule heating, chemical reactions and the Soret and Dufour ef-
fects. De [33] analysed the unsteady flow of a free convective
Eyring-Powell magneto nanofluid mixed with Soret and Dufour
effects past a semi-infinite vertical plate. Temjennaro and He-
manta [34] and Mathews and Hymavathi [35] considered an un-
steady MHD flow with variable fluid properties.

1.1. Significance and uniqueness of the current work

This research peeps into the effects of the Soret and Dufour ef-
fects, magnetic and electric fields, and electro-osmotic force on
the Darcy-Forcheimer flow and heat and mass transfer proper-
ties of Maxwell nanofluid. The novelty of this study is found in
its detailed approach to modelling the intricate interactions
among these factors, offering new insights into the behaviour of
Maxwell nanofluids under the combined study of Soret-Dufour
effect and electro-osmotic effect in the non-Darcy porous me-
dium:

e A topic that has not been widely examined in past re-
search.

Understanding the concept of boundary layer can provide
insights into overall effectiveness of nanofluids.

It has potential applications in industry sectors such as
cooling systems, crystal formation and magnetic drug
targeting.

It examines how non-Darcy porous media affect the heat
and mass transfer in a Maxwell nanofluid, by filling a gap
in literature and increasing our understanding of the com-
plicated fluid behaviour of porous media.
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This offers the framework for future research to interact
between the thermo-diffusion and diffusion-thermo ef-
fects in nanofluids, which helps to improve prediction ac-
curacy in engineering.

The significance of the study lies in the following:

Effective heat transmission may be achieved via thermo-
magnetic pumping, which makes use of the combination
of nanofluids with EMHD.

Darcy-Forchheimer flow models are useful to investigate
fluid flow over high velocity porous medium in water pu-
rification and desalination processes.

Thermo-diffusion effect and diffusion-thermo effect in
Maxwell fluid are used in cooling strategies in electronic
devices.

To optimize the transfer of heat in electro-kinetic heat
exchangers, electro-osmotic force can be employed com-
bined with Maxwell nanofluids.

For physical comprehension, the velocity profile, tem-
perature profile and concentration profile for various pa-
rameters are illustrated.

2. Mathematical formulation

Consider the steady, viscous, incompressible and Darcy-Forch-
heimer stream of Maxwell nanofluid over the porous medium.
The flow is limited to the y > 0 plane. Nonetheless, the x-axis
is tracked along the flow path, and the y-axis is selected orthog-
onal to the x-axis, in order to characterize the physical issue un-
der consideration using the Cartesian coordinate system. Fur-
thermore, an electroosmotic flow (EOF) is added to the sheet.
The magnetic field occurs normally to the sheet, which is repre-
sented as B = (0,B,,0), and the electric field E = E(x) is
generated from the applied magnetic field. Ohm’s law
J =0(E +V x B) applies to both the magnetic and electric
fields wherein V is the fluid velocity field, o is the electrical
conductivity and J is the Joule current. Moreover, the sheet is
expanded over the path of the flow with a constant origin as
a result of the action of opposing forces that are equal. Never-
theless, the fluid flow happened as a result of the sheet expand-
ing in the line of x-axis (ref. Fig. 1, Zaher et al. [37]).

The governing equation of the Maxwell nanofluid flow equa-
tions are given below, with the aid of the boundary layer and above
assumption which is obtained from Suraih Palaiah et al. [36]:

T+=0, @

ug—z+vg—;= (‘:2712‘—,1(1123;‘4- zz_u+2u afa“y)—é(gozu—EBo)—éu—J%uz+peEx, @)
s
VS = Dag S PG (€~ C), @

In the above Egs. (1)—(4), 1, v, 4, p, kp, 0, Cp, Dg, Dy, ky
represent the viscosity, kinematic viscosity, relaxation time,
density, permeability of the porous medium, electrical condu-
civity, specific heat, Brownian motion coefficient, thermophore-

DDhD Dh DDDDD DD D

v C>C,

sis diffusion coefficient and chemical reaction rate.

The continuity principle is embodied in Eq. (1), which guar-
antees mass conservation. The momentum equation is given by
Eqg. (2), where the second term on the right-hand side represents

Concentration boundary
layer

&
j//// Thermal boundary layer

®)

A Cr/’{)'/f,’_— Momentum boundary layer
® O/ o o© O QQ
O '®) O (O— Porous media
g ~ O
A 1© O
0 O O O o 0©O e O

DRRRDD DD <

1t 111

0 0

T I Iu:u“ =i, v=0, T'=T,,C=C,
B

0

Fig. 1. llustration of fluid flow.
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the Maxwell fluid, the third term describes the behaviour of the
magnetic and electric fields, the fourth term is due to the impact
of porous media, the next term characterizes the Darcy-Forch-
heimer flow, and the last term refers to the electro-osmotic force.
The energy equation is given by Eq. (3), where the second term
on the right denotes the viscous dissipation, the third term rep-
resents the essence of Brownian motion and thermophoresis ef-
fect, the next term refers to the Joule heating and the last term
denotes the Dufour effect. A chemical process is represented by
the term at the right of Eq. (4); before that, the Soret effect is
denoted, which appears in the concentration equation.

For the above Egs. (1)—(4), the boundary conditions are (Su-
raih Palaiah et al. [36]):

u=u,=ax, v=0, T=T,, C=C, at y=0,
®)
u—-0, T->Ty,, C-Cy,

as y — o.

The boundary conditions in Eq. (5) are governed by the surface
temperature and concentration, with consistent velocity at the
surface and by the ambient temperature and concentration with
zero velocity at the outer edge of the boundary layer.

The partial differential equations (PDEs) (2)—(4) are con-
verted into the ordinary differential equations (ODEs) by the fol-
lowing similarity transformations from Suraih Palaiah et al.
[36]:

n= \fy w=axf (), v=—avfm),
6)
0 =1 == ¢ =; =

3. Examining electro-osmotic flow using
boundary layer flow

The following can be obtained from the Gaussian law (Zaher et
al. [37]):

()

where ¢ is the dielectric permittivity and p,, is the overall ionic
energy density. Since it is believed that the electric field is con-

f =B f =2fff)+ff = f?+ME, )= Kf —Frf? + Upgmie ™" = 0,
ub +PrfO +PrEcf?+PrNb8'¢p' +PrNtd? + PrMEc(f — E;)> +PrDfgp" = 0,.

¢"+Scf¢’ +-ScO + SrScd” — KrSc = 0.

The boundary conditions for the above equations are:

f(0)=0,f(0)=1,60)=1, p(0)=1at n=0,
17)
f'(0) >0, 6(0) >0, @(0) >0 as n - o.

The dimensionless parameters in Egs. (14)—(16) are given
Ll

below: B* = Aa is a Maxwell fluid parameter, M = a is
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servative, the electric potential " is written as follows:

E=-VrI. (8)
Substituting Eqg. (8) into Eq. (7)
V-szszz—p—:. (9)

The Boltzmann distribution is described by the total density
of charged particles, which is symbolized as (Abdelsalam
et al. [38]):

pe = —Zye(i~ —n¥), (10)
__€Zy
where the term 71~ =nye Tewks  denotes the anions and

eZy -

at = ﬁoeTavKBF denotes the cations. The Debye-Huckel line-
arization principle states that % << 1. Reducing Eg. (10),

aviB
we get
pe =7zl (11)
where d/dx — 0 in Eq. (9), leading to:
da’r 1 =
d_yz = EI" (12)

Using the following transformation

r a
F_E!n_\/;

Eqg. (12) is transformed to:

da’r

— m?2
= mel’,

1. R
where m, = \/ga_ is the electro-osmotic parameter.
e

The outcome of the above equation with boundary condi-
tions'=1latn=0and I’ > watn - o is

I' = exp(—m,n). (13)
The transformed ordinary differential Egs. (2)—(4) are:
(14)
(15)
(16)

E

a magnetic parameter, E; is the electric field parameter,

oUw

X s the Forchheimer

Vo

is the Helmholtz-Smoluchowski velocity,

K = k”—a is the porosity parameter, Fr =
p
e€Ey

VU,

number, U, =

1 . - .
m, = \/%/1— is the electro-osmotic parameter, Prz% is the
e

ufy
Cp (Tw—Teo)

Prandthl number, Ec = is the Eckert number,



MA., DeP.

szwTB(CW—Cm) is the Brownian motion parameter,

Nt = E?—T(TW —T,) is the thermophoresis parameter,

f = 2mKr Cw=Co) 3¢ the Dufour number, Sc=-= is the
vesep (Tw—Teo) Ds

Schmidt number, Sr = DK (Tiw=Teo)
VT (Cw—Coo)
k

Kr = al is the chemical reaction parameter.
The local skin-friction coefficient (C,), the Nusselt number
(Nu,) and the Sherwood number (Sh,) for the current study are

as follows:

is the Soret number,

Xqw
k(Ty—Too)’

— Xqm
DB(CW_COO),

Crx =% Nu, =

- 2
pUW

Sh, (18)

wheret, = u (Z—;) is the wall shear stress, q,, = —k (Z_;)

Equations (18) are reduced to non-dimensional form as fol-
lows:

1 1
CrxReZ = f"(0), NuyRe,? =—6'(0),

1
Sh, Re,> = — ¢'(0), (19)

where Re,, = ax?/v.

4. Numerical methods

Employing the fifth order Runge-Kutta-Fehlberg method com-
bined with a shooting method, one can determine the accepted
finite values of 17 — oo and solve the non-linear ODEs
(14)—(16). The values n., are found by picking a set of initial
estimate values for various physical variables and repeating the

y=0 y=0
. ac . method unless two consecutive values of f”(0), 6'(0) and
is the heat flux and =—-Dg|—= is the mass flux. ' . . .

Tm B (6y)y=0 ¢ (0) are deviated by less than a specified tolerance. This ap-
proach reduces Egs. (14)—(16) to seven simultaneous ODE’s
with the following consequences:

flr = va
f2’ = f3v

1
1_ﬁ*f12

f3’ =

[f? = 28" fifofs — fifs — M(Ey — f,) = Kfy — Frf "2 + UpgmZe™™e1],

f4’ = va

fi = = (5 — PrDfSc = — PrDfScSr) [fufs + Ecf? + Nbfsf, + NtfZ + MEc(f, — E;)? = DIScf, f, + DEKT o],

fé =f7v

fr = =Scfify — = fs — StScfy + KrScf,

Here ]fl =f! f2 =f,1 f3 =f”l ﬁl=97 f5 =6’, f6=(pv
fr=¢.
The following are the transformed boundary conditions:

f1=01 f2=11 f3=C1, f4=1
f5=C21 f6=1y f7=C3 at T]=0,
f2=01 f4=01 f6=0 at

The values f"(0), 6'(0) and ¢’ (0) are found using the initial
guess values ¢y, ¢, and c3 until they satisfy the boundary con-
ditions. The fifth order Runge-Kutta method is employed to
achieve highly accurate results with a convergence threshold of
108, This ensures that the numerical solutions are precise and
reliable, allowing for a detailed understanding of the fluid flow
behaviour.

1 — oo.

5. Results and discussion

The graphs represented in this section depict the significance of
the parameters mentioned in Eqs. (14)—(16) with the help of
boundary condition in Eq. (17) for the steady flow conduct, tem-
perature and concentration distribution. The Nusselt numbers
for a subset of Prandtl numbers are compared in order to validate
the current study. It is assumed that Nt = Nb = 0.1, Sc = 1.0

and all other parameters are set to zero. There is an excellent
compromise in contrast to the previously published research of
[26—28] and it is presented in Table 1.

Table 1. Comparative analysis of outcomes for the Nusselt number
— 0'(0) with Nt = Nb = 0.1, Sc = 1.0; all other parameters set to zero.

Wang Reddy Khan and
Pr 39] Gorla et Pop [41] Present
al. [40] P
0.07 0.0656 0.0656 0.0663 0.06592
0.2 0.1691 0.1691 0.1691 0.16889
0.7 0.4539 0.5349 0.4539 0.45465
2.0 0.9114 0.9114 0.9113 0.91132

Furthermore, it is shown that when Pr values rise, heat transfer
improves. The study’s findings are illustrated graphically for
particular parameter ranges such as: 0.5 < f* <125, 0.5 <
M <85 01<E <04, 1<K<5 03<Fr<5 05<
Ups <5.0, 04<m, <90, 50<Pr<9.0, 0<Ec<0.3,
03<Nb<110,08<Nt<3,01<Df<25,2<Sc<4,
0.05 <Sr<0.5, and 0.3 < Kr <4.5. These intervals were
chosen to guarantee manageable computation and ensure con-
vergence under the specified conditions.

74



Electro-osmotic and magnetohydronamic flow of Maxwell nanofluid...

The influence of Maxwell fluid parameter (8*) on the veloc-
ity profile is shown in Fig 2. The relaxation time (1) increases
with an increase in 8, which enhances the fluid’s elastic nature.
As a result, the viscosity rises, causing greater resistance to flow
and the velocity profile falls. Physically, this represents the
greater dominance of elastic effects, which slow down the fluid
velocity since it takes longer to recover after deformation. The
same trend occurs in Suraih Palaiah et al. [36].

f'(n)

Fig. 2. Effect of Maxwell fluid parameter on velocity profile.

Figure 3 illustrates the impact of magnetic parameter (M)
upon velocity distribution. The force that acts on the fluids is the
Lorentz force which opposes the fluid velocity. This causes an
increase in the resistance of flow and a fall in the velocity pro-
file. A similar pattern is observed in the study of Jamshed [13].

1.04

f'(n)

Fig. 3. Contribution of magnetic parameter to velocity distribution.

The influence of the porosity parameter (K) on the velocity
profile is displayed in Fig. 4. The flow resistance rises as the po-
rosity parameter grows because the voids in the porous medium
get bigger. As an outcome, the velocity profile gets decreased.
A comparable pattern is noted by Mohanty et al. [27]. Figure 5
shows the impact of the Forchheimer number (Fr) on the velocity
distribution. It is discovered in which the Forchheimer number
rises, the boundary layer thickens because the Forchheimer num-
ber represents inertial drag effects in porous media. This results in
adding resistance to the fluid motion. As a result, the velocity pro-
file decreases. The same trend is observed in the work of Mo-
hanty et al. [27].

f'(n)

()

Fig. 5. Effect of Forchheimer number on velocity distribution.

Figure 6 illustrates how the velocity profile is affected by the
Helmholtz-Smoluchowski velocity (Uns). As the Helmholtz-
Smoluchowski velocity rises, it causes particles that are charged
in electric fields produced in the electro-osmotic flow to travel
at an average faster velocity. That results in increases of the ve-
locity distribution by reducing the resistance. The similar pattern
is noted by Zaher et al. [37].

0.5+

f'(n)

0.0

Fig. 6. Effect of Helmholtz-Smoluchowski velocity on velocity profile.
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Figure 7 depicts the consequence of electro-osmotic param-
eter (m,) upon the velocity profile. As the electro-osmotic pa-
rameter increases it leads to creating an electric double layer
(EDL) in the flow which strengthens the electrostatic forces near
the charged surface by creating more drag. This increases re-
sistance of the fluid flow, and thereby decreases the velocity dis-
tribution. A comparable trend is noted in the study conducted by
Hegazy et al. [42].

1.0+

P

' (n)

Fig. 7. Effect of electro-osmotic parameter on velocity distribution.

As seen in Fig. 8, arise in the temperature distribution is im-
plied by a booster in the Prandtl number. Thermal diffusivity be-
comes more prevalent over kinematic viscosity as by definition,
as the Prandtl number increases. The same pattern is observed
by Kumar et al. [43].

8 (n)

Fig. 8. Effect of Prandtl number on temperature profile.

A growth in the Eckert number (Ec) indicates a decrease in
the temperature profile, as shown in Fig. 9. The kinetic energy
dissipation may be of greater importance in the flow than the
heat transmission if the Eckert number rises. This could contrib-
ute to a drop in the temperature distribution by decreasing the
capacity of kinetic energy conversion to thermal energy. This
trend is occurred in Palanimani [44]. Figure 10 demonstrates the
way that the thermophoresis parameter (Nt) consequences the
temperature profile. The temperature distribution rises when Nt
is increased because it is found that nanoparticles at the hot
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boundary layer are being moved in the direction of the cold fluid
by the thermophoretic force. This force redistributes the heat and
results in an increase of the temperature profile. A comparable
pattern is noted in Ragupathi et al. [45]. Figure 11 depicts the
effects of the Dufour number (Df) on temperature profile. Ther-
mal diffusivity to mass diffusivity is expressed as a Dufour num-
ber. An increased Dufour number suggests that thermal diffu-
sivity is more vital than mass diffusivity. It follows that a rise in
the temperature profile is the outcome of heat transfer effects
predominating over mass transfer effects. The same trend occurs
in De [33].

0(n)

Fig.

0(n)

Fig. 11. Effect of Dufour number on temperature profile.
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Figure 12 shows how a change in the Brownian motion pa-
rameter (Nb) causes the concentration distribution to increase.
The chaotic movement of nanoparticles in suspension in the car-
rier fluid is called Brownian motion. A rise in Brownian motion
results in moving particles more vigorously and randomly and
hence, evens out the concentration of particles across the fluid
by reducing the difference between high and low concentration
regions. Thus, as the value of Nb increases, the concentration
decreases. A similar pattern is observed by Awan et al. [46].

0.054 *

o)

0.5 4

$(n)

0.0

Fig. 12. Effect of Brownian motion parameter on concentration profile.

The consequence of Schmidt number (Sc) on concentration
distribution is revealed in Fig. 13. The kinematic viscosity to
mass diffusivity ratio is represented as the Schmidt number.
A rise in Schmidt number raises kinematic viscosity and lowers
mass diffusivity and it results in a fall in concentration gradients
and a decrease in concentration profiles.

Fig. 13.The influence of Schmidt number on concentration distribution.

Soret number’s influence over the concentration profile is
shown in Fig. 14. A boost in the Soret number (Sr) leads to an
enhancement in the concentration profile because thermal diffu-
sion has a major impact on the flow of species within a fluid
mixture, leading the concentration profile to rise. A similar pat-
tern is observed by De [33]. Figure 15 shows the impact of
chemical reaction parameter (Kr) on the concentration distribu-
tion. An increase in chemical reaction parameter causes the con-
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o (n)

Sr=0.05
---- Sr=0.10

- Sr=0.15
Sr=0.20
- Sr=0.25

0.5+

o)

0.0

Fig. 15. Effect of Soret number on concentration profile.

centration profile to decrease because the reactant concentra-
tions may fall more rapidly, resulting in a more noticeable re-
duction in concentration gradients within the fluid. The same
trend is found by Raza et al. [47].

Table 2 describes the skin friction coefficient for different
parameters including the Maxwell fluid parameter, magnetic
field parameter, electric field parameter, porosity parameter,
Forchheimer number, Helmholtz-Smoluchowski velocity and
electro-osmotic parameter. An increase in Maxwell fluid param-
eter, magnetic parameter, porosity parameter, Forchheimer
number and electro-osmotic parameter decreases the skin fric-
tion coefficient due to the reduction in velocity gradient near the
wall, whereas an increase in electric field parameter and Helm-
holtz-Smoluchowski velocity increases the skin friction coeffi-
cient. Table 3 represents the Nusselt number and Sherwood
number for different parameters including the Prandtl number,
Eckert number, Brownian motion parameter, thermophoresis
parameter, Dufour number, Schmidt number, Soret number and
chemical reaction parameter. Increasing the Prandtl number,
thermophoresis parameter, Dufour number and Soret number re-
duces the Nusselt number by decreasing the convective heat
transfer and increases the Sherwood number by strengthening
mass transfer. Conversely, an increase in Eckert number,
Brownian motion, Schmidt number and chemical reaction pa-
rameter leads to an increase in Nusselt number and a decrease in
Sherwood number.
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Table 2. Skin friction coefficient for different parameters.

Pe
0.5
1.5
2.5

0.5

Table 3. Nusselt and Sherwood number for different parameters.

Pr
5.0
7.0
9.0

6.2

Ec

0.2

0.1

0.2
0.3

0.2

M

0.5

0.4

1.2
2.0

0.5

Nb

0.3

0.1
0.2
0.3

E:

0.2

0.1
0.3
0.5

0.2

Nt

0.8

1.0
2.0
3.0

0.8

Df

1.2

1.0
1.5
2.0

1.2

3.0

1.0
3.0
5.0

3.0

Sc

0.8

0.3
0.9
1.5

0.8
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Fr

0.3

1.0
3.0
5.0

0.3

Sr

0.5

0.1
0.5
0.9

0.5

0.5

1.0
3.0
5.0

0.5

Kr

0.3

0.1

0.3
0.5

Mme

0.4

1.0

3.0
5.0

-0(0)
0.54207
0.53824
0.53616
0.50781
0.53946
0.57110
0.39941
0.46790
0.53945
0.51018
0.44849
0.42697
0.55726
0.52217
0.50539
0.45908
0.55407
0.63317
0.56699
0.53946
0.51777
0.47846

0.53946
0.60206

f(0)
-2.15952
-2.27339
-2.38406
-2.14594
-2.25369
-2.35878
-2.18365
-2.13543
-2.08362
-1.63064
-2.15952
-2..58216
-2.26370
-2.53863
-2.78723
-2.14220
-2.07310
-2.00428
-2.14424

-2.17148
-2.17659

-(0)
0.08890
0.09971
0.10554
0.18830
0.09627
0.00424
0.16694
0.13298
0.09266
0.07099
0.06762
0.21223
0.04461
0.14643
0.19515
0.12628
0.09038
0.05616
0.08725
0.09627
0.10322
0.11703

0.09626
0.07332
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6. Conclusions

This article examined the numerical solutions of two-dimen-
sional, incompressible, electro-osmotic and Darcy-Forchheimer
flow of the Maxwell nanofluid with the effects of electric and
magnetic fields, Soret and Dufour effects, and chemical reaction
over a porous medium. The results of these findings have been
potentially used to improve industrial processes by increasing
heat transfer in cooling systems, enhancing chemical reactor ef-
ficiency, refining filtering and separation procedures, expanding
oil recovery technologies, and developing more effective medi-
cation delivery systems. Our research led us to the conclusions
that:

e When the Maxwell fluid parameter, porosity parameter,
Forchheimer number and electro-osmotic parameter are
increased, the velocity profile decreases.

The velocity develops as the magnetic parameter, electric
field parameter and Helmholtz-Smoluchowski velocity
rises.

As the Prandtl number, thermophoresis parameter, and
Dufour number rise, the temperature profile rises.

The temperature profile narrows as the Eckert number
rises.

When the Brownian motion parameter, Schmidt number
or chemical reaction parameter are increased, the concen-
tration profile decreases.

In the case where the Soret number grows, so does the
concentration profile.

The skin friction increases by 4% when the electric field
parameter increases from 0.1 to 0.5. The Eckert number
increases the Nusselt number by 35% and decreases the
Sherwood number by 44%.

The future direction emphasizes the emergence of novel
modelling approaches for industrial and technical applications,
giving significant insights into the complicated behaviour of
fluid flow which is investigated in this paper. Our work will fo-
cus on analysing how these effects impact the fluid flow behav-
iour and heat and mass transfer rates, and determining which pa-
rameters should be optimized to design more efficient systems,
optimize processes, and improve material performance in fields
such as nanotechnology, biotechnology and energy storage.

7. Limitation and future scope

When it comes to getting exact answers for boundary value
problems, the fifth order Runge-Kutta method with the shooting
technique is quite effective. However, in order to get the best
convergence outcomes, one must be careful regarding initial
guesses in the shooting technique. The applicability of this
study’s findings may be limited to specific conditions such as
selected nanofluid, flow parameters and boundary conditions.
Future research could expand upon this investigation by explor-
ing various non-Newtonian fluids or hybrid models across vari-
ous different geometries and certain analysis like sensitivity
analysis, entropy generation and stability analysis can be per-
formed.
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