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Abstract

The fabrication industry for micro-device technology in the chemical in-
dustry and biomedical instrumentation has grown up day by day. The fab-
rication process is becoming a tremendously challenging job for keeping the
low price of devices and efficient performance. In this paper, a theoretical
investigation on the nanofluidic transport characteristic of electrokinetic flow
through a porous microchannel in the presence of a magnetic field has been
examined. The numerical solution for the velocity distribution has been ob-
tained under patterned hydrodynamic slip boundary conditions by employ-
ing a shooting technique based on the fourth-order Runge-Kutta method.
The significant impacts of the electromagnetic force, the porosity of medium,
Forchhemier inertia parameter, the effect of the wavenumber of the slip length
on momentum are discussed in this investigation. It is revealed that the veloc-
ity is augmented with the improvement in the presence of transverse electric
field but the wave number of the slip length minimizes the velocity of the
fluid.

Key words: Electromagnetohydrodynamic flow, porous medium, mi-
crochannel, interfacial slip.

1. Introduction

In the last few years, many influential microfluidic mechanisms have been
explored and as its integral results, plenty of corresponding microfluidic de-
vices have been developed so far and being used in service to mankind,
among which several types of electromagnetohydrodynamic (EMHD) [1-4]
and electrohydrodynamic (EHD) micropumps are leading. In the context of
microchannels and microfluids, there are also some significant applications
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of it in diverse fields like bio-medical engineering and technology, aerospace
engineering, power and process industries, superconductors, electronic tech-
nology, physical and chemical sciences, various lab-on-chip processes [5-8].

The previous studies are focused only on the electroosmotic flow. Re-
cently there are so many analytical and experimental investigations [9-11]
are going on the electromagnetohydrodynamic (EMHD) flows to developed
EMHD micropumps. The flow control phenomenon in a microchannel with
the combined influence of electromagnetohydrodynamic effects is studied by
Chakraborty and Paul [12]. Further thermal characteristics of a EMHD flow
through microchannel under constant wall heat flux conditions is analyzed
by Chakraborty et al. [13]. Reza and Rana [14] investigated an analytical
exact solution of EMHD flow and heat transfer of Casson fluid through a mi-
crochannel with viscous dissipation and joule heating effect. Buren et al [15]
studied EMHD flow through a micro parallel channel with the corrugated
wall by Perturbation technique. Very recently EMHD effects on porous mi-
crochannel with the corrugated wall of a non-Newtonian second-grade fluid
were investigated by Rashid et al [15] by applying the perturbation technique.
A comprehensive analysis of heat transfer of nano-fluid through a microtube
under the streaming potential effects is done by Zhao et al [17].

The purpose of this numerical experiment is to illustrate the combined
EMHD flow through a porous microchannel under a hydrodynamic patterned
slip boundary condition by assuming that the slip length varies in space.
Water based nanofluid flow is taken through the hydrodynamic pattern slip
walls. The velocity distribution of the flow were analyzed numerically under
the very low Reynolds number Re. The impact of various non-dimensional
parameters on velocity is interpreted graphically.

2. Problem Statement and explanation of the mathematical

model:

Consider the electromagnetohydrodynamic flow transport characteristics
of nanofluid in a porous microchannel with patterned hydrodynamic slip
walls. It is assumed that the microchannel width (W) and length (L) is
much greater than the channel height (L >> W >> 2H). The electrolyte
solution generates an EDL near the boundary wall, and the induced electric
field in x-direction creates an electroosmotic flow. Also, the applied magnetic
field is induced in the y-direction. The electroosmotic force is generated by
the used electric field component Ex, due to the EDL near the microchannel
wall, which is directed opposite to the fluid motion. The external applied
magnetic field By acts perpendicular to the fluid flow direction and Ez is
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imposed as an external transverse electric field in the z-direction. Assumed
that the flow is steady and fully developed through the microchannel, which is
filled with a porous material, in which the impenetrable walls are at y = ±H
with constant permeability K.

In this study, nanofluid is considered where water is taken as a base fluid
and Al2O3 is taken as a nanoparticle. The thermo-physical properties of the
nanofluid are expressed as:

ρnf = φρn + (1− φ)ρf . (2.1)

µeff =
µf

(1− φ)2.5
(2.2)

where φ is the nanoparticle volume friction, ρn, ρf , ρnf are the densities of the
nanoparticles, base fluid and nanofluid respectively and µnf , µf correspond
to the viscosity of the nanofluid and base fluid respectively.

Figure 1: Physical Sketch of the problem

In this study, the governing Brinkman momentum conservation equations
of the flow can be expressed as:

−∇p+ µ∇2~U − µ

K
~U − Cfρ√

K
| ~U | ~U +~b = 0, (2.3)

where p be the pressure, Cf is the inertial coefficient, K is the permeability
of the porous medium, µ is the viscosity of the fluid and ρ is the density of
the fluid. The net body force ~b due to the combined EMHD effect is given
by:

~b = ρe ~E + ~F , (2.4)

where ρe be the net charge density. The body force is contributed by the
combination the Lorentz force ~F due to the imposed magnetic field and the
applied electric field ~E. Here ~F = ~J × ~B, where ~B is the applied magnetic
field, and ~J is the current density, which may be written as:

~J = σe( ~E + ~U × ~B), (2.5)
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where σe is called electric conductivity.
Assuming a one-dimensional velocity in the x-direction for the microchan-

nel is given by ~U = [u(y), 0, 0]. In this case, the simplified form of the mo-
mentum conservation equation assuming a hydrodynamically fully developed
flow through the porous medium is written as:

dp

dx
+
µnf

K
u+

Cfρnf√
K

u2 − µnf
d2u

dy2
= ρeEx − σeB

2

yu+ σeByEz, (2.6)

The appropriate boundary conditions are as follows:

du

dy
= 0 at y = 0 and u+ βs(x)

du

dy
= 0 at y = H, (2.7)

where βs(x) = β0(1 + αeik0x) is the slip length, which is hydrodynamically
described. The variation of slip length is very small i.e. α << 1, k0 is
the wave number, and β0 is called the constant slip length. The net charge
density ρe in the EDL depends on the EDL potential ψ, and it is given by

ρe = −εk2ψ. (2.8)

The EDL potential ψ is well constructed by the linearized Poisson-Boltzmann
equation

d2ψ

dy2
= k2ψ, (2.9)

The boundary conditions for the EDL potential distribution are:

dψ

dy
= 0 at y = 0 and ψ = ζ at y = H (2.10)

where k = ez( 2n0

εkBT
)1/2 is the Dybye-Huckle parameter and 1/k be the thick-

ness of the EDL. Here ζ be the constant zeta potential. By introducing the
dimensionless variables, ψ∗ = ψ/ζ , y∗ = y/H , ω = kH and finally one can
obtain the non-dimensional ψ∗ as:

ψ∗ =
cosh(ωy∗)

cosh(ω)
(2.11)

Then the simplified dimensionless form of the equation (2.4) is

µnf

µf

(

d2u∗

dy∗2

)

−
(

Ha2 +
µnf

µf

1

Da

)

u∗ − ρnf
ρf

F√
Da

u∗2 + ω2ψ∗ +HaS = PRe

(2.12)

4

AJAMC, Vol 2, Issue 1, 2022

American Journal of Applied Mathematics and Computing

4



The dimensionless variables and parameters are given by:

y∗ = y/H, x∗ = x/L, u∗ =
u

uHS
, P = (∂p∗/∂x∗), uHS =

εζEx

µf
,

β = β0/H, p∗ =
p

ρfuHS
, Re =

ρfuHSH

µf
, F =

ρfCFuHSH

µf
,

Da =
K

H2
, Ha = ByH

√

σe
µf
, S =

EzH

uHS

√

σe
µf
, κ = k0/L. (2.13)

where uHS is the steady Helmholtz-Smoluchowski velocity, Ha is the Hartman
number, Da is the Darcy number, respectively. S is the transverse electric
field, which indicates the strength of the electric field in x-direction, Re is the
Reynolds number, and P is described as the constant dimensionless pressure
gradient. The dimensionless boundary conditions for the equation (2.13) is
given by

du∗

dy∗
= 0 at y∗ = 0 and u∗ + β∗

s (x
∗)
du∗

dy∗
= 0 at y∗ = 1 (2.14)

where β∗

s (x
∗) = β(1 + αeiκx

∗

), κ is the non-dimensional wave number and β
is called the dimensionless constant slip length.
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Figure 2: Velocity distribution profiles for several value of Hartmann number
for Parameter values ω = 5, P = 0.5, β = 0.01, κ = 1, α = 0.01, S = 10, F =
1.
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3. Numerical methods

The non-linear momentum equation (2.12) has been solved numerically
with the corresponding boundary conditions (2.14). This nonlinear ODE is
solved numerically using the shooting technique based on the fourth-order
Runge-Kutta method in MATLAB environment.

4. Results and discussions

This study deals with the numerical solutions of the velocity profiles of a pat-
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(b)

Figure 3: Velocity distribution profiles for several value of Darcy number for
Parameter values ω = 5, P = 0.5, β = 0.01, κ = 1, α = 0.01, S = 10, F = 1.

terned hydrodynamic slip flow of nanofluid under the influence of combined
EMHD effects through a porous microchannel. The variation of dimension-
less velocity distribution with different parameter values of the flow is dis-
cussed in this section. The interactive influences of different non-dimensional
parameters on velocity are examined. The impacts of electromagnetic effect,
the effect of the porous medium, the effect of Forchhemier inertia parameter
and the impression of the wave number of the slip length are discussed on
the flow velocity distribution.

The non-dimensional velocity distribution profiles for different pertinent
parameters are displayed in Figures 2-6. The non-dimensional velocity pro-
files for different values of the Hartmann number is shown in Figure 2. In
the presence of the transverse electric field (i.e. S=10), it gives an increasing
trend on the velocity profile with an increase of Ha, which is shown in Figure
2. Also, the velocity distribution profiles for several value of Darcy number
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Figure 4: Velocity distribution profiles for several value of slip parameter for
Parameter values ω = 5, Da = 0.2, Ha = 0.5, P = 0.5α = 0.01, S = 10, F =
1.
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Figure 5: Velocity distribution profiles for several value of wave number for
Parameter values ω = 5, Da = 0.2, Ha = 0.5, P = 0.5α = 0.01, S = 10, F =
1.
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can be depicted from Figure 3. In the presence of a transverse electric field,
when the Darcy number rises then the fluid velocity is also increasing which
is represented in Figure 3. So, it is very interesting to know that the flow
velocity is always enhanced in a high porous medium. The increment of slip
parameter increases the velocity profile, and the flow becomes slower for no-
slip boundary condition i.e. β = 0 (Figure 4). There is no apprehensible
change in the velocity near the boundary with the variation of wavenumber
of the pattern slip but the velocity has an increasing trend in the middle
layers of the flow, which is represented in Figure 5.
The dimensionless velocity distribution for different non-dimensional inertia
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Figure 6: Velocity distribution profiles for several value of inertia parameter
for Parameter values ω = 5, Da = 0.2, Ha = 0.5, P = 0.5α = 0.01, S =
10, β = 0.01, κ = 1.

parameters is illustrated in Figure 6. From this figure, it can be observed
that the velocity is increased when the non-dimensional inertia parameter
value is increased.

5. Conclusion

In this present study, the velocity distribution of nanofluidic flow transport
is investigated numerically for the patterned hydrodynamic slip flow through
a porous microchannel under the combined EMHD effects. The following
observations can be drawn from this numerical study:

• The flow is not a fully developed flow at a low porous medium, but it
is a fully developed large value of Darcy number.
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• The velocity has an enhancement with the improvement of the applied
magnetic field in the presence of the transverse electric field.

• The velocity is proportional to the Darcy number. That means both
are increasing in a high porous medium.

• The improvement of slip length enhanced the velocity of the nanofluid
but the dimensionless wave number reduces the velocity of the flow.
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