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Abstract In this study, the effect of magnetic field on the mixed convective flow in a ver-
tical parallel plate microchannel filled with porous medium in the presence of heat genera-
tion/absorption parameter is analysed. A viscous, incompressible, electrically conducting fluid
is considered in a vertical microchannel. The governing nonlinear coupled equations are non-
dimensionalised using dimensionless parameters and are solved numerically. Solutions for ve-
locity profile, temperature profile, skin friction and nusselt number are calculated by considering
the velocity slip and temperature jump conditions at the walls of microchannel. The flow with
the influence of various parameters like rarefaction parameter, Hartman number, porous medium,
heat generation/absorption parameter, fluid-wall interaction parameter is analysed graphically.

1 Introduction

The new applications of fluid flow and heat transfer in microchannel such as nuclear reactors,
chemical processes, electronic cooling equipment’s, biomedical applications, solar energy sys-
tems, heat exchangers, geothermal energy mining, DNA sequencing. This advanced application
has motivated many researchers to study in this area.

The basic field equations, jump conditions and constitutive equations of simple microfluent
are discussed by Cemal[1]. Tuckerman and Pease [2] investigated the high performance forced
cooling of planer integrated circuits. Philips [3] presented a heat sink model and experimentally
studied the microchannel heat sink and the applications of it. Tao[4] studied the fully developed
laminar flow in a vertical channel by considering the both free and forced convection. Mala
et al. [5] considered a microchannel between two parallel plates at constant and equal temper-
atures and studied the effects of EDL at the solid-liquid interface on liquid flow and heat transfer.

The effect of temperature-dependent viscosity on mixed convection boundary layer flow in
a vertical flat plate was investigated by Md. Anwar Hossain and Md. Sajjad Munir [6]. Mete
Avcl and Orhan Aylin studied the heat transfer of Newtonian fluid in a vertical microchannel by
taking into account the effect of velocity slip and temperature jump at the walls of the channel [7]
and drawn many important results with asymmetric wall heating at uniform heat fluxes [8]. The
magnetohydrodynamic flow in a porous channel is considered and the heat transfer is studied by
Hayat and Abbas [9]. Shokouhmand and Jafari [10] numerically analysed the problem of mixed
convection in a vertical microchannel affected by an applied electrical potential with symmetric
wall temperature. Mixed convection in vertical and inclined parallel plate microchannel was
investigated by Sima Baheri et al. [11]. Mixed convective gaseous slip flows in an open-ended
vertical parallel-plate channel with symmetric and asymmetric wall heat fluxes are numerically
investigated by Hamid Niazmand and Behnam Rahimi [12]. Basant kumar Jha et al. [13] studied
the hydrodynamic and thermal behaviour of laminar fully developed fluid in a parallel plate verti-
cal microchannel.Shih-Jie Jian and Huei Chu Weng [14] investigated the role of second order slip
in combined free and forced convection through vertical planar microchannel with asymmetric
wall temperatures. Basant Jha et al. [15] analysed the steady natural convection flow in vertical
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annular microchannel with variable viscosity and concluded many interesting results. Basant Jha
and Babatunde Aina [16] examined the hydrodynamic and thermal behaviour of steady fully de-
veloped mixed convection flow in a vertical parallel-plate micro-porous-channel in the presence
of suction/injection with velocity slip and temperature jump at the boundaries. They extended
their work with the study of MHD effects with electrically non-conducting infinite parallel plates
[17]. Makinde and Tshehla [18] analysed the irreversibility of magnetohydrodynamic mixed
convection of Cu-water nanofluid with suctionand injection at the walls and also studied the en-
tropy production.

The entropy generation and irreversibility distribution are also analysed by Abiodun Ajibade
and Thomas Onoja [19] due to mixed convection steady flow of incompressible viscous fluid
through vertical porous channel. Basant Jha and Michael Oni [20] found exact solution of steady
fully developed mixed convection flow of viscous incompressible fluid in a vertical channel hav-
ing temperature dependent viscosity and asymmetric wall heating conditions. The steady hydro-
magnetic flow of a viscous, incompressible, perfectly conducting and heat absorbing fluid past
a vertical flat plate under the influence of an aligned magnetic field was studied by Nandkeolyar
[21]. The two-dimensional mixed convection boundary layer flow of carbon nanotubes and heat
transfer properties over a stretching sheet with suction and slip effects was studied numerically
by Nur Syazana Anuar et al. [22]. Hasan Nihal Zaidi et al. [23] scrutinizes the effects of thermal
radiation, heat generation, and induced magnetic field on steady, fully developed hydro magnetic
free convection flow of an incompressible viscous and electrically conducting couple stress fluid
in a vertical channel. Hydromagnetic flow formation of conducting fluid in a vertical microchan-
nel due combined effect of buoyancy forces and pressure gradient has been studied theoretically
by Basant Jha et al. [24]. The transient mixed convective flow formation inside a vertical mi-
crochannel subjected to uneven wall zeta potentials in the presence of an electric body force is
carried out theoretically by Michael Oni and Basant Jha [25]. Roopa and Gireesha [26] con-
sidered the electrically conducting couple stress fluid between two vertical channel plates with
the aspects of exponential space and temperature dependent, radiative heat flux, heat generation
and Joule heating and studied the irreversibility of it. Gireesha and Sindhu [27] considered the
casson fluid in the presence of magnetic field in an annular microchannel and analysed the flow
with the combined effect of heat generation/absorption parameter and porous parameter.

In this research paper a fully developed, laminar, electrically conducting, steady, incom-
pressible flow is considered in a vertical microchannel filled with porous medium in the pres-
ence of heat generation/absorption parameter with effect of uniform magnetic field. The veloc-
ity, temperature of the fluid, skinfriction and nusselt number are analysed with the influence of
different parameters such as Hartman number, porous parameter, mixed convection parameter,
Brinkman number, wall ambient temperature, fluid-wall interaction parameter and heat genera-
tion/absorption parameter.

2 MATHEMATICAL ANALYSIS

Figure 1 illustrates the physical configuration of the considered model. Consider mixed convec-
tion in a microchannel placed between two parallel plates separated by the distance b. The fluid
flow is assumed to be fully developed, incompressible, electrically conducting, steady, laminar
flow having constant properties. Both the walls of the channel are maintained constant but dif-
ferent temperature T1 and T2 with T1 > T2 and filled with porous medium. The x-axis is parallel
to the gravitational force and is in opposite direction to the gravity and Y -axis is perpendicular
to the vertical microchannel. The magnetic fied of uniform strength B(0, B0, 0) is applied in
orthogonal to the flow.

The equations governing the considered flow using the laws of conservations of mass, mo-
mentum and energy are given by

ν
d2U

dY 2 + gβT (T − T0)−
σeB

2
0

ρ0
U − ν

K
U − 1

ρ0

dp

dx
= 0 (2.1)
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Figure 1. Physical configuration of the model

α1
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0
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ν

CpK
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ρ0Cp
= 0 (2.2)

With the boundary conditions for velocity, temperature field at both the walls of the microchannel
which are in dimensional form are given by

U(Y = 0) =
2− σν
σν

λ
dU

dY

∣∣∣∣
Y =0

(2.3)
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Y =b

(2.4)
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following are the dimensionless quantities:

Y =
y

b
, θ =

T − T0

T1 − T0
, U =

u

U0
, M2 =

σeB
2
0b

2

µ
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νU0
,
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b2

K
, φ =

Qb2

K
, Br =

µU2
0

K∆T
, Re =

ub

ν
,

dp

dx
= A, λT =

Gr

Re
(2.7)

where

U0 =
ρgβ(T1 − T2)b2

µ
, K = αρ0Cp

The dimensionless form of the governing equations using (2.7) in the presence of velocity slip
and temperature jump under Boussinesq’s approximation are:
Equation (2.1) takes the form

d2u

dy2 − (M2 + σ2)u+ λT θ −A = 0 (2.8)

Dimensionless form of the equation (2.2) is

d2θ

dy2 +Br(M2 + σ2)u2 ± φθ = 0 (2.9)
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Using the dimensionless quantities (2.4), the dimensionless boundary conditions are:

u(0) = βvKn
du

dy

∣∣∣∣
y=0

, u(1) = βvKn
du

dy

∣∣∣∣
y=1

(2.10)

θ(0) = ξ + βvKnln
dθ

dy

∣∣∣∣
y=0

, θ(1) = 1− βvKnln
dθ

dy

∣∣∣∣
y=1

(2.11)

HereKn, ln, P r, γs, σt, σv, ξ, b is Knudsen number, fluid-wall interaction parameter, Prandtl num-
ber, ratio of specific heats, tangential momentum coefficient, and thermal accommodation coef-
ficients. its ranges, wall ambient temperature, width of the channel respectively. The value of βv
nearly equal to unity and the value of βt varies from 1 to 100, many science and engineering ap-
plications have the values ln = 1.667, P r = 0.71, γs = 1.4, σt = 1, σv = 1, βt = 1.667, βv = 1

The two important properties of the fluid flowing in microchannel are rate of heat transfer
and skin friction.

The rate of heat transfer which is expressed as the nusselt number (Nu) is

Nu =
qb

(T1 − T0)K
=
dθ(y)

dy
(2.12)

Therefore,

Nu0 =
dθ

dy

∣∣∣∣
y=0

(2.13)

Nu1 =
dθ

dy

∣∣∣∣
y=1

(2.14)

The skin friction (τ) on the microchannel walls is

τ0 =
du

dy

∣∣∣∣
y=0

(2.15)

τ1 =
du

dy

∣∣∣∣
y=1

(2.16)

3 Results and Discussion

The solution for the problem effect of porous medium on MHD natural convective flow in a
vertical microchannel with heat generation/absorption is obtained numerically and solved using
Finite difference method. The velocity profile is discussed under the effect of different param-
eters by using the graphs. The present work is done in the range 0 ≤ βvKn ≤ 0.1, 0 ≤ ln ≤
3, 0 ≤ M ≤ 2, 0 ≤ σ ≤ 2, 1 ≤ φ ≤ 5. λ(GrRe ) is considered as the mixed convection parameter,
λT → 0 implies the forced convection and λT →∞ implies that natural convection is dominant.

Fig 2 is the graph of velocity profile for fluid-wall interaction parameter ln = 0, 0.5, 1, 1.5 as
the interaction parameter increases there is an enhancement in the temperature jump and reduc-
tion in the retardation force for the flow due to this there is an increase in the fluid velocity, from
the figure it is observed that as the fluid-wall interaction parameter increases velocity of the fluid
increases.

Fig 3 is the variation of temperature for the different values of fluid-wall interaction parameter
ln = 0, 0.5, 1, 1.5 fluid-wall interaction parameter influences the temperature and it increases
the temperature jump and hence it is noticed from the figure that as the fluid-wall interaction
parameter increases the temperature of the fluid moving in the microchannel.
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Figure 2. Velocity profiles for different
values of ln

Figure 3. Temperature profiles for differ-
ent values of ln

Figure 4. Velocity profiles for different
values of ξ

Figure 5. Velocity profiles for different
values of σ

Figure 4 presents the velocity profile for the different values of wall ambient temperature
parameter ξ = 0, 0.3, 0.5, 0.8 by the results it is observed that as the wall ambient temperature
parameter influences the fluid velocity. From the figure it is observed that as the wall ambient
temperature increases the velocity of the fluid increases.

Fig 5 displays the effect of porous medium on the velocity profile. Porous parameter σ =
0, 1, 3, 5, 10 decreases the fluid velocity. Porous parameter (σ) opposes the fluid flow, as the
porous parameter of the medium increases there is an increase in the resistance for the flow of
fluid in the channel, as a result of this we observe here that as the porous parameter increases
there is a decrease in the fluid velocity.

Figure 6 presents the graph of effect of heat generation/absorption parameter φ = 0, 1, 3, 5 on
the fluid velocity. The heat generation in the fluid increases the conduction of the fluid particles,
as the conduction increases that increase the fluid flow and also it is found that as there an
increase in the heat absorption that reduces movement of the fluid particles, In this figure it is
observed that as heat generation parameter increases the velocity of the fluid increases and as
heat absorption increases velocity of the fluid decrease.

Figure 7 and figure 8 displays the variation of velocity and temperature for the different val-
ues of mixed convection parameter λT = 0, 0.5, 1, 1.5. As λT → 0 the forced convection is
dominant and when λT → ∞ free convection is dominant. The velocity and temperature are
observed for both the cases and it is found that as the mixed convection parameter increases it
enhances the fluid velocity and supresses the fluid temperature.

Fig 9 displays the variation of temperature profile for the different values of wall ambient
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Figure 6. Velocity profiles for different
values of φ

Figure 7. Velocity profiles for different
values of λT

Figure 8. Temperature profiles for differ-
ent values of λT

Figure 9. Temperature profiles for differ-
ent values of ξ

temperature ξ. wall ambient temperature makes significant effect on the fluid temperature which
is moving in the microchannel.Here it is observed that as the wall ambient temperature it in-
creases the fluid temperature.

Figure 10 and figure 11 shows the variation of Skin friction for different values of porous
parameter and ambient temperature . The skin friction is calculated and presented for ξ =
−1, 0, 1 and λT = 0, 1, 2 and it is observed that There is a significant effect of mixed convection
parameter on the skin friction. As the value of the mixed convection parameter increases and the
fluid move away from the continuum regime (βvKn) of the microchannel there is a increase in
the value of the skin friction at Y = 0 and as the mixed convection parameter increases the value
of the skinfriction decreases at y = 1.

Figure 12 and figure 13 shows the variation of Skin friction for different values of porous
parameter σ and ambient temperature ξ. The skin friction is calculated and presented for ξ =
−1, 0, 1 and σ = 0, 1, 2 and it is observed that There is a significant effect of porous medium
on the skin friction. As the value of the porous parameter increases and the fluid move away
from the continuum regime (βvKn) of the microchannel there is a decrease in the value of the
skin friction at Y = 0 wall and as the porous parameter increases the value of the skinfriction
increases at y = 1. It is noted that magnitude of the skin friction at Y = 0 is larger than
skinfriction at Y = 1.

Figure 14 and figure 15 shows the variation of Nusselt number for the different values of
mixed convection parameter λT at y = 0 and at y = 1 respectively. The rate of heat transfer is
calculated and displayed graphically for ξ = −1, 0, 1 and λT = 0, 1, 2. It is observed that the
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Figure 10. Skinfriction for different values
of λT at Y = 0.

Figure 11. Skinfriction for different values
of λT at Y = 1

Figure 12. Skinfriction for different values
of σ at Y = 0.

Figure 13. Skinfriction for different values
ofσ at Y = 1.

magnitude of the nusselt number is high in case of y = 1 compare to nusselt number at y = 0.
As the value mixed convection parameter and the wall ambient temperature increases there is an
increase in the rate of heat transfer at Y = 0 and there is a decrease in the rate of heat transfer at
the wall Y = 1.

4 Conclusion

The solution for fully developed mixed convective flow in a vertical channel filled with porous
medium and in the presence of heat generation/absorption under the effect of magnetic field is
studied numerically. A finite difference lobatto III code is written to the model. The fluid veloc-
ity, temperature, skinfriction and Nusselt number is investigated under the influences of Hartman
number, porous parameter, mixed convection parameter, brinkman number, wall ambient temper-
ature, fluid-wall interaction parameter and heat generation/absorption parameter. This analysis
agrees with the study of Mete and Orhan [7] in the absence of (M → 0, σ → 0, φ → 0).The
findings of the study are:

• Fluid-wall interaction parameter, wall ambient temperature, mixed convection parameter
and heat generation parameter enhances the fluid velocity and porous parameter and heat
absorption parameter suppresses the fluid velocity.

• Fluid-wall interaction parameter, wall ambient temperature enhances the temperature of the
fluid and mixed convection parameter suppresses the fluid temperature.

• Mixed convection parameter increases the skinfriction at Y = 0 wall and decreases the
skinfriction at Y = 1 wall and porous parameter decreases the skinfriction at Y = 0 and
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Figure 14. Nusselt number for different
values of λT at Y = 0

Figure 15. Nusselt number for different
values of λT at Y = 1

increases the skinfriction at Y = 1.

• Nusselt number decreases with increase in the mixed convection parameter at Y = 0 and
increases at Y = 1.
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