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Abstract

Heat generation effect in a steady two-dimensional magnetohydrodynamics
(MHD) flow over a moving vertical plate with a medium porosity has been
studied. By similarity transformation variables, the coupled non-linear ordi-
nary differential equations describing the model are obtained. The resulting
equation is then solved, using Galerkin Weighted Residual Method (GWRM),
where the effect of heat generation, Magnetic Parameter as well as other
physical parameters encountered were examined and discussed. Some of
the major findings were that increase in heat generation and convective heat
parameter enhances the plate surface temperature as well as temperature field
which allows the thermal effect to penetrate deeper into the quiescent fluid.
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1 Introduction

The phenomenon of heat generation/absorption and dissipation effect under
the influence of magnetic field has practical application in various aspects
of science and technological fields such as thermal insulation, combustion,
and cooling of nuclear reactors (Ahmad and Khan [1]) etc. In the view of its
various applications, many authors have made contributions to the literature.
Whenever the heat generation occurs, the operating temperature and its
layer thickness are strengthened (increased) but lower for heat absorption.
Chamkha and Issa [2] reported that the temperature field and thermal layer
thickness are improved (increased) via the enhancement in heat generation
while investigating two-dimensional, laminar, hydromagnetic flow with heat
and mass transfer over a semi-infinite, permeable flat surface in the presence
of thermophoresis and heat generation or absorption. Similar reports are
buttressed by Kasmani et al. [3]. Other authors like Lakshmi et al. [4], and
Reddy et al. [5, 6] also considered the impact of heat generation/absorption
in their investigations.

The attention of researchers had also been drawn to the viscous dissipative
effect which plays an important role in both free and forced convection flows.
Vagravelu and Hadjinicolaru [7] investigated heat transfer in a viscous fluid
over a stretching sheet with viscous dissipation and internal heat generation
and MHD-conjugate heat transfer analysis for a vertical flat plate in pres-
ence of viscous dissipation and heat generation was investigated by Mamun
et al. [8]. Kabir et al. [9] and Abo-Eldahab and El-Aziz [10] considered the
effect of viscous dissipation on MHD natural convection flow along a vertical
surface. The interactive influence of viscous dissipation with Radiation on
MHD Marangoni flow via a permeable flat surface is examined by Sreeniva-
sulu et al. [11]. Considerable numbers of work have been done on porosity
on the account of its wide application in Science related disciplines. Little
among these applications include solar energy collectors, energy recovery
of petroleum resource and geophysical applications etc. as a result of its
wide applications, it has been studied in the literature. Soundalgekar [12]
considered the unsteady-case of free convective flow through an infinite
vertical porous plate with viscous dissipation and constant suction. Anajali
and Ganga [13–15] imposed different conditions while investigating magne-
tohydrodynamics fluid with a medium porosity. The stretching porous surface
is investigated with the combined impact of a chemical reaction and Viscous
dissipation by Singh [16]. Sharma et al. [17] worked on natural convection
magnetohydrodynamics flow on medium porosity with generation/absorption
and periodic wall temperature.
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Motivated by the applications and previous workdone by different
authors, this particular work intends to investigate the behaviours of heat
generation/absorption on Magnetohydrodynamics (MHD) flow over a ver-
tical plate with convective boundary condition. The study is considered with
a medium porosity.

2 Mathematical Formulation

Let us put into consideration the free convection, boundary-layer flow of a
stream of cold of an incompressible fluid at temperature T∞ which takes
place with the interactive impact of heat generation/absorption. The outer-
covering of the layer is made hot by convection arising from a hot fluid at
temperature Tf which produces hf as coefficient of heat transfer. The cold
fluid in contact with the plate generates heat internally at a volumetric rate
Q0. The intensity of magnetic field B0 transversely acts in the direction of
the flow while the Joule heating influence, as well as magnetic Reynolds
number, is ignored due to its negligible impact to hinder the motion of the free
convection. The temperature and concentration of the fluid are considered
as T and C respectively while the fluid velocity in x and y directions are
respectively denoted by u and v. The x − axis is considered along with the
flow and y − axis normal to it. Cw is the plate surface concentration while
T∞ and C∞ denote ambient temperature and concentration respectively, as
shown in Figure 1. In accordance with the above expressions via Boussinesq’s
approximation, the model equations can be written as

∂u

∂x
+
∂v

∂y
= 0 (1)

u
∂u

∂x
+ v

∂u

∂y
= ν

∂2u

∂y2
− σB2

0u

ρ
− ν

K
u+ gβT (T − T∞) + g βc(C − C∞)

(2)

u
∂T

∂x
+ v

∂T

∂y
= α

∂2T

∂y2
+

ν

Cp

(
∂u

∂y

)2

− 1

ρCp

∂qr
∂y

+
Q0(T − T∞)

ρCp
(3)

u
∂C

∂x
+ v

∂C

∂y
= D

∂2C

∂y2
(4)

Where D denotes mass diffusivity, α body forth thermal diffusivity, g
represents acceleration which occurs as a result of gravity, ρ typifies density,
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Figure 1 Flow configuration and coordinate system.

σ shows electrical conductivity, βT and βc respectively connotes thermal
and concentration expansion coefficient, Q0 is the volumetric heat gener-
ation/absorption coefficient, Cp denotes specific heat at constant pressure,
K denotes permeability of the porous medium while ν is the kinematics
viscosity, (u, v) are the components of velocity at any point (x, y). Concur
with the following conditions

U(x, 0) = U0, V (x, 0) = 0, −k∂T (x, 0)
∂y

= hf [Tf − T (x, 0)],

Cw(x, 0) = Axλ + C∞

U(x,∞) = 0, T (x,∞) = T∞, C(x,∞) = C∞ (5)

Here, λ connotes the index power of the concentration and k is the thermal
conductivity coefficient. The radiative heat flux by Roseland was adopted and
expressed (Shit and Haldar [18]) as

qr =
−4σ∗

3k∗
∂T 4

∂y
(6)

Where k∗ stands as the coefficient of the mean of absorption and σ∗

typifies Sterfan-Boltzmann constant. Bearing in mind that the temperature
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differences within the flow are such that Equation (6) can be linearized
subjecting T 4 into Taylor series around T∞ and disuse higher-order terms
gives

T 4 ≈ 4T 3
∞T − 3T 4

∞ (7)

By the introduction of Equations (6) and (7) in Equation (3), we have

u
∂T

∂x
+ v

∂T

∂y
= α

∂2T

∂y2
+

ν

Cp

(
∂u

∂y

)2

+
16σT 3

∞
3k∗ρCp

∂2T

∂y2
+
Q0(T − T∞)

ρCp
(8)

Following Bhattacharyya et al. [19], Equation (1) is trivially satisfied
through the stream function expressed by

u =
∂ψ

∂y
and v = −∂ψ

∂x
(9)

Invoking

η = y

√
U0

νx
, ψ =

√
νxU0f(η), (10)

where U0 connotes the velocity of the plate and,

θ(η) =
T − T∞
Tf − T∞

, ∅(η) = C − C∞
Cw − C∞

(11)

Body-forth non-dimensional; temperature and concentration. Applying
Equations (9)–(11) into Equations (1)–(2), (4)–(5), and modified Equa-
tion (8), we have

d3f(η)

dη3
+

1

2
f(η)

d2f(η)

dη2
− (Ha+ Ps)

df(η)

dη
+Grθ(η) +Gc∅(η) = 0

(12)(
1 +

4

3Ra

)
d2θ(η)

dη2
+ PrEc

(
d2f(η)

dη2

)2

+
1

2
Prf(η)

dθ(η)

dη
+Qθ(η) = 0

(13)

d2∅(η)
dη2

+
1

2
Scf(η)

d∅(η)
∂η

= 0 (14)
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Where the derivatives are considered with respect to η and

Ha =
σB2

0x

ρU0
, Gr =

gβT (Tf − T∞)x

U2
0

, Gc =
gβc(Cw − C∞)x

U2
0

,

Bi =
hf

k

√
νx

U0
, α =

k∗

ρCρ

Ps =
νx

KU0
, P r =

ν

α
, Sc =

ν

D
, Q =

xQ0ν

ρCpU0
,

Ec =
U2
0

Cp(Tf − T∞)
, Ra =

kk∗

4σ∗T 3
∞

(15)

whereHa represents local magnetic parameter, (Gr,Gc) shows local thermal
and solutal Grashof number respectively, Bi stands for local convective heat
parameter (or Boit number), Pr portrays Prandtl number, Sc body–forth
Schmidt number, Ps connotes local Porosity parameter, Q denotes local
heat generation/absorption parameter, Ec stands for Eckert number whileRa
typifies Radiation parameter. Agreed with the following boundary conditions

f(0) = 0, f ′(0) = 1, θ′(0) = Bi[θ(0)− 1], ∅(0) = 1 (16)

f ′(∞) = 0, θ(∞) = 0, ∅(∞) = 0 (17)

Following Lakshmi et al. [20] by keeping in mind the local parameters
Bi,Ha,Gr,Gc,Q and Ps in (12)–(14) are functions of x. We obtained the
similarity solution by holding on to the following parameters

hf =
a√
x
, σ =

b

x
, βT =

c

x
,

βc =
d

x
, Q0 =

e

x
, K =

x

q
(18)

Where a, b, c, d, e and q are constants taken with the right dimension. The
transformed equations which agreed with the conditions of Equations (16)
and (17) are solved by Galerkin Weighted Residual Method as shown in (3.0)
below. Due to Engineering application, we respectively considered the local
skin friction, as well as Local Nusselt and local Sherwood numbers as;

Cf =
2τw
ρU2

0

, Nu =
xqw

k(Tf − T∞)
and Sh =

xqm
D(Cw − C∞)

(19)
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Which gives

Re
1
2
xCf = f ′′(0), Re

− 1
2

x Nu = −
(
1 +

4

3Ra

)
θ′(0) and

Re
− 1

2
x Sh = −∅′(0) (20)

Where Rex = U0x/ν represents Reynold number, τw acts as shear stress
on the plate, qw body forth the surface heat while qm expresses the surface
mass.

3 Method of Solution

Non-linear differential equations are practically crucial in mathematical mod-
eling. They can be tackled via different methods, such as; Adomian Decom-
position, Homotopy perturbation, and so on. Galerkin Weighted Residual
Method (GWRM) is chosen over others due to its efficiency to provide accu-
rate results while dealing with the coupled higher-order differential equations.
In agreement with Oderinu and Aregbesola [21], from Equations (12)–(14)
and (16)–(17), we assumed the trial functions

f =

12∑
i=0

aie
− iη

4 , θ =
13∑
i=1

bie
− iη

4 , ∅ =
13∑
i=1

cie
− iη

4 (21)

Imposing the boundary conditions (15), we have

a0 + a1 + a2 + a3 + a4 + a5 + a6 + a7 + a8 + a9 + a10

+ a11 + a12 = 0 (22)

b1 + b2 + b3 + b4 + b5 + b6 + b7 + b8 + b9 + b10 + b11

+ b12 + b13 − 1 = 0 (23)

c1 + c2 + c3 + c4 + c5 + c6 + c7 + c8 + c9 + c10 + c11 + c12

+ c13 − 1 = 0 (24)

and for f ′(0) = 1, θ′(0) = Bi[θ(0)− 1], we have

− 1

4
a1 −

1

2
a2 −

3

4
a3 − a4 −

5

4
a5 −

3

2
a6 −

7

4
a7 − 2a8 −

9

4
a9 −

5

2
a10

− 11

4
a11 − 3a12 − 1 = 0 (25)
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−
(
1

4
+Bi

)
b1 −

(
1

2
+Bi

)
b2 −

(
3

4
+Bi

)
b3

− (1 +Bi) b4 −
(
5

4
+Bi

)
b5

−
(
3

2
+Bi

)
b6 −

(
7

4
+Bi

)
b7 − (2 +Bi) b8

−
(
9

4
+Bi

)
b9 −

(
5

2
+Bi

)
b10

−
(
11

4
+Bi

)
b11 − (3 +Bi) b12 −

(
13

4
+Bi

)
b13 +Bi = 0

(26)

Equation (17) automatically agreed. In accordance with the rule of the
solution, the application of Equations (21) and (12)–(14) give the resid-
ual functions Rf , Rθ and R∅ (See Oderinu and Aregbesola [21]) which

are multiplied by e−
j
4
η∀ j ∈ Z, and successfully integrated under the

domain. Here, the algebraic equations emanated are tackled with the com-
puter MATHEMATICA package, and the results obtained are discussed
accordingly.

4 Validation of the Study

Implementation of numerical computation with the previous workdone was
first considered by comparing it with the results with Makinde [22] by setting
Ps = 0, Q = 0, Ra = 0, Ec = 0. The results are found to be in excellent
agreement as displayed in Table 1.

Table 2 present the behaviours of each parameter encountered for local
skin-friction, local Nusselt number, Plate surface temperature, and local
Sherwood number. Various values of each parameter quantitatively displayed
negative for the local skin-friction, demonstrating the presence of a drag force
exerted on the fluid by the plate. The Nusselt number improves for different
values of convective heat parameter (Bi), and Prandt number (Pr) which
consequently boosts the rate of heat transfer with reverse phenomenon on
Eckert number (Ec), Radiation parameter (Ra) and heat generation param-
eter (Q). In addition, the Sherwood number increases with various values
Schmidt number which in turn enhances the rate of mass transfer.
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5 Discussion of Results

In this paper, the dimensionless Equations (12)–(14) with the conditions (16)
and (17) are executed via Galerkin Weighted Residual method. The resulting
effects of various parameters are discussed as follows

The Schmidt number Scwith respect to air is taken to be Sc = 0.24 (H2),
0.62 (H2O), Sc = 0.78 (NH3) and Sc = 2.62 (C9H12) while the value of
Prandtl number to air is considered as 0.72. Other parameters were discussed
by keeping Gr = 0.1, Gc = 0.1, Bi = 0.1, Ec = 0.1, Ps = 0.1, Ha = 0.1,
Sc = 0.62, Pr = 0.72, Q = 0.01 and Ra = 0.7 constant for each varying
parameter.

Figures 2–3 reveal the output of Magnetic impact Ha via velocity and
temperature fields respectively. It is obvious from the Figure 2 as expected
that the velocity impact across the layer thins as Ha > 0. This is true as
an increase in magnetic strength brings about an opposing force to the flow
called Lorentz-force which has tendency to impede the motion of the fluid and
decrease the associated layer thickness. However, the effects of Lorentz force
pioneer frictional-heating which in turns magnifies the temperature across the
layer and boosts the thermal boundary layer thickness.

The behaviors of thermal Grashof number (Gr) and Solutal Grashof
number (Gc) are presented in Figures 4–7. The presence of Gr > 0 and
Gc > 0 accelerates the motion of the fluid, which in turn enhances the

Figure 2 Significance of Ha on Velocity f ′(η).
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Figure 3 Significance of Ha on temperature θ(η).

Figure 4 Significance of Gr on Velocity f ′(η).

momentum boundary layer thickness. On the other hand, various values of
Gr and Gc as demonstrated in Figures 5 and 6 decline the temperature
and concentration fields (profiles) which consequently thins thermal and
concentration boundary layer thickness. It is noteworthy that Gr > 0, and
(Gc > 0) cools the surface (See Table 2) and show at the plate surface
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Figure 5 Significance of Gr on temperature θ(η).

Figure 6 Significance of Gc on Velocity f ′(η).

that concentration is more effective in comparison with the free stream
respectively. The cooling surface among which is a nuclear reactor frequently
experience in application in this scientific driven World.

The significance of Prandtl numberPr on temperature profile is presented
in Figure 8. An increase in Pr on the basis of low thermal diffusivity
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Figure 7 Significance of Gc on concentration ∅(η).

Figure 8 Significance of Pr on Temperature θ(η).

escalates Nusselt number and improves the surface heat transfer as shown
in Table 2. In addition, maximum values of Pr lessen the temperature impact
across the layer which ultimately declines its layer thickness. Hence, thermal
conductivity is inflated at smaller values of Pr thereby enable the heat
to diffuse more quickly from the heated surface in comparison with the
higher values. However, the presence of Schmidt number (Sc > 0) which
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Figure 9 Significance of Sc on concentration ∅(η).

is traceable to low molecular-diffusivity, demoralizes diffusion properties of
the fluid which consequently reduces the concentration profile and lower
concentration boundary layer thickness. Moreover, the Sherwood number
improves with large values of (Sc) and boosts the rate of mass transfer (See
Figure 9).

From Figure 10, it is viewed that the fluid molecule improves with large
values of heat generation parameter Q. This in turn enhances the operating
temperature and strengthens the thermal boundary layer thickness. Thus,
large values of Q enable the penetrations of the thermal strength to the
quiescent fluid. The behaviors of Eckert number (Ec) on temperature profile
are presented in Figure 11. (Ec) expresses the transformation of kinetic into
internal energy by workdone against the viscous-fluid stresses. However,
large values of Ec increase the temperature distribution which strengthens
thermal layer thickness.

The effect of radiation parameter (Ra) on temperature field is presented
in Figure 12. An increase in Ra pioneered reduction in the rate of energy
transport to the fluid (Ouaf [23]), owing to the presence of radiation term in
the denominator of the energy equation. This ultimately declines the temper-
ature field and compresses its layer thickness. In Figure 13, the temperature
distribution and associated layer thickness notably experience greater boosts
to its peak for large values of convective heat parameter (Bi). This occurs as
a result of the left-surface of the plate that is exposed to the hot-fluid thereby
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Figure 10 Significance of Q on Temperature θ(η).

Figure 11 Significance of Ec on Temperature θ(η).

making the right-surface to be lighter and flow faster. However, Nusselt
number is greatly enhanced with the interaction of (Bi > 0) which in turn
strengthens the surface heat transfer.
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Figure 12 Significance of Ra on Temperature θ(η).

Figure 13 Significance of Bi on Temperature θ(η).

Figures 14–15 depict the behaviors of Porosity on velocity and temper-
ature profiles. Increase in Ps pioneer resistance to the motion of the fluid,
which in turn decreases the velocity distribution within the boundary layer
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Figure 14 Significance of Ps on Velocity f ′(η).

Figure 15 Significance of Ps on temperature θ(η).

and its layer thickness. However, the fluid molecules are disturbed via Ps > 0
which stirred-up heat within the layer that enhances the temperature field and
its layer thickness.
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6 Conclusion

In this paper, the computation techniques are engaged to study the effects of
heat generation on heat and mass transfer in Magnetohydrodynamics (MHD)
flow over a vertical plate embedded in a porous medium with convective
boundary condition. The model equations for transport phenomenon are per-
formed via Galerkin Weighted Residual method and the results are discussed
accordingly with the following crucial point among other obtained

â the Cooling problem which is often encountered in engineering applica-
tions such as cooling of electronic components and nuclear reactors is
guaranteed with the positive values of thermal Grashof number

â The rate of heat transfer is magnified on increase in heat generation
parameter, thereby causes an increase in fluid temperature.

â The interaction of Magnetic parameter pioneer frictional heating within
the layer thereby results in an increase in fluid temperature

â The fluid temperature overshoots with a rise in heat generation and
convective heat parameter, often used in Science related fields for drying
of materials.
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