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ABSTRACT

The study analyzed magnetohydromagnetic
(MHD) boundary layer flow of convective
double diffusion over a flat sheet in the
existence of radiation, chemical reaction and
heat source. Applying similarity variables,
the main modelled equations governing the
flow are reduced to couple derivative of
nonlinear order. The obtained system of
equations is computationally solved by
fourth-other Runge-Kutta techniques
alongside with shooting Nachtsheim-Swigert
schemes. The effect of some embedded
physical terms on the heat and flow
momentum is examined and discussed. The
numerical results for heat and species
gradients, and skin friction are also gotten.
The embedded fluid flow parameters have a
significant impact on the wall surface.
Interestingly, the combined effects of the
embedded fluid flow parameters could be
used in designing our physical complex flow
systems.

KEYWORDS:
Chemical reaction; MHD flow; Double-
diffusive convection; Thermal radiation; Heat
generation

1.0 INTRODUCTION
In several natural phenomena, heat and
species diffusion occur simultaneously to
generate a buoyancy force that propels liquid
flow which is described as double diffusive.
This also defines the flows driven by diverse
density gradients with different diffusion rate
as reported by Akbar et al. (2016). In
oceanography, processes involving
convection of salinity and temperature
gradients are called thermohaline convection,
meanwhile, the temperature surface gradients
and the species molecular diffusion are called

Marangoni convection. The processes that
embroils the combined species mass and
thermal gradients utilized double-convective
diffusion which is widely used to examine
several natural phenomena. Due to the
relationship between the fluid diffusion and
the velocity fields, convective double-
diffusion is highly intricate than the single-
diffusive convection, Kareem and Salawu
(2017). As such, double-diffusion process
take place in different fields which includes
chemical engineering (evaporation, gas
liquefaction, thin films deposition,
sublimation, drying, cleaning operations, salt
caverns solution mining and more),
condensed physics (crystal growth, alloy
binary solidification), oceanography (earth
crust crystallization igneous, ice surface
cooling and melting, intrusion of sea-lake
water), geophysics (flow matter particulate or
materials dissolvent dispersion), etc.
An insight to the interaction nature between
concentration and energy buoyancy forces
are essential in order to understand and
manage its effect, Olanrewaju et al. (2013).
Heat convective transport in permeable
media is of great interest to the scientist and
researchers some decades due to their
importance in ground hydrology, mining,
aquifers pollutant dispersion, geophysical,
electronic systems cooling, room ventilation,
reactors chemical catalysis, crystal liquid
growth, petroleum reservoirs and others,
Bejan et al. (2004) and Dada and Salawu
(2017). The heat-transfer analysis of
boundary-layer flows with radiation is also
important in electrical power generation,
astrophysical flows, solar power technology,
space vehicle re-entry and other industrial
areas, Baiyeri et al. (2017). Extensive
literature that deals with flows in the
presence of radiation effects is now available,
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Olanrewaju et al. (2011); Salawu and Amoo
(2016). Ishak (2010) stated that heat
convective transport analysis is imperative to
the high temperature processes, such as
energy thermal storage, nuclear plants and
gas turbines. Fluids binary mixture of
boundary layer flow are of great usefulness to
the pharmacy and chemical engineering. As
such, Okedoye and Salawu (2019) examined
MHD binary chemical reaction in an
oscillatory moving boundary layer surface
with heat and mass reaction. The significant
of binary species reaction was reported in the
study. Moreover, many chemical processing
industries are considered to transmute raw
materials to valuable produces by the
chemical reaction process. A device where
chemical mixture takes place creates contact
relation by providing suitable species
concentration and heat fields throughout the
process Salawu and Amoo (2016).
Fluid dynamics demonstrates an essential
role in the flow of radiative chemical reaction
diffusion with energy transfer, which
established the correlation between the
reactor performance and hardware.
Subhashini et al. (2011) examined convective
double-diffusive of chemical species flow
over a porous vertical plate with convective
border conditions. Mohamed (2009)
considered unsteady convective MHD
reaction double-diffusive of flowing fluid
past a moving vertical permeable sheet with
radiation, soret effects and heat generation.
Coupled thermal and momentum boundary
layer flow of similarity solutions with heat
transfer and convection was examined by
Incropera et al. (2007); Yadav and Agrawal
(2013). Cheg (2009) studied in a porous
vertical truncated device, the analysis
variable viscosity of boundary layer flow of
convective double-diffusion using similarity
transformation. Most recently, Abdelraheem
et al. (2018) discussed the natural convection
of double-diffusive nanofluid flow in a
square cavity permeable plate with sinusoidal
distributions. More also, Mohamad (2004);
Yang et al. (2013) analyzed the natural
convective flow of reactive double-diffusion
in a filled enclosed porous rectangular device

with saturated binary fluid. The problem was
numerically solved and parametric sensitivity
analysis was reported. Recently, Gaikwad,
SN & Kamble, SS. (2016) discussed the
effects of the cross diffusion of a couple
stress liquid on a convective double-diffusive
reaction with anisotropic rotating saturated
permeable layer.
The major aim of the current study is to
examine the flow pattern, energy and species
concentration transfer of convective double-
diffusive fluid flow past a flat plate surface
with surface convective boundary conditions.
The reaction process occurs in the presence
of thermal radiation, chemical reaction and
heat generation. The study is motivated by
the significant results obtained by previous
analysis carried out and the importance of the
double-diffusion to the industry and
technological advancement. To the best of
the author’s knowledge, the combined
influences of species reaction, heat
generation and radiation with other embed
flow parameters have not been investigated
with surface convective boundary condition.

2.0 MATHEMATICAL FORMULATION
Consider a steady non-single dimensional
flow of laminar, conductive, incompressible
mass concentration reaction liquid stimulated
by convective buoyancy forces. The flowing
fluid in a vertical porous device is exposed to
convective boundary cooling to prevent the
fluid molecular deformation as a result of
reaction diffusion. The fluid far stream

temperature T is stirring past the plate right

surface with unvarying flow rate U while

the plate left surface is wide-open to
convective heating by the heated liquid
temperature fT that provide a coefficient

heat transfer. The buoyancy force arises due
to the variation in the temperature and mass
species of the liquid. The induced
electromagnetic field is neglected due to the
absence of magnetic field and the Reynolds
number is ignored. As such, the fluid flow is
not electrically conducting as demonstrated
in Figure 1.
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Figure 1: Geometry of the flow model

The mass conservation, velocity component, energy and mass equations defining the flowing
fluid is written as, Olanrewaju, et al [2];
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Alongside with boundary conditions
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where u and v are respectively the flow
rate components, T is the temperature, g is

the gravitational, * is the coefficient of

solutant expansion,  is the heat
diffusivity,  is the kinematic viscosity of
the fluid,  is the coefficients of heat

expansion, k is the heat conductivity, Q is
the heat release, rq is the radiative heat

flux, D is coefficient of species diffusivity
and R is the chemical reaction.

The radiative thermal flux rq through

Rosseland approximations is given by [9]
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where r is the Stefan-Boltzman constant

with ke be the mean absorption. With small
temperature differences, equation (7) is
linearized by expanding T � using Taylor

series in T . On ignoring higher order

terms, the expansion gives

434 34   TTTT (8)

Using equations (7) and (8), equation (3) becomes

 
2

2

23

2

2

3

16




































y

u
TT

c

Q

y

T

ck

T

y

T

y

T
v

x

T
u

ppe

s 



 (9)

Here we introduce the a transformation variable η and a non-dimensional stream function 

f(η), θ(η) and φ(η) as  
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Equation (1) is automatically fulfilled and equations (2)-(9) can be transformed to the
subsequence dimensionless forms after some manipulations to give the following equations
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Satisfying the boundary conditions
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where primes depict derivative with respect

to η and the terms seeming in equations (11-

14) are the embedded fluid flow parameters.

Gr, Grc, Ra, Pr, β, Ec, Sc, λ, fw, and Bi

represents the local heat Grashof number,

local solutal Grashof number, radiation term,

Prandtl number, internal heat generation,

Eckert number, Schemitl number, species

reaction term, suction term and convective

Biot number. It is evident that the computed

solutions is binding in as much its denote

local similarity solutions since the terms

depends on the independent variable x.

2.1 NUMERICAL PROCEDURE
In the current analysis, the set of equations
(11), (12) and (13) with the boundary
conditions of equation (14) are solved
computationally by using shooting
Nachtsheim-Swigert scheme coupled with
integrating fourth-order Runge-Kutta
technique. Taking from the computation
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process, the coefficient skin-friction, heat
gradient number and local mass gradient
number, are presented as

     .00,0   andf The computed

numerical results are offered in table. The
numerical solutions is carried out via a
computer symbolic language MAPLE
(Olanrewaju, et al. [4]).

A step size of  = 0.001 is chosen for a

suitable convergence measure of 10-10 for
almost all cases. The value of y is obtained
for each loop of iteration by taken  = 

+. The highest value of , for each term,
Pr, Gr, Grc, Ra, Ec, Sc, Bi,  ,  ,and fw are

evaluated for the unknown boundary
conditions at  = 0 for error loop 10-10.

3.0 ANALYSIS OF THE RESULTS

In order to get a clear insight of the physical
problem, the velocity, temperature and
concentration have been discussed by
assigning numerical values to the parameters
encountered in the problem. To be realistic,
the values of Schmidt number (Sc) are
chosen for hydrogen (Sc = 0.22), water
vapour (Sc = 0.62), and Propyl Benzene (Sc
= 2.62) at temperature 25oC and one
atmospheric pressure. The values of Prandtl
number is chosen to be Pr = 0.72 which
represents air at temperature 25oC and one
atmospheric pressure. Attention is focused
on positive values of the buoyancy
parameters i.e. Grashof number Gr > 0 (which
corresponds to the cooling problem) and
solutal Grashof number

Gm > 0 (which indicates that the chemical
species concentration in the free stream
region is less than the concentration at the
boundary surface). In table 1, we generate the
skin friction coefficient, Nusselt number and
the Sherwood number for some embedded
flow parameters value in the flow model.
Here, when the Prandtl number Pr increases,
the Skin-Friction coefficient increase with the
heat transfer at the wall surface (local Nusselt
number) while the mass transfer rate at the
wall surface decreases across the channel.
Similarly, when the thermal Grashof number
Gr increases, the Skin-Friction coefficient
and the local Nusselt number increases while
the local Sherwood number decreases. It was
observed that when the Solutal Grashof

number Gc, thermal radiation parameter Ra
and the internal heat generation parameter 

increases, the Skin-friction coefficient and
heat transfer rate increases while the mass
transfer rate increases. It was also noticed
that when the Schmitt number Sc and the
chemical reaction parameter  increases, the
Skin-friction coefficient, heat transfer rate
and the mass transfer rate at the wall
increases. It implies that the Schmitz number
and the chemical reaction parameters
enhance the skin-friction coefficient, mass
transfer rate and the heat transfer rate at the
wall surface. We also observed that as the
suction parameter fw, Eckert number Ec and
the Biot number Bi increases, the skin-
friction coefficient decreases while the heat
and mass transfer rate at the wall decreases.
Finally, the injection parameter fw <0
increases, the skin-friction coefficient
increases while the heat and mass transfer
rate at the wall surface decreases. It is also
observed that injection increases the fluid
flow while suction reduces the fluid flow
velocity.

Figure 2 depicts the solution of temperature
against η for various values of Prandtl 
numbers Pr and it is observed that increasing
Pr decreases the thermal boundary layer
thickness across the flow channel. Figure 3
depicts the plot of concentration against η for 
various values of the thermal Grashof
number. It is clearly seen from the figure that
increases in the thermal Grashof number
increases the velocity boundary layer
thickness. In figure 4, it can be seen that the
same effect occurs as in figure 2. Increasing
the solutal Grashof number increases the
velocity boundary layer thickness as
exthickness. Increasing the radiation
parameter Ra thickens the thermal boundary
layer thickness apected. Figure 5 shows the
influence of radiation parameter Ra on the
thermal boundary layer cross the flow
channel. In figure 6, we represent the graph
of the velocity against η for various values of 
Eckert number Ec. It was observed that an
increase in the Eckert number bought a slight
increase in the velocity profile close to the
wall surface. Figure 7 represents the
temperature distribution against η for various 
values of the Eckert number. We established
that increase in the Eckert number thickens
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the thermal boundary layer across the flow
channel. Similarly, it was discovered that
Eckert number enhances the thermal
boundary layer thickness. The effect of
Schmidt number Sc on the concentration
profile is presented in figure 8. Increasing Sc
is to decrease the concentration boundary
layer thickness. In figure 9, we discovered
that as the Biot number Bi increases, the
temperature boundary layer thickness
thickens and therefore the thermal boundary
layer thickness increases. Figures 10 – 12
represents the graph of concentration
distribution against η for various values of 
chemical reaction parameters. For a
destructive chemical reaction parameter, the
concentration boundary layer thickness thins
across the flow channel while for the additive
reaction parameters; the concentration
boundary layer thickness thickens. In figure
13, we plot the graph of temperature against
η for various values of internal heat 
generation parameter  . It was observed that

as we this parameter increases, the thermal
boundary layer thickness thickens across the
flow channel. Figure 14 represents the
solution of velocity against η for various 
values of the injection parameter fw >0. It
was discovered that as injection parameter
increases, the flow rate also increases which
resulted in the thickening of the velocity
boundary layer thickness. In figure 15, we
noticed that when we increase the suction
parameter fw <0, the concentration boundary
layer thickness decreases which alternatively
step down the rate of flow. In figures 15 and
17, the effect of wall porosity term fw on the
flow velocity, concentration and temperature
are presented. The momentum, mass and
thermal boundary layer thickness decreases
and increases with the rising parameter
values. Finally, in parameter analysis, the
choice of parameters is of high value in order
to get the expected results or valuable results
in mathematical modeling (see Ingham and
Pop [16]).

Table 1: Computation showing )0(F  , )0(  and )0(  for various values of embedded fluid flow

parameters
Gr Gc Ra Ec Sc Bi   - )0(F  - )0(  - )0( 

0.5 0.5 0.1 0.1 0.62 0.1 0.1 0.1 -1.22712658 0.0709929717 0.5220851259
0.5 0.5 0.1 0.1 0.62 0.1 0.1 0.1 -1.20722422 0.0722601926 0.5202229040
0.5 0.5 0.1 0.1 0.62 0.1 0.1 0.1 0.25985882 0.2105628793 0.3350501163
0.6 0.5 0.1 0.1 0.62 0.1 0.1 0.1 -1.2592271 0.0708278466 0.5241385115
0.7 0.5 0.1 0.1 0.62 0.1 0.1 0.1 -0.4118728 0.0998754124 0.3434014214
0.5 0.6 0.1 0.1 0.62 0.1 0.1 0.1 -1.32183366 0.0705084379 0.5277687974
0.5 0.61 0.1 0.1 0.62 0.1 0.1 0.1 -1.33118948 0.0704576559 0.5283204405
0.5 0.5 0.3 0.1 0.62 0.1 0.1 0.1 -1.24204196 0.0700047367 0.5234954846
0.5 0.5 0.5 0.1 0.62 0.1 0.1 0.1 -1.25571233 0.0690879353 0.5247971033
0.5 0.5 1.0 0.1 0.62 0.1 0.1 0.1 -1.28580376 0.0670692103 0.5276853936
0.5 0.5 0.1 0.5 0.62 0.1 0.1 0.1 -1.49591186 0.0236523233 0.5388820477
0.5 0.5 0.1 1.0 0.62 0.1 0.1 0.1 -2.09533148 -0.095640680 0.5714089683
0.5 0.5 0.1 0.1 1.0 0.1 0.1 0.1 -1.14998469 0.0714760822 0.6699445045
0.5 0.5 0.1 0.1 2.62 0.1 0.1 0.1 -1.00886268 0.0720994833 1.1715903070
0.5 0.5 0.1 0.1 0.62 0.1 0.5 0.1 -1.16020160 0.0714035408 0.7198636838
0.5 0.5 0.1 0.1 0.62 0.1 0.1 0.5 -1.66617087 0.0055483427 0.5514562371
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Figure 2: Temperature distribution of various values of Prandtl number Pr with fixed values of

Gr = Gc = Ra = fw = 0.5, Ec = Sc = Bi =  =  = 0.1

Figure 3: Concentration distribution for various values of thermal Grash of number Gr with fixed

values of Gc = Ra = Ec = Sc = Bi =  =  = Pr = 0.1. fw = 0.5

Gr = 0.1

ooooooooooo Gr = 1.0

++++++++++++ Gr = 1.5

______________ Pr = 0.5

Ooooooooooooo Pr = 1.0

++++++++++++++ Pr = 2.0
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Figure 4: Velocity distribution for various values of solutal Grash of number Gc with fixed

values of Gr = Ra = Ec = Sc = Bi =  =  = Pr = 0.1. fw = 0.5

Figure 5: Temperature distribution for various values of radiation parameter Ra for fixed values

of Gr= Ec = Sc = Gc =  =  = Pr = 0.1. Bi = 0.2, fw = 0.5

Grc = 0.1

ooooooooooo Grc = 1.0

++++++++++++ Grc = 1.5

Ra = 0.1

ooooooooooo Ra =0.3

++++++++++++++ Ra = 0.5
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Figure 6: Velocity distribution for various values of Eckert number Ec for fixed values of
Gr= Ra = Sc = Gc =  =  = Pr = 0.1. Bi = 0.2, fw = 0.5

Figure 7: Temperature distribution for various values of Eckert number Ec for fixed values of

Gr= Ra = Sc = Gc =  =  = Pr = 0.1. Bi = 0.2, fw = 0.5

Ec = 0.1

Ooooooooooo Ec = 1.0

++++++++++++ Ec = 2.0

Ec = 0.1

Ooooooooooo Ec = 1.0

++++++++++++ Ec = 2.0
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Figure 8: Concentration distribution for various Schmitz number Sc for fixed value of
Gr= Ra = Ec= Gc =  =  = Pr = 0.1. Bi = 0.2, fw = 0.5

Figure 9: Temperature distribution for various values of Biot number Bi for fixed values of
Gr= Ra = Ec= Gc =  =  = Sc = 0.1. Pr = 0.1, fw = 0.5

Bi = 0.1

Ooooooooooo Bi = 0.5

++++++++++++ Bi = 1.0

____________ Sc = 0.22

Ooooooooooo Sc = 0.62

++++++++++++ Sc = 2.62
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Figure 10: Concentration distribution for various values of chemical reaction parameter  for

fixed values of Gr= Ra = Ec= Gc = Bi =  = 0.1. Pr = 0.1, fw = 0.5

Figure 11: Concentration distribution for various values of chemical reaction parameter  for

fixed values of Gr= Ra = Ec= Gc = Bi =  = 0.1. Pr = 0.1, fw = 0.5

 = 0.1

ooooooooooo  = 0.3

++++++++++++  = 0.5

 = 0.1

ooooooooooo  = -0.1

++++++++++++  = -0.3
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Figure 12: Concentration distribution for various values of chemical reaction parameter  for

fixed values of Gr= Ra = Ec= Gc = Bi =  = 0.1. Pr = 0.1, fw = 0.5

Figure 13: Temperature distribution for various values of internal heat generation parameter 

for fixed values of Gr= Ra = Ec= Gc = Bi = Sc = 0.1. Pr = 0.1, fw = 0.5,  = 0.1

 = 0.0

ooooooooooo  = 0.1

++++++++++++  = 0.3

 = 0.1

ooooooooooo  = 0.2

++++++++++++  = 0.3
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Figure 14: Velocity distribution for various values of suction parameter fw for various values of

Gr= Ra = Ec= Gc = Bi = Sc = 0.1. Pr = 0.1,  = 0.1,  = 0.1

Figure 15: Temperature distribution for various values of suction parameter fw for various values

of Gr= Ra = Ec= Gc = Bi = Sc = 0.1. Pr = 0.1,  = 0.1,  = 0.1

fw = 0.1

ooooooooooo fw = 2.0

++++++++++++ fw = 5.0

fw = 0.1

ooooooooooo fw = 2.0

++++++++++++ fw = 5.0



VOL 7, NO 1, JUNE 2021.
ISSN: 2276-7924 www.ijssyabatech.com

21 | P a g e
VOL 7, NO 1, JUNE 2021. ISSN: 2276-7924

Figure 16: Concentration distribution for various values of suction parameter fw for various

values of Gr= Ra = Ec= Gc = Bi = Sc = 0.1. Pr = 0.1,  = 0.1,  = 0.1

Figure 17: Temperature distribution for various values of suction parameter fw for various values

of Gr= Ra = Ec= Gc = Bi = Sc = 0.1. Pr = 0.1,  = 0.1,  = 0.1

4.0 CONCLUSION
It was observed that when the Solutal

Grashof number Gc, thermal radiation
parameter Ra and the internal heat generation
parameter  increases, the Skin-friction

coefficient and heat transfer rate increases
while the mass transfer rate increases. It was
also noticed that when the Schmitt number Sc
and the chemical reaction parameter 
increases, the Skin-friction coefficient, heat
transfer rate and the mass transfer rate at the
wall increases. It implies that the Schmitz
number and the chemical reaction parameters

enhance the skin-friction coefficient, mass
transfer rate and the heat transfer rate at the
wall surface. We also observed that as the
suction parameter fw, Eckert number Ec and
the Biot number Bi increases, the skin-
friction coefficient decreases while the heat
and mass transfer rate at the wall decreases.
Finally, as the injection parameter fw <0
increases, the skin-friction coefficient
increases while the heat and mass transfer
rate at the wall surface decreases. It is also
noticed that injection increases the fluid flow
while suction reduces the fluid flow velocity.

fw = 0.1

ooooooooooo fw = 2.0

++++++++++++ fw = 5.0

fw = 0.0

ooooooooooo fw = -0.2

++++++++++++ fw = -0.6
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