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Abstract: - The problem of unsteady high-speed MHD natural convective flow over an inclined plate in a fluid 
with variable electrical conductivity, higher-order chemical reaction, thermal radiation, and concentration 
gradient-dependent heat generation/absorption is investigated. It is assumed that the fluid is chemically 
reactive, and of the nth-order; electrically and magnetically conducting; viscous, incompressible, and 
Newtonian; the plate is highly porous, thermally and electrically conductive, and heated to a high-temperature 
regime to emit thermal rays; the plate is heated at the bottom, and the heat is conducted to the top such that 
convection currents exist. The equations governing the flow are non-linear and coupled partial differential 
equations. They are transformed into ordinary differential equations using the time-dependent similarity 
transformation, and solved by the Modified Homotopy Perturbation approach. Expressions for the 
concentration, temperature, velocity, rates of heat and mass transfer, and the stress/force on the wall are 
obtained, computed, and presented graphically and quantitatively for the different parameters. The analysis of 
results shows among others, that the increase in the: order of chemical reaction parameter causes fluctuation in 
the fluid concentration structure, but increases the flow velocity; the Forchheimer number decreases the fluid 
velocity, but increases the force on the surface wall; electrical conductivity causes fluctuation in the 
temperature structure, increases the rate of heat transfer to the fluid, and decreases the force on the wall; 
inclined angle decreases the fluid velocity. 
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1 Introduction 
Natural convective heat transfer in the presence of 
MHD high speed has significant applications in 
science and engineering. It is relevant in 
astrophysics, biomedical engineering (cardiac 
magnetic resonance imaging (MRI), 
electrocardiogram (ECG)), crystal growth, enhanced 
crude oil recovery and refining, gas-cooled reactor 
safety, geophysics, and geothermal reservoirs, 
material processing and cooling reactors, nuclear 
power reactors, solar structures, welding, and the 
likes. 

Depending on the situation, different parameters 
affect flows. In the quest to understand flow 
situations researches are carried out to examine the 
roles of concerned parameters, hence there exist 
many reports in this domain of study. A chemical 

reaction is initiated by the difference in the 
concentration of mixing species/substances. An 
interesting aspect of the chemical reaction is the 
order of the chemical reaction. The order of a 
chemical reaction is proportional to the powers to 
which the concentration is raised. The phenomenon 
of higher-order chemical reactions has applications 
in plastic curing; food processing; pulp, polymer, 
insulated cable manufacturing, etc. A good number 
of research works exist on the flow involving 
higher-order chemical reactions over vertical and 
inclined moving plates. For example, [1] considered 
the MHD mixed convective nth-order chemically 
reacting flow; [2] looked at the flow involving the 
nth-order chemical reaction in the presence of 
viscous dissipation; [3] considered the MHD 
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Nanofluid flow with higher order chemical reaction 
and slip boundary conditions. 

Among the forces (internal and external) 
affecting fluid flow is electricity. A chemically 
reacting fluid is a base/alkaline, acid, or a mixture of 
both. It is electrolytic, therefore, its particles are 
positively, or negatively charged. The motion of the 
particles in the presence of a magnetic field 
generates electric currents. The conduction of 
electricity in a fluid depends on the number of ions 
per unit volume and their drift density. The drift 
density of an ion varies with the electric field 
intensity and the mass of the ion. Therefore, the 
electrical conductivity of a fluid is a measure of how 
much voltage is required for an electric current to 
flow. For application, electrical conductivity has 
great relevance in metallurgical process control. 
Some literature exists on the flow over vertical 
plates with variable electrical conductivity and 
MHD. For instance, [4] studied numerically the 
flow situation when the plate is isothermal, and 
observed that an increase in the heat generation 
parameter increases the fluid temperature, velocity, 
and wall shear stress; an increase in the electrical 
conductivity parameter increases the fluid velocity, 
wall shear stress and the rate of heat transfer but 
decreases the fluid temperature; an increase in the 
Hartmann number increases the fluid temperature 
but decreases the flow velocity and the rate of heat 
transfer; an increase in the Prandtl number increases 
the wall shear stress; [5] numerically examined the 
flow over an inclined stretching sheet with variable 
chemical reaction, variable electrical conductivity, 
variable heat and mass fluxes, and cross-diffusion 
effects. [6] examined the steady 2-D flow over an 
isothermal porous plate with variable electrical 
conductivity using a numerical approach and 
observed among others that an increase in electrical 
conductivity decreases the fluid velocity. 

The speed at which a fluid flows is dependent 
on the level of interaction of its particles, which is 
influenced by many parameters/factors. In fluid 
dynamics, the high-speed situation exists in many 
facets, such as in gas dynamics, hydrodynamics, and 
porous media flow. Specifically, porous media may 
be classified into homogeneous and non-
homogeneous. It is homogeneous when the ratio of 
the pore area to the total area of the solid boundary 
is constant, and non-homogeneous/heterogeneous 
when the ratio of the pore area to the total area of 
the boundary is not constant. For its relevance, the 
high-speed flow past vertical and inclined porous 
surfaces has been investigated by many research 
workers.  For example, [7] and [8]) investigated the 
natural convective boundary layer high-speed flow 

using the finite difference method, and observed that 
magnetic field increases temperature; [9] examined 
the natural convective high-speed flow over a 
vertical stretching sheet under the influence of 
thermal diffusion using finite difference numerical 
method and found that high-speed MHD enhances 
the temperature. In combination with electrical 
conductivity, thermal radiation, and high-order 
chemical reaction, [10] investigated the transient 
MHD high-speed flow over an inclined 
exponentially moving porous plate with radiation 
absorption and variable electrical conductivity 
effects using the method of explicit finite difference 
numerical approach, and observed that the magnetic 
field enhances the temperature but freezes the 
velocity, skin friction, and Nusselt number; Dufour 
number increases the concentration profiles. 
Furthermore, neglecting the effects of electrical 
conductivities and the Forchheimer parameter, [11] 
considered MHD natural convective flow over an 
oscillatory vertical porous plate with thermal 
radiation, heat, and mass absorption effects using 
the explicit finite difference method. 

The position of a moving object in a flow 
system may affect its motion and that of the fluid. 
Some literature exists on the flow past an inclined 
plate, For example, [11], by the exact analysis of 
radiation, studied the convective flow with heat and 
mass transfer over an inclined plate in a porous 
medium; [12] examined the mass transfer and heat 
generation effects on MHD free convective flow 
past an inclined vertical surface in a porous 
medium; [13] investigated the heat and mass 
transfer effects on a steady MHD free convective 
dissipative fluid flow past an inclined porous 
surface with heat generation using the Lie analysis 
approach; [14] considered the influence of variable 
permeability on the unsteady MHD convection flow 
past a semi-infinite inclined plate with thermal 
radiation and chemical reaction; [15] looked into the 
MHD free convective flow and mass transfer flow 
with heat generation through an inclined plate.  [16] 
studied the mass transfer flow through an inclined 
plate with porous medium;  [17] analyzed the 
unsteady natural convective flow through an 
inclined plate; [18] examined the radiation and mass 
transfer effects on MHD flow through porous 
medium past an exponentially accelerated inclined 
plate with variable temperature; [19] considered the 
radiation absorption and variable electrical 
conductivity effects on high-speed MHD free 
convective flow past an exponentially accelerated 
inclined plate. 

As a wide and inexhaustive domain of study, the 
fluid flow over vertical porous plates also has been 
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torch-lighted in different perspectives by other 
researchers among whom are [20], [21], [22], [23], 
[24], [25], [26], [27], [28], [29], [30], [31], [32], 
[33], [34], [35], [36], [37], [38].  

Notably, [6] studied numerically the steady 2-D 
flow over an isothermal porous plate with variable 
electrical conductivity. Their work has some 
deficiencies. Therefore, this work extends it by 
considering the unsteadiness, and a high-speed case 
in the presence of higher-order chemical reaction, 
thermal radiation, inclined angle, and concentration 
gradient-dependent heat generation/absorption using 
an analytic approach. 
 
 
2  Problem Formulation 
 

2.1  Mathematical Foundation 
The Darcy-Forchheimer Model for Flow through 

Cracks/Faults in Rock Matrixes 
Through Henry Darcy’s experimental results on the 
flow of water through sand beds/aquifers the Darcy 
law, which links pressure drop with velocity, the 
fluid flow through porous media was initiated. This 
law became applicable to the flow of gas, water, and 
oil through petroleum reservoirs, and it is prescribed 
as: 

uup
2





         (1) 

 
where 2

 is the porosity of the medium. 
 

However, studies have shown that the Darcy 
linear model cannot hold in the presence of higher 
velocities. Upon this, an inertial term representing 
the kinetic energy called the Forchheimer term was 
modeled into the Darcy law/equation to form the 
Darcy-Forchheimer mode, [38], as: 

2
uup 




      (2) 

 
where   is the non-Darcy coefficient prescribed as   

r
  , and is a function of dynamic viscosity 

and permeability, [39],   a constant,  the 
permeability of the porous media, and r an index, 

[40]. For engineering purposes,



m

 , m is the 

Forchheimer coefficient, or drag coefficient of the 
fluid, [41]. Also, for   zero, the model reduces to 
the Darcy’s law. The Darcy-Forchheimer model is 
used for studying flow through pores and cracks in 

the aquifers/reservoirs, [42]. Furthermore, by 
extension, the introduction of the Forchheimer term 
into the Navier-Stokes equation gives the Navier-
Stokes model for high-speed flow through porous 
media, as shall be seen later.     

The basic assumptions of the Darcy-
Forchheimer model are: that the flow is 
macroscopic and one-dimensional; the porous 
medium is homogeneous and isotropic, and the fluid 
is incompressible.  
 
2.2 Physics of Problem and Mathematical 

Formulation 

 

 
Fig. 1: The schematic of a vertically accelerating 
plate in a fluid 
 

Unsteady high-speed MHD natural convective 
flow over an inclined plate with variable electrical 
conductivity, higher-order chemical reaction, 
thermal radiation, and concentration gradient-
dependent heat generation/absorption is considered. 
The schematic of the flow is shown in Figure 1.The 
model is formulated on the assumption that the fluid 
is Newtonian, viscous and incompressible, 
chemically reactive and of higher-order, electrically 
conducting, and thermally radiating and optically 
thin; the plate is porous, vertically inclined, heated 
to a high-temperature regime such that radiant rays 
are emitted; the heat flux is acting in a direction 
perpendicular to the plate; there is a convective 
temperature gradient between the bottom and upper 
surface of the plate with a heat source at the bottom 
and sink at the top, such that the flow is naturally 
convective; a magnetic field of constant magnitude 
but with negligible induction (when compared to the 
applied magnetic field) is applied perpendicularly to 
the flow direction; the negligible magnetic field 
rendered the magnetic Reynolds number 
insignificant; the suction at the wall is of a constant 
magnitude; the flow is of a high speed, as such the 
Forchheimer factor is invoked. In this model, the x-
axis is in the vertical direction of the plate and the y-
axis is normal to it; u is the velocity along the x-
axis, and is parallel to or along the plate, and v is the 
velocity along the y-axis, and it is assumed a suction 
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at the wall. Therefore, if )','( vu  are the velocity 
components in the spatial direction )',','( tyx ; T  
and C are the ambient at 0't ; wT and wC   
temperature and concentration at the wall of the 
plates, and T '  and C' are the fluid temperature at  
t ' >0 . Then, by the Boussinesq’s approximations, 
the unsteady 2-D governing equations of mass 
balance, momentum, energy and mass diffusion are:         

0
'
'

'
'











y

v

x

u
      (3) 
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    (6) 

 
with the boundary conditions 

:0t    CCTTvu ',',0',0'  for all y  (7) 

:0t wCCwTTvu  ',',0',0'  at 0'y        (8) 

              CCTTu ',',0'  at '  y     (9)        
 
where  is the fluid density,   is the dynamic 
viscosity, )(   is the empirical constant, as given 
above; g is the acceleration due to gravity; 'e  

electrical conductivity of the fluid; 2
oB is the 

magnetic field flux; t is the thermal volumetric 
expansion of the fluid; c  is the species volumetric 
expansion of the fluid;   is the inclination angle; k  
thermal conductivity; rk  is the chemical reaction 
rate constant; 'rq is the thermal radiation flux; mD  is 
the molecular diffusivity coefficient of the fluid; 

pC is the specific heat capacity of the fluid at 

constant pressure; 'Q is the heat 
generation/absorption constant, or the heat 
source/sink strength of the plate, and is negative for 
heat absorption and positive for heat generation; 
n is the order of a chemical reaction. 

Electrical conductivity is prescribed in 
different0 forms, and as a function of temperature, 
can be given for liquids as: 

   TT
ee

''1
'

11



                         (10) 

 
where ' is the constant based on the electrical 
conductivity property of the fluid. 
 
Substituting equation (10) into equation (4), 
gives:
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  ''2'cos' uuoBeCCcg



 

2'u



          

                                                                       (11)       
 

Thermal radiation, as a process of heat 
propagation using electromagnetic waves, occurs 
due to high-temperature differences. It is a heat 
transfer comparable to convective heat transfer. 
Thermal radiation analysis is based on the limits of 
optical depth (the distance a photon travels in a fluid 
before something happens to it) or penetration of the 
thermal radiant rays into a fluid.  It is optically thin 
when the photon travels a long distance in the fluid, 
and is the case where the fluid is transparent with 
relatively low density, or optically thick when a 
photon travels a short distance in the fluid, and is 
the case where the fluid is not transparent and the 
density is large. In terms of absorption, if the 
thermal radiation energy is emitted into the fluid but 
is not absorbed, the fluid media is said to be non-
participating or optically thin. On the other hand, if 
the thermal rays emitted into the fluid are absorbed 
at the fluid boundaries, the fluid is said to be 
participating or optically thick. Radiation heat 
fluxes can be approximated using the Roseland 
diffusion approximations. For an optically thin fluid, 
the radiation heat flux can be prescribed as:  

'

4'
3
4

'
y

T
rq









 

 
where  is the Stefan-Botzmann constant,  is the 
mean absorption coefficient.  
 

Assuming the temperature changes within the 
adjacent fluid layers are small enough that 4'T  can 
be expanded as a linear function of the temperature. 

Then expanding  T'4  in the Taylor series about T∞ , 
and ignoring the higher order terms, we have:  
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such that: 
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Substituting equations (10) and (13) into equation 

(5) gives: 
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We introduce the following non-dimensionalized 
quantities: 
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where  is the dimensionless temperature,   is the 
dimensionless concentration, Da is the Darcy 
number, Ec  is the Eckert number, sF  is the 
Forchheimer parameter, Gr  is the Grashof number 
due to temperature, Gc  is the Grashof number due 
to concentration, M  is the Hartmann number, Pr is 
the Prandtl number, Ra is the Raleigh number, 1Q  

is the heat absorption parameter, Sc  is the Schmidt 
number, oU is the velocity of the external flow at 

infinity, 2
  is the porosity parameter,   is the 

chemical reaction rate parameter,   is the kinematic 
viscosity. 
 
Substituting equation (15) into equations (3), (6), 
(11), (14), (8) and (9) gives: 
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with the boundary conditions 

:0t 1,1,0,0  vu  at 0y              (20) 

          0,0,0,0  vu  at  y        (21)   
 

Fluid dynamical problems are usually highly 
coupled and not easily solved sets of partial 
differential equations. To make the problems 
tractable, similarity transformations are used to first 
reduce them to ordinary differential equations. 
Similarity transformations are of different forms and 
are subject to modifications, provided the prescribed 
equations of mass balance are satisfied. Now, 
simplifying equations (17) - (19) into ordinary 
differential equations, we used the modified time-
dependent similarity transformation of the form:  
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[43], 
 
and the suction 

   0,0 fsf
t

Av 


              (23) 

is the suction/injection, [43]; 
where 0 sv is for impermeable surface, 

0 sv  is for suction (the fluid flows towards the 
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plate), and 0 sv  is for injection (the fluid moves 
from the plate.  
 
Substituting equations (22) and (23) into equations 
(16) - (21), we have:  
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Equation (16) is satisfied by the stream function. 
 
By the prescribed suction, the boundary conditions 
can be derived as: 
  1,1,1',  fsf  at  0                     (27) 
 
  0,0,0 f   at                  (28)   
 

Similarly, other factors affecting the flow are 
the Nusselt number ( Nu ), Sherwood number ( Sh ), 
and Skin friction ( Cf ) prescribed non-
dimensionally as: 

0'  Nu                  (29) 

0'  Sh                 (30) 

0''  fCf                 (31) 
 
 
3  Problem Solution 

 

3.1  Method of Solution 
An examination of equations (24) - (26), depicts that 
they are non-linear and coupled. To make them 
tractable, we opt to use the Modified Homotopy 
Perturbation Method in the form: 
     rfvNvL  , r                

 
with the boundary condition: 















r

y

u
uB ,0,  

 

where L is a linear operator, N is a nonlinear 
operator, B is a boundary operator, Γ is the boundary 
of the domain  ,  rf is a known analytic function. 
For a Homotopy Perturbation technique, He (a 
Chinese) constructed a homotopy: 
  Rprv  ]1,0[,  

 
which satisfies: 

              0][][1,  rfvNvLpouLvLppvH                                                                         
          

where ]1,0[p is an impending parameter, ou is an 
initial approximation that satisfies the boundary 
conditions. Clearly, from the above equation, we 
have: 

      0][0,  ouLvLvH , 

        0][1,  rfvNvLvH  
 

Importantly, the process of changing p from 
zero to unity  prv ,  is like that of changing from 

 rou  to  ru , and this is called a deformation in 
Topology; the     0][  ouLvL  and 

      0][  rfvNvL are called homotopic.  
 
Here, the basic assumption is that the solution of the 
equation can be expressed as a power series in p: 

...2
2

1  vppvovv  ([37], [44]). 
 

The difference between HPM and MHPM is 
seen in their use of boundary conditions. In HPM, 
order zero takes the boundary conditions at t<0, 
order one takes the boundary conditions at t>0 for 
y=0, and order two takes that at t>0 for y=∞, while 
in MHPM all the orders use the boundary conditions 
at t>0: y=0 and y=∞ but with little modifications, as 
we shall see below. 
 
Based on the given analysis, writing equations (24) - 
(26) in MHPM form, we have:  
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(32) 
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Expanding these gives:  
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Furthermore, the dependent variables are expressed 
in series expansion as: 

..2
2

1  fppfoff                (38) 

..2
2

1  ppo                   (39) 

..2
2

1  ppo                (40) 
where 1p  
 

More so, introducing the concept of the 
Binomial expansion in the simplification/expansion 
of the resulting nth-order chemical reaction, 
wherein: 
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...1
1)..1( 



n

opn
n

o
n

po      (41) 
 
Also, for simplicity, we take: 

  o

M

pp
o

pp

M







  1
2

2
1

001
1                                

                                                                             (42) 
 

Substituting equations (38) - (42) into equations 
(35) - (37), and (27) and (28), and expanding, where 
necessary, and equating the coefficients of order of 
p gives: 
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o
:  0''' of               (43) 
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with the boundary conditions: 

1,1, 
oo

s
o

f  at 0               (52) 

0,0,0 
ooo

f  at                (53) 

01,01,01 f  at 0               (54) 

01,01,01 f  at                (55) 

02,02,02 f  at 0               (56) 

 02,02,02 f  at                      (57)  

 
Equations (43) - (57) are solved using 

Mathematica 11.2 computational software. The 
solutions of the concentration, temperature, velocity, 
Sherwood number, Nusselt number, and wall shear 
stress are obtained.  
 
3.2  Results and Discussion 
The effects of suction, order of chemical reaction, 
Forchheimer number, electrical conductivity, 
Prandtl number, Raleigh number, rate of chemical 
reaction, Schmidt number, heat 
generation/absorption, magnetic field, and angles of 
inclination are investigated. For constant values 
of ,1  Da =1, Gr=5, Gc=5, and varied values of 
the chosen parameters, we obtained the results 
presented in Figure 2, Figure 3, Figure 4, Figure 5, 
Figure 6, Figure 7 Figure 7, Figure 8, Figure 9, 
Figure 10, Figure 11, Figure 12 and Figure 13 also 
in Table 1, Table 2, Table 3, Table 4 in Appendix as 
well as Table 5 and Table 6. 

The effects of suction on the flow are seen in 
Figure 2, Figure 3, Figure 4. They show that the 
increase in the suction parameter causes fluctuation 
in the concentration and temperature structures, but 

increases the flow velocity, rate of heat transfer to 
the fluid, rate of mass/species transfer to the fluid, 
and force on the surface wall. Figure 2 depicts that 
the increase in the suction parameter causes 
fluctuation in the concentration structure. As the 
suction parameter increases, the concentration 
decreases in the region 43  , then turns 6 
i78around and increases in the region 53  . 

s 0.5,1,1.5,2,2.5
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Fig. 2: Concentration-Suction Profiles 
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Fig. 3: Temperature-Suction Profiles 
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Fig. 4: Velocity-Suction Profiles 
 

  More so, Figure 3 depicts that the increase in 
the suction causes fluctuation in the fluid 
temperature structure. The temperature decreases in 
the region 2.22.1  , then turns around and 
increases in the region 6.42.1  . Furthermore, 
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Figure 4 depicts that the increase in the suction 
parameter increases the fluid velocity. Suction 
implies the movement of fluid from the region of 
lower pressure to the region of higher pressure. The 
pressure outside the flow system is at equilibrium 
and lower than that inside. The movement of the 
fluid from the equilibrium region must increase the 
fluid inside, which must influence the flow velocity. 
Similarly, Table 6 depicts that the increase in the 
suction parameter increases the rate of heat transfer 
to the fluid and the force at the wall. 

  

n 0, 1, 2, 3, 4

1 2 3 4 5

1 1010

2 1010

3 1010

4 1010

f

f against for n 0,1,2,3,4

 
Fig. 5: Velocity- Chemical Reaction Order 
Parameter Profiles 

 
The effects of chemical reaction order on the 

flow are shown in Table 1 (Appendix) and Figure 5. 
They depict that the increase in the order of 
chemical reaction causes fluctuation in the fluid 
concentration, but increases the fluid velocity.  
Table 1 (Appendix) depicts that the increase in the 
order of chemical reactions causes fluctuation in the 
concentration. The concentration increases in the 
first roll. In the second roll, it increases and drops 
for n=5. In the third roll, it increases and drops for 
n=4, 5, etc. Additionally, Figure 5 depicts that the 
increase in the order of chemical reactions increases 
the fluid velocity. The order of the chemical reaction 
is the sum of the powers of the active mass reactants 
in the rate law expression. It shows the relationship 
between the rate of chemical reaction and the 
concentration of the reacting species. Higher order 
depicts the strength of the relationship. Velocity is a 
function of concentration, which in turn is a 
function of the fluid particles interaction. A higher-
order chemical reaction enhances the flow velocity, 
as seen in Figure 5.   

The effects of the Forchheimer number on the 
flow are shown in Table 3 (Appendix) and Table 6. 
They show that the increase in the Forchheimer 
number decreases the fluid velocity, but increases 
the force on the wall. Table 3 (Appendix) depicts 
that the increase in the Forchheimer number 
decreases the fluid velocity. Also, Table 6 depicts 

that the increase in the Forchheimer number 
increases the force on the surface wall.   
 
 

0.1, 0.3, 0.5, 1, 1.5

1 2 3 4
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against for 0.1,0.3,0.5,1,1.5

 
Fig. 6: Temperature- Electrical Conductivity 
Parameter Profiles 
 

The effects of electrical conductivity on the 
flow are shown in Figure 6 and Table 6. They show 
that the increase in the strength of the electrical 
conductivity of the fluid causes fluctuation in the 
temperature structure, increases the rate of heat 
transfer to the fluid, but decreases the force on the 
wall. Figure 6 depicts that the increase in the 
Electrical conductivity parameter causes fluctuation 
in the temperature structure. As the Electrical 
conductivity parameter increases, the temperature 
decreases in the region 5.48.0  , then turns 
around and increases in the same region. The 
electrical conductivity of the fluid influences the 
fluid-particle interaction. In particular, the increase 
in the electrical conductivity of chemically reacting 
fluid leads to an increase in the fluid particle 
interactions, generation of electrical currents, and 
heat. Therefore, the fluctuation in the temperature 
structure may be due to some other factors. Also, 
Table 6 depicts that the increase in the electrical 
conductivity increases the rate of heat transfer to the 
fluid, and the force on the surface wall. 
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Fig. 7: Temperature-Prandtl Number Profiles 
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The effects of the Prandtl number on the flow 
are shown in Figure 7 and in Appendix in Table 4 
and Table 5. They show that the increase in the 
Prandtl number increases the temperature and the 
rate of heat transfer to the fluid, causing fluctuation 
in the velocity, but has no effect on the force on the 
wall. Figure 7 depicts that the increase in the Prandtl 
number increases the fluid temperature. The Prandtl 
number is a measure of the ratio of kinematic 
viscosity/momentum to the thermal conductivity 
coefficient. Its values vary for different substances: 

71.0Pr  for air, 1Pr   for electrolytic solutions, for 
sulphur oxide, 7Pr   for water, 6.11Pr   for water 
at 4 degrees Centigrade, [10]. Furthermore, the 
Prandtl number is used to measure the thermal 
diffusivity of gases at high temperatures, where it is 
difficult to measure experimentally due to the 
formation of convection currents. 1Pr  implies that 
the thermal diffusivity coefficient of the fluid is 
higher than the kinematic viscosity of the fluid, and 
vice versa for 1Pr  . It has the potency of 
increasing the temperature. Figure 7 depicts that 
fluid temperature increases as the Prandtl number 
increases. Also, Table 4 (Appendix) depicts that the 
increase in the Prandtl number causes fluctuation in 
the velocity structure. As the Prandtl number 
increases the velocity increases for 5.0Pr0  , 
then turns around, and decreases for 1Pr  . 
Similarly, Table 6 depicts that the increase in the 
Prandtl number increases the rate of heat transfer to 
the fluid, but decreases the force on the wall. 
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Fig. 8: Temperature- Raleigh Number Profiles 
 

The effects of Raleigh number on the flow are 
shown in Figure 8 and in Appendix in Table 5 and 
Table 6. They show that the increase in the Raleigh 
number causes fluctuation in the temperature 
structure; increases the velocity and the rate of heat 
transfer to the fluid, but has no effect on the 
stress/force on the wall. Figure 8 depicts that the 
increase in the Raleigh number causes fluctuation in 
the temperature structure. As the Raleigh number 

increases, the temperature increases in the 
region 20  , then turns around and decreases in 
the region 52  . Rayleigh number is the ratio of 
buoyancy to inertia, and its value depends on the 
temperature difference between the heated 
plate/surface and the fluid and the characteristic 
length of the enclosed space. It has the potency of 
increasing the fluid temperature. Therefore, the 
fluctuation in the temperature may be due to some 
other factors. Also, Table 5 (Appendix) depicts that 
the velocity decreases with the increase in the 
Raleigh number. Additionally, Table 6 depicts that 
the increase in the Raleigh number increases the rate 
of heat transfer to the fluid, but has no effect on the 
force on the wall. 
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Fig. 9: Concentration-Chemical Reaction Rate 
Parameter Profiles 
 

The effect of chemical reaction on the flow is 
shown in Figure 9.  It shows that the increase in the 
chemical reaction rate causes fluctuation in the 
concentration structure. As the rate chemical 
reaction parameter increases the concentration 
decreases in the region 52  , then turns around 
and increases in the same region. Chemical reaction 
rate is the speed with which a chemical reaction 
takes place, and is proportional to the increase in the 
concentration of a product formed per unit time, or 
is proportional to the decrease in the concentration 
of the reactants per unit time. Therefore, the 
fluctuation in the concentration may be due to some 
other factors.  

The effect of the chemical reaction parameter on 
the flow is shown in Figure 10.  It shows that the 
increase in the Schmidt number causes fluctuation 
in the concentration structure. As the Schmidt 
number increases, the concentration decreases in the 
region 50  , then turns around and increases in 
the same region. Schmidt number is a measure of 
the kinematic viscosity/momentum diffusion to the 
molecular/mass diffusivity. 
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Fig. 10: Concentration-Schmidt Number Profiles 
 

It shows how efficiently solutes are transported 
by diffusion, and has the potency of enhancing the 
fluid concentration. Its values vary for different 
substances: 22.0Sc  for hydrogen, 66.0Sc  for 
water vapour, 78.0Sc for ammonia, and 95.0Sc  
for carbon dioxide, [10]. High values imply that the 
momentum diffusion of the fluid is higher than the 
mass diffusivity, and vice versa. A Schmidt number 
unity or close to unity means that the kinematic 
viscosity and mass diffusion of the fluid are equal, 
or that kinematic viscosity and mass diffusivity 
occur at the same rate, such that both are equally 
effective. Therefore, with the ability to enhance the 
fluid concentration, the fluctuating structure here 
may be caused by some other factors. 
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Fig. 11: Temperature-Heat Generation/Absorption 
Parameter Profiles 
 

The effect of heat generation/absorption on the 
fluid temperature is shown in Figure 11. It depicts 
that the increase in the heat generation/absorption 
parameter ( 1Q ) causes fluctuation in the 
temperature structure. As the heat 
generation/absorption parameter increases, the 
temperature decreases in the region 22.1  , then 
turns around and increases in the region. 01 Q  

indicates heat generation, while 01 Q  indicates 

heat absorption. The increase in the heat generation 
parameter has the potency of increasing the fluid 
temperature, and force on the surface wall, but 
decreases the rate of heat transfer to the fluid. The 
converse is the case for heat absorption. Therefore, 
the fluctuation in the fluid temperature structure 
may be due to some other factors. 
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Fig. 12: Velocity-Magnetic Field Parameter Profiles 
 

The effect of the Magnetic Field parameter on 
the flow is shown in Figure 12.  It shows that the 
increase in the Magnetic Field parameter increases 
the fluid velocity. Being chemically reactive, the 
fluid is electrolytic, and as such its particles exist as 
ions/charges; therefore, it is magnetically 
susceptible. The motion of these ions in the 
magnetic field produces electric currents, and the 
action of the magnetic field on the electric current 
produces the mechanical force (called the Lorentz 
force), which has the potency of freezing the fluid 
velocity. Therefore, the increase in the fluid velocity 
may be due to some other factors.  
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Fig. 13: Velocity-Inclined Angle Profiles 
 

The effect of the inclined angle on the flow is 
shown in Figure 13.  It shows that the increase in the 
inclined angle decreases the fluid velocity. This is 
consonance with [1], [2], [3], [4], [5], [6], [7], [8], 
[9], [10], [11], [12], [13], [14], [15], [16], [17], [18], 
[19]. 
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Table 6. Sherwood Number, Nusselt Number, and 
Skin Friction- Suction, Forchheimer number, 

Electrical conductivity, Prandtl number, and Raligh 
number Relations 

Parameters −Φ' (0)  − Θ(0)  C
f
(0)

 
s     
0.0 0.44939 0.26515 17261.77 
0.5 0.46521 0.32907 17261.95 
1.0 0.48135 0.40143 17261.14 
1.5 0.49781 0.48226 17261.34 
2.0 0.51459 0.57161 17261.55 
F

h  
   

0   17261.08 
0.5   17261.11 
1.0   17261.14 
3.0   17261.27 
5.0   17261.39 
ξ  

   

0.1  0.27911 12515.60 
0.3  0.28139 17024.51 
0.5  0.28883 17203.70 
1.0  0.40143 17261.14 
1.5  0.88317 17270.22 
P

r  
   

0.0  0.20000 17261.14 
0.1  0.38004 17261.14 
0.3  0.51491 17261.14 
0.5  0.99302 17261.14 
1.0  2.19354 17261.14 
Ra  

   
0.0  0.44942 17261.14 
0.5  0.42287 17261.14 
1.0  0.40143 17261.14 
1.5  0.39374 17261.14 
2.0  0.36891 17261.14 
 
 
4  Conclusion 
Unsteady high-speed MHD natural convective flow 
over an inclined plate with variable electrical 
conductivity, higher-order chemical reaction, 
thermal radiation, and concentration gradient-
dependent heat generation/absorption is examined. 
The analysis of results shows that the increase in the 
 Suction parameter causes fluctuation in the 

fluid concentration, temperature, and wall 
shear stress, but increases the flow velocity, 
rate of heat transfer, and the rate of mass 
transfer. 

 Order of chemical reaction parameters causes 
fluctuation in the fluid concentration structure, 
but increases the flow velocity. 

 Forchheimer number decreases the fluid 
velocity but increases the force on the wall. 

 Electrical conductivity causes fluctuation in 
the temperature structure, increases the rate of 
heat transfer to the fluid, but decreases the 
force on the wall 

 Prandtl number increases the temperature and 
the rate of heat transfer to the fluid, causes 
fluctuation in the velocity but has no effect on 
the force on the wall 

 Raleigh number causes fluctuation in the 
temperature structure; decreases the fluid 
velocity and the rate of heat transfer to the 
fluid, but has no effect on the force on the 
wall 

 Chemical reaction rate causes fluctuation in 
the concentration structure 

 Schmidt number causes fluctuation in the 
concentration structure 

 Heat generation/absorption parameter causes 
fluctuation in the temperature structure 

 Magnetic field parameter increases the fluid 
velocity 

 Inclined angle decreases the fluid velocity. 
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APPENDIX 

 
Table 1. Concentration-Chemical Reaction Order Relation

Φ  Φ(n= 1)  Φ(n= 2)  Φ(n= 3)  Φ(n= 4)  Φ(n= 5)  
1 0.59620 0.61977 0.63212 0.63736 0.63780 
2 0.29707 0.33686 0.35579 0.35836 0.34948 
3 0.09238 0.14015 0.14707 0.11507 0.04667 
4 0.01163 0.02918 0.03042 0.20524 0.50929 
5 3.55271*10-17 7.10543*10-17  0.26428 0.85708 1.84169 

 
 

Table 2. Velocity-Forchheimer Number Relation 
f  f (F

h
= 0)

 
f (F

h
= 0.5)

 
f (F

h
= 1.0)

 
f (F

h
= 3.0)

 
f (F

h
= 5.0)

 
0.0 4.05199*109 4.05190*109 4.05180*109 4.05143*109 4.05105*109 
0.5 8.10399*199 8.10380*109 8.10361*109 8.10287*109 8.10212*109 
1.0 1.21560*1010 1.21557*1010 1.21554*1010 1.2153*1010 1.21532*1010 
3.0 1.62080*1010 1.62076*1010 1.62072*1010 1.62057*1010 1.62042*1010 
5.0 2.02599*1010 2.02595*1010 2.02590*1010 202571*1010 2.02553*1010 

 
 

Table 3. Velocity-Prandtl Number Relation 
f  f (P

r
= 0)

 
f (P

r
= 0.1)

 
f (P

r
= 0.3)

 
f (P

r
= 0.5)

 
f (P

r
= 1.0)

 
0.0 1.57304*107 5.57162*108 1.70295*109 6.83001*1016 5.71319*109 
0.5 3.14557*107 1.11433*109 3.40590*109 1.36609*1017 1.142642*1010 
1.0 4.71856*107 1,67149*109 5.10884*109 2.04993*1017 1.71396*1010 
3.0 6.29271*107 2.22864*109 6.81178*109 2.73201*1017 2.28528*1010 
5.0 7.86843*107 2.78578*109 8.51470*109 3.41501*1017 2.85659*1010 

 
 

Table 4. Velocity-Raleigh Number Relation 
f  f (Ra= 0)  f (Ra= 0.5)  f (Ra= 1.0)  f (Ra= 1.5)  f (Ra= 2.0)  

0.0 4.06735*109 4.05958*109 4.05180*109 4.04404*109 4.03625*109 
0.5 8.13471*109 8.11916*109 8.10361*109 8.08861*109 8.07251*109 
1.0 1.22021*1010 1.21787*1010 1.21554*1010 1.21321*1010 1.21088*1010 
1.5 1.62694*1010 1.62383*1010 1.62072*1010 1.61761*1010 1.61450*1010 
2.0 2.03367*1010 1.02979*1010 2.02590*1010 2.02201*1010 2.01812*1010 
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