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Abstract  The problem of transient MHD free convective chemically reacting fluid flow past a hot vertical porous plate 

with the attendant effects of thermal radiation, heat source and varying wall temperature, concentration and suction is 

investigated. The governing non-linear and coupled partial differential equations are non-dimensionalized, and linearized 

using the oscillating perturbation series expansion solutions. The resulting equations are solved and the expressions for the 

temperature, concentration, velocity, Nusselt number, Sherwood number and force on the plate wall are obtained. The flow 

characteristics are quantified and presented graphically. The results, amidst others, show that increase in the Hartmann 

number increases the velocity and skin friction; increase in the convection force increases the velocity and skin friction. 

Furthermore, it is seen that increase in the Raleigh number increases the temperature, velocity and skin friction but decreases 

the rate of heat transfer; increase in the heat source parameter increases the temperature, velocity and skin friction but 

decreases the rate of heat transfer; increase in the chemical reaction rate increases the concentration, Sherwood number, and 

velocity and skin friction. These results are bench-marked with the results in some existing literatures and they are in 

agreement.  
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1. Introduction 

Convective flows involving MHD chemical reactions over 

porous plates have relevance in, amongst others, engineering, 

power generating systems and geophysics. 

In many natural and engineering processes, there are 

different levels of interactions which influence the flow 

variables. Some are highly interactive, some moderately   

or low, and others non-interactive. In the highly interactive 

flow cases, the simultaneous heat and mass transfer effects 

exist, and they are seen as thermo-diffusion and 

diffusion-thermo effects. A number of research works 

involving the different levels of interactions exist. In some 

the effects of magnetic field are played down, and in others 

they are considered. With the magnetic field neglected, for 

the highly interactive flow over vertical plates, [1,2] studied  
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natural convective heat and mass transfer effects on the 

unsteady flow with cross-diffusive effects over an 

accelerating semi-infinite vertical porous plate; [3] 

considered the mixed convective flow with double diffusive 

effects over a vertical wavy plate; Also, for the moderate or 

less interactive flow over vertical plates but with the 

magnetic field effects neglected, [4] studied the unsteady 

natural convective flow over a porous plate in the presence of 

time-dependent temperature, concentration and suction; [5] 

investigated the transient mixed convective flow over a 

porous vertical plate in the presence of periodic suction; [6] 

considered the radiation effects in a mixed convective flow 

over an isothermal vertical porous plate; [7] studied the 

unsteady mixed convective flow over a vertical porous plate 

with heat and mass transfer, periodic suction and oscillatory 

free stream effects. 

Magnetic field plays very important roles in the dynamics 

of fluids. Upon this, a great number of researches have been 

carried out in this domain of study. For the highly interactive 

flow, [8] examined the viscous effects on a steady MHD  

free convective flow through a vertical porous plate; [9,10] 
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investigated the effects of simultaneous heat and mass 

transfer, thermal radiation and Hall currents on the unsteady 

free convective flow over a vertical porous plate; [11] 

studied the effects of chemical reaction, convection, thermal 

radiation, cross-diffusion and magnetic field on the transient 

flow over a porous vertical plate. With the effects of 

magnetic field in view, for the moderate or less interactive 

flow, [12-22] studied the free convective flow over porous 

plates in the presence of suction, thermal radiation, chemical 

reaction rate and viscous dissipation. Importantly, for a 

partial in-depth review of literature, [23] studied the 

unsteady natural convective flow over a porous vertical plate 

using numerical approach, and noticed that the velocity is 

increased by the convective currents and Darcy number but 

is decreased by the magnetic field parameter, Prandtl and 

Schmidt numbers. [24] investigated the effect of chemical 

reaction rate in a transient free convective flow over a 

vertical plate in the presence of oscillating temperature and 

variable suction, and found that the magnetic field parameter 

increases the skin friction; the PrandtL number decreases the 

velocity, temperature, skin friction and Nusett number; the 

Schmidt number decreases the velocity, concentration, skin 

friction and Sherwood number; the convective currents 

increase the skin friction; chemical reaction rate decreases 

the velocity. [25] examined the unsteady mixed convective 

flow over a porous plate using similarity transformation and 

a numerical approach, and saw that the velocity is increased 

by the convective currents but it is decreased by the suction 

and magnetic field parameters; the heat source source/sink 

parameter increases the temperature and skin friction.  

Gundagani et al., [23] studied the MHD free convective 

flow past a vertical porous plate using the finite element 

numerical approach. In their work, the effects of heat  

source, thermal radiation and chemical reaction were 

neglected. Upon this, we are motivated to improve on the 

same model by investigating amongst others, the effects of 

the afore-mentioned parameters using the oscillating 

perturbation series solutions analysis.  

This paper is organized as follows: section 2 is the 

methodology, and section 3 is the conclusion. 

2. Methodology  

 

Figure 1.  A schematic model of a moving vertical plate in a flowing fluid 

The unsteady MHD natural convective chemically 

reacting flow over a vertical porous plate with heat source, 

thermal radiation, oscillating wall temperature, 

concentration and suction effects is considered. We assumed 

the y’ – axis is along the plate; ' 0y   is the edge of the 

plate, and is taken to be the origin; the 'x -axis is normal to 

the plate; the flow region is between ' 0y   and 'y   ; 

the fluid is viscous, incompressible, Newtonian, optically 

transparent, magnetically susceptible (due to the influence  

of the Earth or applied magnetic field) and non-highly 

chemically interactive; the plate is porous, heated, coated 

with some chemical substance, and vertically accelerating; 

the flow is naturally convective; the pressure is along the 

x-axis and is equal to the hydrostatic pressure such that

( ') ' 0op x  ; the wall temperature and concentration and 

suction are oscillating. The hotness of the plate creates room 

for radiation and promotes heat exchange in the fluid system. 

The porous nature of the plate allows the fluid to permeate it; 

the chemical substance on the plate, which is of a higher 

concentration than that of the fluid is to enhance chemical 

reaction and suction. The magnetic field is constant and 

normal to the plate. Upon the one-dimensional mathematical 

theory for transient flows, the only independent variables are 

'y  and 't . If ( ', ')u v  are the velocity components in the 

( ', ')x y  coordinates of the Cartesian system, where 'u  is 

the axial velocity and 'v  is the normal velocity and suction, 

T  and C  are the fluid temperature and concentration 

(quantity of material being transported), respectively;     

T∞ and C∞ are the fluid temperature and concentration      

at equilibrium; wT  and wC  are the temperature and 

concentration at which the plate is maintained. Now, under 

the Boussinesq approximations, the governing flow 

equations are: 
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with the boundary condition  

*
0 : ' 0, ' , '  t u T T C C     for all y       (5) 
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where t  and c  are the volumetric expansion 

coefficient for temperature and concentration respectively;  
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ρ is the fluid density; pu  is the plate velocity;   is the 

viscosity of the fluid; m  is the magnetic permeability of 

the fluid; g the gravitational field vector acting in the reverse 

direction of the flow;   is the permittivity of the porous 

medium; 2
oB  is the uniform magnetic field strength, σe is 

the electrical conductivity of the fluid; k  is the thermal 

conductivity of the fluid; Cp is the specific heat capacity at 

constant pressure; D is the diffusion coefficient; 2
rk  is the 

chemical reaction term; '  is the frequency of oscillation; 

Q  is the heat source/sink; 'yq  is the radiative heat flux; 

  is the optical depth of penetration,   is the Botzman 

constant, 

Radiative heat transfer has great influence on high 

temperature regime and is comparable with convective heat 

transfer. The analysis of radiation is based the optically thin 

or thick limits. For an optically thin medium with low 

density and 1  , the radiative heat flux is given in 

equation (3) can be expressed in the spirit of [26]; as seen in 

[27] as  
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where 
2

10 '

B

T
  

 


  

and 1  is the radiation absorption coefficient,   is the 

frequency of the radiation, B is the Planck’s function.  

Now, by equation (8), equation (3) becomes 
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More so, being oscillatory, the suction/injection can be 

prescribed as  

 '' 1 i t
ov v Ae                (10) 

where 1,   a small perturbation parameter, ov  is the 

uniform suction, A is a position constant, 1;A   (see [24], 

[27]). The negative sign in the suction means that the suction 

is towards the plate. And, by equation (1), suction is not a 

function of 'y  but 't . 

We introduce the following dimensionless quantities: 
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where 2M  is the Hartmann number, 2N  is the heat source 

parameter, m 2 m is the porosity parameter, Gr is the 

Grashof number due to temperature gradient, Gc is the 

Grashof number due concentration gradient, Pr is the Prandtl 

number, Sc is the Schmdt number, Ra2 is the Raleigh number,
  is dimensionless temperature,   is the dimensionless 

concentration,   is the frequency of oscillation, into the 

governing equations. 

By equations (10) and (11), equations (2), (4), (9), (6) and 

(7) become 
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with the boundary conditions: 
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An examination of equations (12) – (14) shows that they 

are non-linear and coupled. To linearize and make them 

tractable, we seek for oscillating perturbation series 

expansion solutions of the form: 
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Substituting equations (17) – (19) appropriately into 

equations (12) – (16), we have: 
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for the first order 
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with the boundary conditions. 
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Additionally, we express the heat transfer rate ( Nu ), mass 

transfer rate ( Sh ) and skin friction as 
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We investigate the unsteady MHD natural convective flow 

over a vertical porous plate under the influence of Hartmann, 

Grashof, Prandtl and Schmidt numbers, heat source 

parameter, thermal radiation and chemical reaction rate, and 

the results are shown graphically in Figure 1 – Figure 20. The 

results are obtained using Mathematica 11.0 computational 

software. For constant value of 20.1,   0.1;  0.1A     

and varied values of 2M = 0.1, 0.3, 0.5, 0.7, 0.9, 1.2; Gr= 

0.5, 1.0, 1.5, 2.0, 2.5, 3.0; Pr = 0.1, 0.3, 0.5, 0.7, 0.9, 1.2; Sc = 

0.1, 0.3, 0.5, 0.7, 0.9, 1.2; Ra2= 0.1, 0.3, 0.5, 0.7, 0.9, 1.2; 
2N = 0.1, 0.3, 0.5, 0.7, 0.9, 1.;, 

2 = 0.1, 0.3, 0.5, 0.7, 0.9, 

1.2, we obtained the 

  

Figure 2.  Velocity (u(y))-Hartmann Number (M2) Profiles  

 

Figure 3.  Skin friction (Cf)-Hartmann Number (M2) Profile 

The influences of Hartmann number on the flow are given 

in Figure 2 and Figure 3. They show that increase in 

Hartmann number increases both velocity and skin friction. 

Figure 2 shows that Hartmann number increases the velocity. 

The fluid is assumed electrolytic; therefore, its particles exist 

as ions. The motion of the particles in the electric field 

produces electric currents, which in turn, is affected by the 

magnetic field to give a mechanical force (the Lorentz force) 

that modifies the flow. This accounts for what is seen in 

Figure 2. This result agrees with [23-25]. Furthermore, 

Figure 3 shows that increase in Hartmann number increases 

the skin friction. The stress on the wall depends on the 

strength of the velocity. Thus, the increase in velocity 

enhances the skin friction. 

   

Figure 4.  Velocity (u(y))-Grashof Number (Gr) Profile 

 

Figure 5.  Skin Friction (Cf)-Grashof Number (Gr) Profile 
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The effects of convective currents (the Grashof numbers) 

are shown in Figure 4 and Figure 5. They depict that increase 

in Grashof number increases the velocity and skin friction. 

Grashof number arises from the gradient between the 

environmental temperature or concentration and that of   

the fluid at equilibrium. The gradient increases when the 

environmental temperature or concentration increases. 

Importantly, these differential increases energize the fluid 

particles. The energy gained tends to loose them from the 

grip of viscosity to become buoyant. Buoyancy enhances 

velocity. Similarly, increase in Grashof number increases the 

skin friction, as seen in Figure 5. This may arise from the 

increase in the velocity. These results agree with [23- 25]. 

 

Figure 6.  Temperature (𝜽(𝒚))-Prandtl Number (Pr) Profiles 

 

Figure 7.  Nusselt Number (Nu)-Prandtl Number (Pr) Profile 

 

Figure 8.  Velocity (u(y))-Prandtl Number (Pr) Profiles 

  

Figure 9.  Skin Friction (Cf)-Prandtl Number Profile 

 

Figure 10.  Concentration (∅(𝒚))-Schmidt Number (Sc) Profiles 

 

Figure 11.  Sherwood Number (Sh)-Schmidt Number (Sc) Profile 

The roles of Prandtl number on the flow variables are 

shown in Figure 6 - Figure 9. The results show that the 

increase in Prandtl number decreases the temperature, 

velocity and skin friction but increases the Nusselt number. 

Prandtl number portrays the interacting relationship between 

the kinetic viscosity/momentum diffusion and the thermal 

diffusion coefficient. Prandtl number is small (Pr<< 1) when 

the thermal diffusivity coefficient is much higher than the 

momentum diffusivity; it is large (Pr>> 1) when the 

momentum diffusivity is much higher than the thermal 

diffusivity coefficient. Heat diffuses faster when the Prandtl 
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number is small (Pr<<1). Figure 6 shows that the 

temperature decreases as Prandtl number increases. More so, 

Figure 7 shows that increase in Prandtl number increases the 

rate at which heat is transferred to the fluid. Furthermore, 

Figure 8 depicts that the velocity decreases with the increase 

in Prandtl number. These results align with [23,24]. 

Similarly, Figure 9 depicts that the skin friction decreases as 

the Prandtl number increases. This is possible, as the 

decrease in velocity affects the force on the wall. These 

results are in consonance with [24]. 

 

Figure 12.  Velocity (u(y))-Schmidt Number (Sc) Profiles 

 

Figure 13.  Skin Friction (Cf)-Schmidt Number (Sc) Profile 

The significance of Schmidt number on the flow is seen in 

Figure 10 – Figure 13. The results show that increase in 

Schmidt number decreases the concentration in part, velocity, 

and skin friction and concentration (in part), but increases  

the Sherwood number. Schmidt number arises from the 

interacting relationship between the momentum diffusivity 

and chemical diffusivity coefficient of the fluid. Its value is 

small when the chemical diffusivity coefficient is higher than 

the momentum diffusivity. The reverse occurs when the 

momentum diffusivity is higher than the chemical diffusivity 

coefficient. Figure 10 shows that the concentration increases 

in the region 𝑦 ≤ 0.5 but decreases in the region 𝑦 ≥ 0.5. 

as the Schmidt number increases. The concentration profiles 

are twisted at y=0.5. Additionally, Figure 11 shows that   

the Sherwood number increases as the Schmidt number 

increases. Similarly Figure 12 shows that the velocity 

decreases as the Schmidt number increases. This may partly 

be due to the decrease in the concentration, velocity being a 

function of concentration. This result agrees with [24]. More 

so, Figure 13 depicts that the skin friction decreases as the 

Schmidt number increases. This may be due to the decrease 

in the velocity. This result agrees with [24]. 

 

Figure 14.  Temperature (𝜽(𝒚))-Raleigh Number (Ra2) Profiles 

 

Figure 15.  Nusselt Number (Nu)-Raleigh Number (Ra2) Profile 

 

Figure 16.  Velocity (u(y))-Raleigh Number (Ra2) Profile 

The effects of Raleigh number (Ra2) on the flow are 

shown in Figure14 - Figure 17. The results show that 

increase in Raleigh number increases the fluid temperature, 
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velocity and skin friction but decreases the heat transfer rate 

(Nusselt number). Raleigh number is the product of thermal 

convection (Grashof number) and Prandtl number. It is 

associated with buoyancy-driven flow. Figure 14 shows that 

increase in the Raleigh number increases the temperature of 

the fluid. Furthermore, Figure 15 shows that increase in 

Raleigh number decreases the rate at which heat is 

transferred to the fluid. Additionally, Figure 16 depicts that 

increase in Raleigh number increases the flow velocity. This 

may arise from the increase in the temperature, which is a 

function of velocity. More so, Figure 17 depicts that increase 

in Raleigh number increases the skin friction. This may be 

due to the increase in the velocity, which is a function of 

force. 

 

Figure 17.  Skin Friction (Cf)-Raleigh Number (Ra2) Profile 

 

Figure 18.  Concentration (∅(𝒚))-Chemical Reaction rate (𝜹𝟐) Profile 

In a similar development, the increase in the Heat source 

parameter (N2) increases the fluid temperature, velocity and 

force on the wall but decreases the rate at which heat is 

transferred to the fluid. Some of these results agree with [25]. 

The importance of chemical reaction rate on the flow is 

seen in Figure 18 – Figure 21. The results show that increase 

in the rate of chemical reaction increases the concentration, 

Sherwood number, velocity and skin friction. Chemical 

reaction rate depends on the nature and order of the reactants, 

concentration, temperature, electromagnetic radiation and 

the likes. Higher rate of chemical reaction enhances the 

concentration, Sherwood number, velocity and skin friction, 

as seen in Figure 18 - Figure 21. Figure 18 depicts that 

increase in chemical reaction rate increases the fluid 

concentration while Figure 19 shows that the Sherwood 

number increases as the rate of chemical reaction increases. 

Additionally, Figure 20 shows that increase in the rate of 

chemical reaction increases the flow velocity. The increase 

in the velocity may stem from the increase in the 

concentration, which is a function of velocity. More so, 

Figure 21 shows that increase in the rate of chemical reaction 

increases the skin friction. This may be due to the increase in 

the velocity. These results are in agreement with [24]. 
 

 

Figure 19.  Sherwood Number-Chemical Reaction (𝜹𝟐) Profile 

 

Figure 20.  Velocity (u(y))-Chemical Reaction rate (𝜹𝟐) Profiles 

 

Figure 21.  Skin Friction (Cf)-Chemical Reaction (𝜹𝟐) Profile 
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3. Conclusions 

The roles of magnetic field, convection, Prandtl number, 

Schmidt number, Raleigh number, heat source and chemical 

reaction rate parameters in an unsteady viscous, 

incompressible, Newtonian flow past a vertically 

accelerating porous plate are considered. The equations 

governing the problem are simplified using the oscillating 

perturbation series expansion solutions. The evolving 

equations are solved and computed using the Mathematica 

11.0 computational software. The results show that increase 

in: 

  Hartmann number increases the velocity and skin 

friction;  

  Grashof number increases the velocity and skin friction; 

  Prandtl number decreases the temperature, velocity and 

skin friction but increases the Nusselt number,  

  Schmidt number decreases the velocity and skin friction 

but increases the rate of mass transfer; 

  Raleigh number increases the temperature, velocity and 

skin friction but decreases the rate of heat transfer; 

  the heat source parameter increases the temperature, 

velocity and skin friction but decreases the rate of heat 

transfer. 

  the chemical reaction rate increases the concentration, 

Sherwood number, velocity and skin friction..  

These results are benchmarked with some existing reports 

in literature, and are in good agreement. 
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