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ABSTRACT: Lubrication, viscometry, and 

extrusion all involve the flow of liquids, therefore 

viscous heating is a significant issue. The 

proportion of heat generated by viscous dissipation 

to heat carried by molecular conduction is known 

as the Brinkman number, and it has no dimensions. 

i.e., the proportion of viscous heating to outside 

heating. The contribution of passive control MHD 

heat and mass transfer over a vertical plate with 

Viscous dissipation and convective surface 

boundary condition is crucial in the area of 

engineering and designs. The nonlinear partial 

differential equations governing the flow was 

modelled to include buoyancy, Lorentz force, 

reactivity parameter and velocity slip factor. We 

transformed the equations to an ordinary system of 

equations using appropriate self-similar variables. 

The resulting ordinary differential equations are 

solve using Homotopy Analysis implemented by 

Wolfram Mathematical software Mathematical 

12.2. The results are presented in Tables and 

graphs and well discussed. From the results 

obtained, it was discovered that increase in 

stretching velocity, and thermal buoyancy 

respectively are seen to increase velocity 

distributions. Effect of other parameters as well as 

wall rate transfer well-presented and discussed. 

KEYWORDS:Magnetohydrodynamic, Viscous 

dissipation, Flow Parameters, Skin-friction 

Parameters, Boundary Condition, Vertical plate, 

Convective surface. Heat and Mass transfer. 

MSC SUBJECT CLASSIFICATION:76A05, 

76B75, 76D05 

 

 

I. INTRODUCTION 
The Navier-Stokes model of fluid 

dynamics and the Maxwell's equations of 

electromagnetism both produce forces on fluid as a 

result of the effects of magnetic field-induced 

current [1]. The aerospace industry, chemical and 

petrochemical engineering, heat exchangers, 

nuclear reactors, and combustion systems are just a 

few examples of the sciences and engineering 

fields where MHD in relation to nanofluid has a 

wide range of applications in enhancing thermal 

conductivity and heat transfer. The effect of 

temperature and nanoparticle size on the viscosity 

of nanofluids at a variety of temperatures is mostly 

due to large concentrations of nanoparticles [2,3]. 

Given this, it is necessary to estimate the precise 

function of nanoparticles in enhancing heat transfer 

by taking into account the influence of nanofluid 

characteristics on temperature and volume fraction 

of nanoparticles. The discussion of the 

consequences of viscosity and thermal conductivity 

of Al2O3-water nanofluid was sparked by this [4]. 

When the buoyancy parameter is increased, the 

fluid velocity increases and the thermal boundary 

layer decreases, according to the Homotopy 

analysis approach used to study the effect of 

buoyancy and thermal MHD flow across a 

stretching porous sheet [5]. Due to its dynamic 

interaction with a magnetic field, magnetic 

induction is the generation of an electromotive 

force or voltage across an electrical conductor [6]. 

Hannes Alfven was the one who first proposed the 

MHD idea, which was recognized in 1970. In 

contrast to previous studies, the effects of 

Brownian motion and thermophoresis on the 
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volume fraction of nanoparticles are actively 

handled on the boundary [7]. The active control 

model can be used to regulate both the rate of mass 

transfer at the wall and the thickness of the 

boundary layer. Over the years, a number of 

authors in the fields of science, engineering, and 

many sectors have been interested in the flow of 

nanofluid through a porous medium [8]. The length 

of the runway, approach speed, climb rate, cargo 

capacity, operating range, and noise and emission 

levels in the neighborhood are all significantly 

influenced by the performance of airplane wings. 

Wing performance is frequently diminished by 

flow separation, which is frequently a result of the 

airfoil profile's aerodynamic design. The notion of 

active control systems, which is based on real-time 

processing and allows them to react to excitation 

utilizing sensors embedded into the device, is said 

to be more sophisticated than passive control 

systems. 

 The interplay of thermal radiation and 

unsteady MHD flow past a vertical porous plate 

was investigated in the study of Samad & Mansur-

Rahman [9]. A permeable material was used to 

submerge the plate. While Md. Anwar Hossain & 

Munir [10] provided analysis of a 2-D mixed 

convection flow of viscous incompressible 

temperature dependent viscous fluid past a vertical 

plate, Makinde & Sibanda [5] focused on MHD 

mixed convective flow and heat transfer past a 

vertical plate dipped in a porous medium with 

constant wall suction. Mahmoud [12] demonstrated 

how altering viscosity impacts hydromagnetic 

boundary layer flow along a constantly moving 

vertical plate sensitive to radiation, while Fang [11] 

examined how fluid property variation affects 

boundary layers of a stretching surface. According 

to the research of M. Anwar Hossain et al. [13], 

radiation has an impact on the free convection flow 

of a fluid with changing viscosity on a porous 

vertical plate. Poornima & Reddy [14] established 

sustained free convective boundary layer flow of a 

radiating nanofluid in the presence of a transverse 

magnetic field using a non-linear stretching sheet. 

The effects of thermal stratification brought on by 

solar radiation, Brownian motion, and 

thermophoresis on the MHD boundary layer flow 

of nanofluid were examined by Kandasamy et al. 

[15]. In the presence of thermal radiation and 

viscous dissipation, Motsumi & Makinde's [16] 

numerical investigation of the boundary layer flow 

of a nanofluid across a permeable moving flat 

plate. Plane Poiseuille flow with asymmetric 

convective heat transfer was taken into account in 

the study of Makinde and Aziz [18]. 

Despite the contributions of the above 

authours and numerous other authours, there is still 

need to understand the contribution of Passive 

Control MHD heat and mass transfer over a 

vertical plate with Viscous Dissipation and 

convective surface boundary condition is crucial in 

the area of engineering and designs. Hence this 

report revisits the work of Aziz et.al [34] and 

Makinde [33] to include buoyancy, Lorentz force, 

reactivity parameter and velocity slip factor 

 

 
Figure 1. Flow configuration and coordinate 

system 

 

II PROBLEM FORMULATION 
Consider a mixed convection flow over a 

vertical plate with a steady, laminar hydromagnetic 

linked heat and mass transfer. The fluid is taken to 

be Newtonian, electrically conducting, and its 

temperature and chemical species concentration-

related changes in properties are restricted to 

changes in fluid density. Additionally, there is no 

applied electric field and no consideration is given 

to any of the Hall effects or Joule heating (Figure 

1). 

We presume that the induced magnetic field is 

insignificant because the majority of industrial 

fluids have relatively low magnetic Reynolds 

numbers. The y-axis is normal to the plate's 

direction, and the x-axis is taken in that direction. 

The governing equations for this issue can be 

expressed using the Boussinesq and boundary-layer 

approximations if u, v, T, and C are the fluid's 

respective x−, y −, temperature, and concentration 

components. 
∂u

∂x
+

∂v

∂y
=  0,                  (1) 

ρf  u
∂u

∂x
+ v

∂u

∂y
 = −

dp

dx
 +

∂

∂y
 μT

∂u

∂y
 

−σ x β0
2u + gβt x  T − T∞ 

+gβc x  C − C∞ ,

 (2) 

ρfcp  u
∂𝑇

∂x
+ v

∂T

∂y
 =

∂

∂y
 kT

∂T

∂y
 

+Q T − T∞ + μf  
∂u

∂y
 

2

,

(3) 
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ρ  u
∂C

∂x
+ v

∂C

∂y
 = D

∂2C

∂y2
+ κr2 C − C∞ .     (4) 

 

MHD Boundary Layer Flow Past a 

Moving Plate with Mass Transfer and Binary 

Chemical Reaction was investigated by [23] and 

[24]. While internal friction between the surface 

and fluid particle must be taken into account when 

calculating thermal conductivity and viscosity 

dependent on temperature, it is appropriate to 

assume the mathematical formulation of these 

dependents as investigated in [25] and [26]. 

Assuming the same viscosity and thermal 

conductivity as Wahab et al. [27, 28] formulation, 

we can state the following: 

μT  =  μf 1 +  b1 T∞ −  T  

kT  =  kf 1 + b2 T − T∞  
,              (5) 

ρf  is the density of base fluid, υf = μf ρf is 

kinematic viscosity of the Nano-fluid. 

We write the boundary conditions at the plate 

surface and deep into the cold fluid as 

 
u = L1  

∂u

∂y
 , − k T 

∂T

∂y
=  h TTw − T ,

 v = vw , DB

∂C

∂y
+

DT

T∞

∂T

∂y
= 0,

 
 
 

 
 

u → U∞, T → T∞, C → C∞,    as y → ∞,

(6) 

 

In equations (6) L1 = L Rex 
1 2  is the 

velocity slip factor, and L is the initial value of 

velocity slip factor. The Rex = U∞x ν  is the local 

Reynolds number.u∞ x = ax is the velocity of the 

flow outside the boundary layer, uw x = cx is the 

velocity of the stretching sheet with c and a being 

the positive constants determining the strength of 

the stagnation point and stretching rate. 

It is important to note that the normal flow 

of the fluid at the boundary is assumed to be zero 

similar to [28]-[30] and that the thermosphoresis is 

taken into account in the final section of the 

boundary condition (6). The main goal of this 

condition is to passively control the volume 

percentage of nanoparticles at the boundary. This 

circumstance differs from past studies and offers a 

more practical perspective. 

As y → ∞, u → U∞, T → T∞, C → C∞  equation (2) 

becomes 

a2x +
σ x β

0
2

ρ
ax = −

1

ρ

dp

dx
   (7) 

Equation (2) and (3) alongside equation (5) and (7) 

becomes 

u
∂u

∂x
+ v

∂u

∂y
= U∞

∂U∞

∂x
−

σ x β0
2

ρ
(u − U∞)

+
∂

∂y
 μf 1 + b1 T∞ −  T  

∂u

∂y
 

+
gβt x 

ρ
 T − T∞ +

gβc x 

ρ
 C − C∞ 

,

 (8) 

ρcp  u
∂T

∂x
+ v

∂T

∂y
 = +Q T − T∞ + μ(T)  

∂u

∂y
 

2

∂

∂y
 kf 1 + b2 T − T∞  

∂T

∂y
 

(9) 

 

III SIMILARITY TRANSFORMATION 
Equations (1), (4), (8), and (9) can be transformed 

by defining an independent variable as being equal 

to η and a dependent variable fin terms of the 

stream function ψ as 

 

η = y 
Uw

νx
, ψ =  νxUw f η         (10) 

The dimensionless values for temperature and 

concentration are 

θ η =
T − T∞

Tw − T∞

, ϕ η =
C − C∞

Cw − C∞

.        (11) 

The translated horizontal and axial velocities from 

Equation (11) are as follows;  

u = cxf ′ η , v =  − cνf η with η = y 
c

ν
 12  

Equation (1) is satisfied exactly by equation (12), 

and equations (8), (9) and (4) are translated to the 

dimensionless velocity, temperature, and 

concentration, respectively, as shown in the 

following. 

∂

∂η
  1 − βθ η  

∂2f η 

∂η2
 +

1

2
f η 

∂2f η 

∂η2

+Ha  1 −
∂f η 

∂η
 + Grtθ η 

+Grcϕ η + A2 = 0,

(13) 

∂

∂η
  1 + βθ η  

∂θ η 

∂η
 +

1

2
Prf η 

∂θ η 

∂η

+Prδθ η + PrEc  
∂2f η 

∂η2
 

2

= 0,

(14) 

𝜕2𝜙 𝜂 

𝜕𝜂2
+

1

2
𝑆𝑐𝑓 𝜂 

𝜕𝜙 𝜂 

𝜕𝜂
+ 𝑆𝑐𝜆𝜙 𝜂 = 0.    15  

And the boundary conditions, after applying the 

similarity variables (14) becomes 
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𝑓 ′ 0 = 𝐿0 1 − 𝛽𝜃 0  
𝜕2𝑓 0 

𝜕𝜂2
, 𝑓 0 = 𝑆,

 1 + 𝛽𝜃 0  
𝜕𝜃 0 

𝜕𝜂
= 𝐵𝑖 𝜃 0 − 1 ,

𝜕𝜙 0 

𝜕𝜂
+ 𝐷𝑢

𝜕𝜃 0 

𝜕𝜂
= 0

𝑓 ′ ∞ → 1, 𝜃 ∞ → 0, 𝜙 ∞ → 0,

 16  

 

Where 𝑆 = 𝑓 0 = −
𝑣0

 𝑈∞𝜈𝑓
, 𝑆 > 0 and 

so i.e.𝑣0 < 0 𝑆 < 0  𝑖. 𝑒. 𝑣0 > 0 correspond to 

suction and blowing, respectively, 𝐿0 is the 

velocity slip parameter, and 𝐷𝑢 (Duffor number) is 

the passive control parameter, and 𝐵𝑖 is the local 

convective heat exchange parameter. 

 

These are the obtained emergent flow governing 

parameters: 

𝜎0𝛽0
2

𝜌𝑓

= 𝐻𝑎,
𝑔𝛽𝑡 𝑥  𝑇𝑤 − 𝑇∞ 

𝑈∞𝑐𝜌𝑓

= 𝐺𝑟𝑡, 

𝑔𝛽𝑐 𝑥  𝐶𝑤 − 𝐶∞ 

𝑈∞𝑐𝜌𝑓

= 𝐺𝑟𝑐,
𝑎

𝑐
= 𝐴,

𝑏1 𝑇𝑤 − 𝑇∞ 

𝑎
= 𝛽, 

𝑘𝑓

𝜇𝑓𝑐𝑝

=
1

𝑃𝑟
,

𝑄

𝑐𝜌𝑓𝑐𝑝

= 𝛿,
𝑎2𝑥2

𝑐𝑝 𝑇𝑤 − 𝑇∞ 
= 𝐸𝑐, 

𝐷

𝜈𝑓𝜌𝑓

=
1

𝑆𝑐
,
𝜅𝑟2

𝑐𝜌𝑓

= 𝜆,
 𝑇𝑤 − 𝑇∞ 

 𝐶𝑤 − 𝐶∞ 

𝐷𝑇

𝑇∞𝐷𝐵

= 𝐷𝑢, 

−
𝑣0

 𝑈∞𝜈𝑓

= 𝑆, 𝐿1𝜇𝑓 
𝑎

𝜈𝑓

= 𝐿0 ,
𝑘𝑓

𝑕
 

𝑎

𝜈𝑓

=
1

𝐵𝑖
 

 

2.2 Flow Rate at the wall 

The skin-friction parameter, plate surface 

temperature, Nusselt number, and Sherwood 

number are some other physical parameters of 

engineering significance in this situation that can 

be easily determined. To determine the total skin-

friction, total heat, and total mass transfer rates for 

the local similarity example, integration across the 

entire plate is required. According to [31], these 

metrics, which describe the wall nano heat and 

mass transfer rates, are as follows: 

𝑐𝑓𝑥
=

𝜏𝑤

𝜌𝑛𝑓 𝑈𝑤
2

 ,   𝑁𝑢𝑥  =
𝑥𝑞𝑤

𝑘𝑛𝑓  𝑇𝑤  −  𝑇∞ 
 ,

𝑆𝑕𝑥  =
𝑥𝑞𝑚

𝐷𝐵 𝐶𝑤  −  𝐶∞ 

  (17) 

where 𝜏𝑤 , 𝑞𝑤 and 𝑞𝑚 respectively represents the heat 

and mass fluxes at the surface, the skin friction 

along the surface, and the heat flux from the 

surface, they are given as 

𝜏𝑤 =   𝜇𝑇 
𝜕𝑢

𝜕𝑦
 
𝑦=0

, 𝑞𝑤 =  −𝑘𝑇

𝜕𝑇

𝜕𝑦
 
𝑦=0

,

𝑞𝑚 =  −𝐷𝐵

𝜕𝐶

𝜕𝑦
 
𝑦=0

     (18) 

When the similarity transformation is applied to 

(17) subject to (18), we get the result 

𝜏 =  𝑅𝑒𝑥 𝑐𝑓𝑥
=   1 − 𝛽𝜃 𝜂  

𝜕2𝑓 𝜂 

𝜕𝜂2
 
𝜂=0

𝑁𝑢 =
𝑁𝑢𝑥

 𝑅𝑒𝑥

= −   1 + 𝛼𝜃 𝜂  
𝜕𝜃 𝜂 

𝜕𝜂
 
𝜂=0

𝑆𝑕 =
𝑆𝑕𝑥

 𝑅𝑒𝑥

 =  𝜕𝜙 𝜂 

𝜕𝜂
 
𝜂=0

   (19) 

 

III NUMERICAL SOLUTION 
The Homotopy analysis method (HAM) is 

a method of analysis that involves assembling a 

number of basis functions to symbolize the 

problem at hand. The fundamental operations are 

chosen to be, and. These are characterized as 

follows due to the exponential decrease of 

boundary layer fluxes at infinity: Liao [32, 33]. 

𝑓 𝜂 = 𝑎0,0 +   𝑎𝑘,𝑛𝜂𝑘

∞

𝑛=0

𝑒−𝑛𝜂

∞

𝑘=0

,

 𝑔 𝜂 =   𝑏𝑘,𝑛𝜂𝑘

∞

𝑛=0

𝑒−𝑛𝜂

∞

𝑘=0

,

 𝜃 𝜂 =   𝑐𝑘,𝑛𝜂𝑘

∞

𝑛=0

𝑒−𝑛𝜂

∞

𝑘=0

        (23) 

The basic function solution rule must be followed. 

We carefully choose the initial approximations 

using the boundary conditions as follows: 

𝑓 𝜂 = 1 +
1

𝐴 + 𝑈𝑠𝑙𝑖𝑝

 1 − 𝑒−𝜂 ,

𝜃 𝜂 = −
𝛽𝑖

𝑁3

 1 − 𝑒−𝜂 ,

𝜙 𝜂 = 𝑒−𝜂

  (24) 

Next, which signify the auxiliary linear operators 

are chosen as follows: 

𝐿𝑓 𝑓 = 𝑓 ′′ 𝜂 − 𝑓 𝜂 ,

𝐿𝜃  𝜃 = 𝜃 ′′ 𝜂 − 𝜃 𝜂 ,

𝐿𝜙  𝜙 = 𝜙 ′′ 𝜂 − 𝜙 𝜂 

  (25) 

The above equation (3) satisfies the following 

𝐿𝑓 𝑐1 + 𝑐2 + 𝑐3𝑒𝜂 + 𝑐4𝑒−𝜂 = 0,

𝐿𝜃 𝑐5𝑒
𝜂 + 𝑐6𝑒

−𝜂 = 0,

𝐿𝜙 𝑐7𝑒𝜂 + 𝑐8𝑒−𝜂 = 0

  (26) 

where the 𝑐𝑠 are constants. 

If the embedding and non-zero parameters are 

given as 0 ≤  𝑝 ≤  1, and (𝑕𝑓 , 𝑕𝜃 , 𝑕𝜙  ) 
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respectively, then the deformation problems (of 

zeroth order) are: 
 1 − 𝑝 𝐿𝑓  𝑓 𝜂, 𝑝 − 𝑓0 𝜂  = 𝑝𝑕𝑁𝑓 𝑓, 𝜃, 𝜙 ,

 1 − 𝑝 𝐿𝜃  𝜃 𝜂, 𝑝 − 𝜃0 𝜂  = 𝑝𝑕𝑁𝜃  𝑓, 𝜃, 𝜙 ,

 1 − 𝑝 𝐿𝜙  𝜙 𝜂, 𝑝 − 𝜙0 𝜂  = 𝑝𝑕𝑁𝜙  𝑓, 𝜃, 𝜙 .

 27  

Thus 

𝑁𝑓 𝑓, 𝜃, 𝜙 =
𝜕

𝜕𝜂
  1 − 𝛽𝜃 𝜂, 𝑝  

𝜕2𝑓 𝜂, 𝑝 

𝜕𝜂2
 

+
1

2
𝑓 𝜂 

𝜕2𝑓 𝜂, 𝑝 

𝜕𝜂2
+ 𝐻𝑎  1 −

𝜕𝑓 𝜂, 𝑝 

𝜕𝜂
 

+𝐺𝑟𝑡𝜃 𝜂, 𝑝 + 𝐺𝑟𝑐𝜙 𝜂, 𝑝 + 𝐴2

(28) 

𝑁𝜃  𝑓, 𝜃, 𝜙 =
𝜕

𝜕𝜂
  1 + 𝛼𝜃 𝜂, 𝑝  

𝜕𝜃 𝜂, 𝑝 

𝜕𝜂
 

+
1

2
𝑃𝑟𝑓 𝜂, 𝑝 

𝜕𝜃 𝜂, 𝑝 

𝜕𝜂
 + 𝑃𝑟𝛿𝜃 𝜂, 𝑝 

+𝑃𝑟𝐸𝑐  
𝜕2𝑓 𝜂, 𝑝 

𝜕𝜂2
 

2

(29) 

𝑁𝜙  𝑓, 𝜃, 𝜙 =
𝜕2𝜙 𝜂, 𝑝 

𝜕𝜂2
+ 𝑆𝑐𝜆𝜙 𝜂, 𝑝 

+
1

2
𝑆𝑐𝑓 𝜂, 𝑝 

𝜕𝜙 𝜂, 𝑝 

𝜕𝜂
= 0.

 30  

with the boundary conditions 

𝑓 ′ 0, 𝑝 = 𝐿0 1 − 𝛽𝜃 𝜂  
𝜕2𝑓 0, 𝑝 

𝜕𝜂2
,

 1 + 𝛼𝜃 0, 𝑝  
𝜕𝜃 0, 𝑝 

𝜕𝜂
= 𝐵𝑖 𝜃 0, 𝑝 − 1 ,

𝑓 0, 𝑝 = 𝑆,
𝜕𝜙 0, 𝑝 

𝜕𝜂
+ 𝐷𝑢

𝜕𝜃 0, 𝑝 

𝜕𝜂
= 0,

𝑓 ′ ∞, 𝑝 → 1, 𝜃 ∞, 𝑝 → 0, 𝜙 ∞, 𝑝 → 0,

 31  

For 𝑝 = 0, 𝑓 𝜂, 0 = 𝑓0 𝜂 , 𝜃(𝜂, 0) =
𝜃0(𝜂) 𝑎𝑛𝑑 𝜙(𝜂, 0) = 𝜙0(𝜂) and  

for 

𝑝 = 1, 𝑓(𝜂, 1) = 𝑓(𝜂), 𝜃(𝜂, 1) =
𝜃(𝜂) 𝑎𝑛𝑑 𝜙(𝜂, 1) = 𝜙(𝜂) 

As 𝑝 changes from 0 to 1, 𝑓0 𝜂 , 𝜃0(𝜂) 𝑎𝑛𝑑 𝜙0(𝜂) 

approach𝑓 𝜂, 𝑝 , 𝜃(𝜂, 𝑝) 𝑎𝑛𝑑 𝜙(𝜂, 𝑝) respectively. 

 

The series in (23) converges at 𝑝 = 1 when the 

auxiliary parameter is at the proper value. 

The general answers to the non-homogeneous 

equations are 
𝑓∞ 𝜂 = 𝑓𝑚

∗ 𝜂 + 𝑐1
𝑚 + 𝑐2

𝑚 + 𝑐3
𝑚𝑒𝜂 + 𝑐4

𝑚𝑒−𝜂 ,

𝜃∞ 𝜂 = 𝜃𝑚
∗  𝜂 + 𝑐5

𝑚𝑒𝜂 + 𝑐6
𝑚𝑒−𝜂 ,

𝜙∞ 𝜂 = 𝜙𝑚
∗  𝜂 + 𝑐7

𝑚𝑒𝜂 + 𝑐9
𝑚𝑒−𝜂

 32  

And then the equations are coded using numeric 

solver embedded in Maple 2021 software. 

 

IV RESULTS AND DISCUSSION 
In other to analyse and clarify the effect of 

flow governing parameters on the velocity, 

temperature and concentration fields, we choose 

our base line 𝐴 = 0, 𝐵𝑖 = 0.05, 𝐷𝑢 = 0, 𝐸𝑐 =
0, 𝐺𝑟𝑐 = 0, 𝐺𝑟𝑡 = 0, 𝐻𝑎 = 0, 𝑃𝑟 = 0.72, 𝑆 =
0, 𝑆𝑐 = 0.63, 𝛼 = 0, 𝛽 = 0, 𝛿 = 0, 𝜆 = 0, 𝐿0 = 0 as 

prescribe parameters The computations were done 

by a program which uses a symbolic and 

computational computer language MAPLE. A step 

size of 𝛥𝜂 = 0.001 was selected to be satisfactory 

for a convergence criterion of 10−7 in nearly all 

cases. The value of 𝜂∞ was found to each iteration 

loop by the assignment statement 𝜂∞ = 𝜂∞ + 𝛥𝜂. 

The maximum value of 𝜂∞, to each group of 

parameters is determined when the values of 

unknown boundary conditions at 𝜂 = 0 not change 

to successful loop with error less than 10−7. The 

result thus obtained is discussed as follows. 

4.1 Result Validation: The results obtain 

inthis report are validated by comparing with those 

obtained Aziz [34] and Makinde [33] and were 

found to be in excellent agreement as shown in 

Table 1 

 

Table 1. Comparison with existing results for 𝑀 = 𝐺𝑟 = 𝜆 =  𝛼 = 𝐵𝑟 = 𝐿0 = 𝑆 = 𝐷𝑢 = 0.0 and for different 

convective surface boundary condition (𝐵𝑖) 

𝐵𝑖 
Aziz et.al [34] Makinde [33] Present Result 

𝜃(0) 𝜃 ′(0) 𝜃(0) 𝜃 ′(0) 𝜃(0) 𝜃 ′(0) 

0.05 0.1447 0.0428 0.14466 0.04276 0.144651 0.042767 

0.10 0.2528 0.0747 0.25275 0.07472 0.252743 0.074726 

0.20 0.4035 0.1193 0.40352 0.11929 0.403503 0.119299 

0.40 0.5750 0.1700 0.57501 0.16999 0.574994 0.170002 

0.60 0.6699 0.1981 0.66991 0.19805 0.669815 0.198111 

0.80 0.7302 0.2159 0.73016 0.21586 0.730085 0.215932 

1.00 0.7718 0.2282 0.77182 0.22817 0.771749 0.228251 

5.00 0.9441 0.2791 0.94417 0.27913 0.944156 0.279221 

10.00 0.9713 0.2871 0.97128 0.28714 0.971276 0.287239 

20.00 0.9854 0.2913 0.98543 0.29132 0.985429 0.291422 
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4.2. Velocity distribution: The velocity 

distributions was depicted using Figures 2 to 5 

where the variation of stretching velocity, Hartman 

number, thermal buoyancy and temperature 

dependent viscosity with were displayed. From 

Figure 2-3, an increase in stretching velocity, 

Hartman number and thermal buoyancy 

respectively are seen to increase velocity 

distributions. At about 2unit distance from the wall, 

increasing the stretching parameter by 0.1 unit 

brings about 15.5% increment in velocity, further 

increase by 0.1 units resulted into 8.6% increase in 

velocity and by increasing the stretching parameter 

to 0.3 unit which is equivalent of 50% increment, 

corresponding 6.6% increase in velocity was 

realized. Thus, continuous increments in stretching 

parameter leads to a free stream velocity.  The 

effect of Hartman number is reversed for passive 

control flow as increment in Lorentz force decline 

the velocity boundary layer and bring the flow 

velocity to a free stream velocity faster than what 

could be experienced in active control flow. It 

could also be seen that those parameters bring 

about decrease in velocity boundary layer with 

occurrence of peak in Figure 4 due to higher 

thermal buoyancy. Velocity increases by 13.0%, 

6.4% and 3.4% for each increase of thermal 

buoyancy parameter to 0.2, 0.3 and 0.4 values 

respectively. The analysis also indicates that as 

thermal buoyancy increases, the velocity boundary 

layer decrease. The temperature dependent 

viscosity is seen to enhance the velocity 

distribution as shown in Figure 5. From this Figure, 

it was discovered that increase in temperature 

dependent viscosity resulted in lowering the 

velocity boundary layer and increases the velocity 

distribution.  

 

4.3. Energy distribution: We displayed the effect 

of suction parameter on the temperature 

distribution in as shown in Figure 6, from where 

we discovered that suction decline the temperature. 

This is as a result of energy being sucked away 

from the system leaving behind a lower energy 

content. In Figure 7 increase in heat absorption 

decline the temperature whereas, heat generation 

raises the energy content of the system. At each 

value of the heat generation/absorption parameter, 

the convective heat transfer is seen to play a major 

role in the temperature distribution. This determine 

the rate at which heat is transferred across the wall. 

Increasing the suction parameter from 0 to 2, 

followed by 0.4 and 0.8 brings about corresponding 

14.9%, 9.3% and 13.9% increase in temperature 

respectively. Figure 7 shows that heat generation 

decline and heat absorption increases the 

temperature distribution respectively. The effect of 

both convective heat transfer Bi and Eckert number 

are shown in Figures 8 and 9 respectively. It was 

discovered that convective heat transfer reduces the 

temperature distribution. We also observed that at 

value of 𝐵𝑖 > 0, the effect of further increments in 

𝐵𝑖 is less significant. While increase in Eckert 

number resulted in temperature enhancement. 

Increase Eckert number by 300% increases the 

temperature at the wall by 41.2% and further 

increase of Eckert number by 100% and 25% 

resulted in temperature increment by 32% and 

28.5% as shown in Figure 9 respectively. 

 

4.4. Concentration distribution: Concentration 

distributions wea analysed by the effect of mass 

buoyancy, convective heat transfer, chemical 

reactivity parameter and Dufort (𝐷𝑢) number as 

displayed in Figure 10-13 respectively. From these 

figures, increase in mass buoyancy as well as the 

flow passive control parameter 𝐷𝑢 brings about 

increase in concentration distribution as displayed 

in Figure 10 and Figure 13 respectively. While in 

Figure 11, temperature dependent viscousity 

parameter is seen to increase the chemical species 

concentration. In Figure 12, destructive chemical 

reaction (𝜆 < 0) lowers the species concentrations 

whereas, generative chemical reaction 

corresponding to 𝜆 > 0 increases the species 

concentrations. 

 

4.4. Concentration distribution: Concentration 

distributions wea analysed by the effect of mass 

buoyancy, convective heat transfer, chemical 

reactivity parameter and Dufort (𝐷𝑢) number as 

displayed in Figure 10-13 respectively. From these 

figures, increase in mass buoyancy as well as the 

flow passive control parameter 𝐷𝑢 brings about 

increase in concentration distribution as displayed 

in Figure 10 and Figure 13 respectively. While in 

Figure 11, temperature dependent viscousity 

parameter is seen to increase the chemical species 

concentration. In Figure 12, destructive chemical 

reaction (𝜆 < 0) lowers the species concentrations 

whereas, generative chemical reaction 

corresponding to 𝜆 > 0 increases the species 

concentrations. 

 

4.4 Wall Rate Transfer: Table 2 display the effect 

of the flow governing parameters on skin-Friction 

(𝜏), heat transfer at the wall (NU) and mass transfer 

rate at the wall. So also, the table shows the 

corresponding values of the initial conditions for 

momentum, energy and concentration equations. 

From the table, increase stretching parameter, 

Hartman number, thermal Grashof number, heat 
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generation parameter and Eckert number result in 

decrease in 𝜏, 𝑁𝑢 and 𝑆𝑕. The effect of other 

parameters was represented and self-explained in 

the table. In Table 3, the effect of temperature 

dependent viscousity and thermal conductivity, 

Convective heat transfer, slip velocity and suction 

parameters on was shown 𝜏, 𝑁𝑢 and 𝑆𝑕 as well as 

the equivalent initial conditions on the flow field. 

The characteristics effect of the parameters is well 

explained by the table. 

 

Table 2: Impact of flow parameters on transfer rate at the wall 

 𝑓 ′ 0  𝑓 ′′ 0  𝜙 0  𝜃 0  𝜃 ′(0) 𝜏 Nu 𝑆𝑕 

A=0.0 0.14221 0.87324 -0.03398 0.46419 -0.03113 0.01279 0.04776 0.01245 

A=0.1 0.14523 0.89463 -0.03332 0.47069 -0.03082 0.01267 0.04735 0.01233 

A=0.2 0.15418 0.95972 -0.03134 0.49168 -0.02982 0.01227 0.04614 0.01193 

A=0.3 0.16876 1.07154 -0.02810 0.53120 -0.02789 0.01149 0.04409 0.01116 

𝐻𝑎 =0.0 0.10980 0.84636 -0.00910 0.87877 -0.00828 0.00333 0.01587 0.00331 

𝐻𝑎 =0.4 0.14129 1.17615 -0.00012 0.99835 -0.00012 0.00005 0.00026 0.00005 

𝐻𝑎 =0.8 0.16112 1.45690 0.00886 1.11764 0.00885 -0.00349 -0.02329 -0.00354 

𝐻𝑎 =1.2 0.17369 1.75801 0.02088 1.26562 0.02137 -0.00823 -0.06733 -0.00855 

𝐺𝑟𝑡 =0.0 0.09904 0.79250 -0.04892 0.93783 -0.04331 0.01792 0.08527 0.01732 

𝐺𝑟𝑡 =0.2 0.13820 1.16480 0.01217 1.01698 0.01204 -0.00475 -0.02660 -0.00482 

𝐺𝑟𝑡 =0.3 0.15840 1.40731 0.06765 1.09304 0.06921 -0.02499 -0.17172 -0.02769 

𝐺𝑟𝑡 =0.4 0.18156 1.79572 0.17368 1.23647 0.18782 -0.04979 -0.55930 -0.07513 

𝐺𝑟𝑐 = −0.4 0.17233 1.49702 0.04403 1.06101 0.04464 -0.01666 -0.11395 -0.01786 

𝐺𝑟𝑐 =0.4 0.17639 1.55206 0.05751 1.07941 0.05872 -0.02135 -0.15385 -0.02349 

𝐺𝑟𝑐 =0.8 0.17940 1.59320 0.06691 1.09245 0.06876 -0.02449 -0.18337 -0.02751 

𝐺𝑟𝑐 =1.2 0.18346 1.64885 0.07914 1.10957 0.08199 -0.02836 -0.22393 -0.03280 

𝜆 = −0.2 0.17477 1.52814 0.03519 1.07050 0.05182 -0.01909 -0.09275 -0.02073 

𝜆 = −0.1 0.17484 1.53145 0.04031 1.07290 0.05375 -0.01973 -0.10653 -0.02150 

𝜆 =0.1 0.17517 1.53586 0.05388 1.07436 0.05487 -0.02010 -0.14278 -0.02195 

𝜆 =0.15 0.17531 1.53533 0.05765 1.07282 0.05358 -0.01967 -0.15262 -0.02143 

𝛿 = −0.6 0.17167 1.10681 -0.27582 0.56125 -0.26380 0.13633 0.44715 0.10552 

𝛿 = −0.2 0.17326 1.20504 -0.19367 0.70274 -0.18834 0.09243 0.35767 0.07533 

𝛿 =0.1 0.17488 1.39205 -0.04876 0.92967 -0.04876 0.02083 0.11187 0.01951 

𝛿 =0.2 0.17517 1.53354 0.05214 1.07224 0.05314 -0.01952 -0.13787 -0.02126 

𝐸𝑐 =0.1 0.17351 1.17558 -0.22088 0.65506 -0.21465 0.10753 0.39098 0.08586 

𝐸𝑐 =0.4 0.17458 1.28306 -0.13378 0.79914 -0.13210 0.06180 0.27095 0.05284 

𝐸𝑐 =0.8 0.17517 1.53586 0.05388 1.07436 0.05487 -0.02010 -0.14278 -0.02195 

𝐸𝑐 =1.0 0.17339 1.91078 0.29409 1.36592 0.30985 -0.05056 -1.06166 -0.12394 

𝐷𝑢 =0.2 0.13798 1.16261 0.00591 1.01650 0.01170 -0.00231 -0.01290 -0.00234 

𝐷𝑢 =0.4 0.13822 1.16737 0.01473 1.01997 0.01439 -0.00566 -0.03226 -0.00576 

𝐷𝑢 =0.8 0.13881 1.17373 0.03203 1.02174 0.01567 -0.01231 -0.07045 -0.01254 

𝐷𝑢 =1.4 0.13987 1.18505 0.06349 1.02468 0.01779 -0.02438 -0.14059 -0.02491 

 

Table 3: Effect of variable viscousity, variable thermal conductivity, slips, suction and convective heat transfer 

condition on flow rate at the wall 
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 𝑓 ′ 0  𝑓 ′′ 0  𝜙 0  𝜃 0  𝜃 ′(0) 𝜏 Nu 𝑆𝑕 

𝛼 = −0.50 0.17565 1.58637 0.12839 1.11604 0.13105 -0.04152 -0.35568 -0.05242 

α = −0.30 0.17517 1.53586 0.05388 1.07436 0.05487 -0.02010 -0.14278 -0.02195 

α = −0.10 0.17538 1.50307 0.02274 1.04145 0.02313 -0.00893 -0.05834 -0.00925 

α =0.00 0.17560 1.48893 0.01265 1.02582 0.01291 -0.00506 -0.03197 -0.00516 

β =0.40 0.17517 1.53354 0.05214 1.07224 0.05314 -0.01952 -0.13787 -0.02126 

β =0.10 0.19654 1.08438 -0.04424 0.93784 -0.04325 0.01811 0.08923 0.01730 

β = −0.40 0.21813 0.81071 -0.09750 0.86330 -0.09224 0.03965 0.16573 0.03689 

β = −0.80 0.23092 0.69268 -0.11943 0.83343 -0.11107 0.04785 0.18838 0.04443 

Bi =0.10 0.17092 1.75821 0.04482 1.28542 0.04638 -0.01704 -0.14612 -0.01855 

Bi =0.50 0.17517 1.53586 0.05388 1.07436 0.05487 -0.02010 -0.14278 -0.02195 

Bi =1.00 0.17578 1.50507 0.05733 1.04007 0.05824 -0.02125 -0.14707 -0.02329 

Bi =7.50 0.17638 1.47537 0.05960 1.00564 0.06051 -0.02204 -0.14803 -0.02420 

L0 =0.05 0.04331 1.82465 0.25575 1.31322 0.25839 -0.05463 -0.86858 -0.10336 

L0 =0.10 0.09347 1.88674 0.20568 1.26145 0.21032 -0.05074 -0.69520 -0.08413 

L0 =0.20 0.17517 1.53586 0.05388 1.07436 0.05487 -0.02010 -0.14278 -0.02195 

L0 =0.40 0.30504 1.18479 -0.07232 0.89088 -0.07450 0.03243 0.14865 0.02980 

 S =0.00 0.13993 1.43312 0.27907 1.27978 0.22684 -0.06124 -0.79092 -0.09074 

S =0.20 0.14793 1.35959 0.11824 1.14011 0.10626 -0.03636 -0.30153 -0.04250 

S =0.40 0.15624 1.34011 0.03099 1.04275 0.03100 -0.01188 -0.07430 -0.01240 

S =0.80 0.17397 1.35756 -0.05711 0.89810 -0.06978 0.03056 0.12673 0.02791 

 

 

 

 
Figure 2: Velocity distribution for various stream 

velocity A 

 
Figure 3: Variation of velocity with various values 

Hartman number 
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Figure 4: Effect of thermal Buoyancy on velocity 

 
Figure 5: Effect of variable viscosity on velocity 

distribution 

 
Figure 6: temperature profile for various suction 

parameter 

 
Figure 7: temperature profile for various heat 

generation/absorption 

 
Figure 8: temperature profile for various convective 

heat transfer 

 
Figure 9: temperature profile for various values of 

Eckert number 
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Figure 10: Chemical Species profile for various 

values of mass buoyancy 

 
Figure 11: Chemical Species profile for various 

variable viscosity 

 
Figure 12: Chemical Species profile for various 

values of reactivity parameter 

 
Figure 13: Chemical Species profile for various 

values of Dufort number 

 

CONCLUSION: 
From the Discussion above, the following 

conclusion were drawn 

 increase in stretching velocity, Hartman 

number and thermal buoyancy respectively 

are seen to increase velocity distributions.  

 continuous increments in stretching parameter 

leads to a free stream velocity.   

 effect of Hartman number is reversed for 

passive control flow as increment in Lorentz 

force decline the velocity boundary layer  

 temperature dependent viscosity enhance the 

velocity distribution  

 that suction decline the temperature.  

 increase in heat absorption decline the 

temperature  

 that convective heat transfer reduces the 

temperature distribution.  

 increase in Eckert number resulted in 

temperature enhancement. 

 increase in mass buoyancy as well as the flow 

passive control parameter Du brings about 

increase in concentration  

 temperature dependent viscousity parameter 

increase the chemical species concentration. 

 increase stretching parameter, Hartman 

number, thermal Grashof number, heat 

generation parameter and Eckert number 

result in decrease in τ, Nu and Sh. 
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Nomenclature 

x, y flow axis  Greek Symbol 

u, v Velocity component along x and y-axis  ρ fluid density 

T Non-dimensional Temperature field  σ Electrical conductivity 

C Non-dimensional Species concentration field  ψ stream function 

g Acceleration due to gravity  Dimensionless group 

B0 Magnetic field of uniform strength  Bi Convective heat transfer 

Tw  surface temperature  θ dimensionless temperature 

T∞ ambient temperature  ϕ dimensionless concentration 

Cw  surface concentration   Grt Grashof number for mass transfer 

C∞ ambient concentration  Grc buoyancy ratio  

βt  Volumetric coefficient of thermal expansion  λ Chemical reaction parameter 

βc  Volumetric coefficient of mass expansion  α heat generation parameter 

k thermal conductivity  M Magnetic parameter 

cp  specific heat capacity at constant pressure  Pr Prandtl number 

D Molecular diffusivity  Sc Schmidt number 

U∞ ambient velocity  Nu Nusselt number 

Q Heat source/sink parameter  Sh Sherwood number 

G reactivity parameter  Subscript 

    ∞ ambient condition 

   w wall condition 
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