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Abstract 
 

This article basically focuses on the analytical treatment of Arrhenius-controlled fluid in a vertical 
micro-channel saturated with porous material. The leading equations are solved in dimensionless 
form using the homotopy perturbation method (HPM) subject to relevant boundary conditions. 
The fundamental flow features of temperature, velocity, and volume flow rate is investigated as a 
function of controlling parameters such as chemical reaction parameters, rarefaction parameter, 
fluid-wall interaction parameter, wall-ambient temperature difference ratio, and Darcy number. 
The findings are thoroughly investigated and graphically represented in a number of illustrative 
plots. It is worth noting that the variations of chemical reaction, Darcy number, rarefaction and 
wall-ambient temperature difference ratio parameters substantially dictate the fluid flow and 
volume flow rate respectively. 
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Nomenclature 

0B =constant magnetic flux density 
g=gravitational acceleration 
b= channel width 
CpCv=specific heats at constant pressure and constant volume respectively 
In=fluid -wall interaction parameter 
Kn =Knudsen number a/b 
Ka=Darcy number 
=chemical reactant parameter 
Q=dimensionless volume flow rate 
M= Hartmann number  
Pr=Prandtl number 
Nu=dimensionless heat transfer rate 
e=activation energy 
T=temperature of the fluid 
T0=reference temperature 
u=velocity component in x direction 
U=dimensionless velocity 
 
Greek letters 
 =thermal expansion coefficient 

t v  =dimensionless variables  
 =dynamic viscosity 
 =thermal diffusivity 

s = ratios of specific heats (CpCv) 
 =wall-ambient temperature difference ratio  
 =electrical conductivity of the fluid 
 = density 
v=fluid kinematic viscosity  
 

Introduction 
 
Micro-channel fluid and heat transfer flows have gained popularity in recent years due 
to their vast range of cooling applications in material processing operations and 
manufacturing, micro heat pipe, space systems, micro-channel heat absorption, micro-jet 
impingement cooling, high power density chips in supercomputers, and other 
electronics. Because the majority of these designs include inward micro-channel flows, 
understanding the flow pattern are becoming increasingly important for proper and  
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accurate modeling predictions and formulation (Al-Nimr and Khadrawi, 2004, Jha et al. 
2014a). Several recent researches have been presented to analyze the impact of fluid flows 
on micro geometry in a variety of physical settings. Jha and Malgwi (2019a) investigated 
the combined effect of Hall current and the ion-slip condition on magneto-
hydrodynamics (MHD) natural convection flow in a vertical micro-channel under the 
influence of an induced magnetic field. Jha and Aina (2016) later solved MHD free 
convection in a vertical micro-channel built from two electrically non-conducting infinite 
vertical parallel plates with great precision. As part of their research, Jha et al. (2017) 
investigated the effect of Hall current on MHD natural convection flow in a vertical 
micro-channel. Other works in this area include (Chen and Weng 2005, Jha and Aina 2015, 
Buonomo and Manca 2012, Weng and Chen 2009, Jha et al. 2014b) to cite a few.  
 
In recent decades, engineers and scientists have been intrigued by the study of the 
electrically conducting fluid phenomenon, simply called magneto-hydrodynamics 
(MHD), due to its importance in many MHD applications like MHD generators, electric 
transformers, cooling of metallic plates in cooling baths, and MHD accelerators, among 
others. (MHD) pumps are already used in chemical energy technology to pump 
electrically conducting fluids in several atomic energy centers. Aside from these uses, 
when the fluid is electrically conducting, an applied magnetic field can significantly 
accelerate natural convection flow (Jha et al. 2015). Several studies of MHD convective 
flow in various physical settings have been carried out. In light of this, Ojemeri et al. 

(2023) recently investigated the steady state MHD-free flow of a Casson fluid that is 
electrically conductive and controlled by thermal radiation effect in a vertical porous 
channel. Gul et al. (2021) investigated the hybrid Nanofluid influence on MHD boundary 
surface flow for viscous fluids. Saeed and Gul (2021) emphasized the MHD Casson 
Nanofluid flow for heat and mass transfer towards a moving plate. Aziz and Shams 
(2020) investigated the emission of entropy for the MHD Maxwell nanofluid flow under 
the slip effect, thermal radiation, heat emission and varying thermal conductivity. 
Gurivireddy et al. (2016) simulated the impacts of heat production and chemical reactions 
on MHD flow using a semi-infinite moving vertical porous plate with thermal diffusion. 
Other literatures cited include (Sheikholeslamia and Gorji-Bandpy 2014, Ali et al. 2012). 
 
The formulation of flow models through viscous or chemically reactive fluids with MHD 
free and mixed convection contemplated by different geometrical surfaces has attracted 
growing interest over the years due to its interesting and possible applications in 
transpiration cooling of re-entry vehicles and rocket boosters, film vaporization in 
combustion chambers, and cross-hatching on ablative surfaces (Muthuraj and Srinivas 
2010). The modeling of reactive viscous fluids was first presented by Frank–Kamenetskii 
(1969). According to Makinde (2008), most lubricants used in engineering and industrial  
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processes, such as synthetic esters, hydrocarbon oils, polyglycols, and so on, are reactive. 
Quite recently, in light of these considerations, Hamza et al. (2023) recently published a 
theoretical study on the effect of Arrhenius-controlled heat transfer flow influenced by 
an induced magnetic field in a microchannel. Ojemeri and Hamza (2022) put forth a 
theoretical investigation of heat generating/absorbing fluid controlled by Arrhenius 
kinetic in a microchannel. Hamza et al. (2019) offered an analytical study on the effects of 
radial magnetic field flow of chemically reactive fluid in a vertical porous annulus in the 
existence of mixed convection and soret effects. Ojemeri et al. (2019) searched the slip and 
Soret effects of the free convection flow of a viscous, reactive fluid through a vertical 
porous cylinder with a radial magnetic field. Ahmad and Jha (2015) presented the steady 
and unsteady influence of the fully developed free heat transfer flow of reactive viscous 
fluids in a vertical porous pipe. They concluded that the time-dependent and steady-state 
rates of heat transmission through pipe layers increased with time. Jha et al. (2011a, 
2011b) proposed a reactive viscous flow in an unsteady free convection flow in a vertical 
channel and a tube. According to their calculations, higher values of the reactant 
consumption parameter contribute to an increase in heat transfer rate and friction factor 
on both channel walls. Hamza (2016) discussed the unsteady/steady free convection flow 
of a chemically reacting fluid in a vertical channel, taking into account the velocity slip 
conditions and Newtonian heating. 
 
The use of porous media in micro-channels and heat exchangers is a technique that is 
becoming more and more intriguing for enhancing convection heat transfer 
characteristics. A porous medium, according to Mahmoudi et al. (2020), is a solid matrix 
with void spaces called pores that are linked by a system of channels through which fluid 
can flow. Numerous applications such as the storage of radioactive nuclear waste, 
geothermal extraction, transpiration cooling, filtration, crude oil extraction, heating and 
cooling in buildings, and many others, involve the flow of fluid and the transmission of 
heat within channels saturated with porous medium. Using Hamming's predictor-
corrector approach, Joshi and Gebhart (1985) offered a technical remark on the mixed-
convection mechanism through a heat flux surface with a porous material. In order to get 
numerical results with free-stream velocity and modest amplitude fluctuations in the 
wall temperature embedded in a porous material, Chamkha (2007) used the Kellerbox 
technique. Chamkha et al. (2011) analyzed the action of a transverse magnetic field on 
mixed-convection events over a semi-infinite permeable vertical plate in a porous 
medium with uniform heat flux. The MHD convection flow of Casson fluid in micro-
channels including porous material was discussed by Gireesha and Sindhu (2020). When 
Alam et al. (2021) used network simulation method solutions to analyze time-dependent 
hydro-magnetic radiative fluid flow over an inclined porous plate with heat and mass 
permeability, they found that the fluid momentum tended to rise or fall gradually  
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towards the plate and then diminish or grow slowly away from the plate. The 
temperature of the fluid has been reported to exhibit the same tendency. 
 
The objective of this current study is to extend the work of Jha et al. (2014a) by using the 
homotopy perturbation approach to scrutinize the consequences of chemical reactant 
parameter having porous material on fully developed steady free convection flow in a 
vertical micro-channel. The novelty of this investigation is that an approximate solution 
for the flow of chemically reacting, viscous, and electrically conducting fluid controlled 
by Arrhenius kinetics within two vertical micro-channel walls saturated with porous 
medium was obtained using HPM. Results obtained from this research can be impactful 
in a wide spectrum of possible applications, such as micro-devices based on micro-
fabrication techniques, micro-electro-mechanical systems (MEMS), biomedical 
engineering, transpiration cooling, geothermal extraction, the storage of radioactive 
nuclear waste, and a variety of medical treatment methods, especially in the thermal 
therapeutic process.  
 
Problem formulation 
The steady, fully developed free convection flow of a chemically reacting fluid in a 
vertical micro-channel confined by two electrically non-conducting infinite vertical 
parallel plates is considered under the effect of Darcy number. The x-axis is perpendicular 
to but opposite the gravitational acceleration g, while the y-axis is orthogonal to the 
vertical plate. The flow arrangement and coordinate system for this flow problem are 
depicted in Figure 1. A uniform magnetic field of intensity B0 is thought to be introduced 
in the direction perpendicular to the flow direction. It is also thought that the magnetic 
Reynolds number is very low, implying that the generated magnetic field is minimal in 
comparison to the one applied outwardly. The plates are heated asymmetrically, with 
one plate kept at T1 and the other at T2, with T1 > T2. Natural convection flow in the 
channel is caused by the temperature difference between the plates.  
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Figure 1: The physical coordinate of the flow system 

 
Under the basic premise of the Boussinesq's approximation, the velocity and energy 
equations for the current problem are given in dimensionless form, following Jha et al. 
(2014a) and taking Darcy number and chemically reactive parameter into account. 
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Where the dimensional quantities used in the flow problem are given below as follows: 
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The dimensionless quantities used in the equations are defined in the nomenclature. 
 

Methodology 
 

Closed form solution 
We employed the homotopy perturbation method to solve the governing equations, 
constructing a convex homotopy on equations (1) and (2) to get: 
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Assuming the solutions of U and    to be in an infinite series form as follows: 
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and substituting equation (6) into equations (4) and (5), and comparing the coefficient of 
like powers p, we have the following sets of differential equations with their 
corresponding transformed boundary conditions as follows: 
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The corresponding transformed boundary conditions now becomes 
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The transformed boundary conditions now become 
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Setting p=1, the solutions of the differential equations in the approximate form becomes 
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In most cases, the series (19) converges even for a few terms. The nonlinear operator, on 
the other hand, determines the rate of convergence. According to Ayati and Biazar (2015), 
the homotopy perturbation converges on the series solution, revealing that only a few 
terms of the HPM series can be used to obtain an approximate solution. 
 
The solutions of 0 1 2 0 1 2, , ... , , ...and u u u   is as follows: 

0 0 1 (20)A A y    

 
2 2 3 2 3 4

2 2
1 0 1 0 0 1 1 3 2(2 )( ) (21)

2 2 6 2 3 12

y y y y y y
A A A A A A A y A           

 

 





4 4 5 4 5 6
2 3 2 2

2 0 0 0 1 0 0 1 0 1

3 2 5 5 6 5 6 7
2 2 2 3

0 3 0 2 1 0 1 1 0 1 0 1 1

4 3 4 4 5
2

3 1 2 1 0 1

(4 2 ) (2 )( )
24 24 120 24 60 360

(2 )( )
6 2 40 40 180 40 60 504

12 6 24 24 120

y y y y y y
A A A A A A A A A

y y y y y y y y
A A A A A A A A A A A A A

y y y y y
A A A A A A

    

 




        




        



     




4 5 6
2 2
0 0 1 1

3 2

3 2 5 4

(2 )( )
24 60 360

( ) (22)
6 2

y y y
A A A A

y y
A A A y A





  

   

 



This work is licensed under a Creative Commons Attribution 4.0 Unported License 
ISSN: 1597 – 9928. Science and Education Development Inst., Nigeria 

27 

Continental J. Applied Sciences 
Ojemeri et al. (2023) 18 (1): 18 – 40 

 
2 3

1 0 1 3 2 (23)
2 6

y y
u A A D y D      



4 5 3 2 4 4 5
2

2 0 1 3 2 0 1

4 5 6 3 2
2 2
0 0 1 1 3 2 5 4

1
( )( )

24 120 6 2 24 24 120

(2 )( ) (24)
24 60 360 6 2

y y y y y y y
u M A A D D A A

Ka

y y y y y
A A A A A A D y D






        



       

 

 
Equations (20) – (24) gives the expressions for the energy and momentum as 
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And the rate of heat transfer at both plates are given as 
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We obtained the skin-friction ( ) on the plates as follows 
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The constants used are all indicated in the appendix 
 

Results and discussion 
 

The effects of chemical reaction parameter ( ), Darcy number (Ka), wall-ambient 
temperature difference ratio ( ), rarefaction parameter ( vKn ) and fluid-wall interaction 
parameter (In) on a steady developed free convection and heat flow problem are 
discussed.  The variation of temperature, velocity, volume flow rate, as well as some 
physical quantities of engineering interest such as skin-friction and rate of heat transfer 
are shown in Figures 2-10 and Tables 1-2 to illustrate the effects of these pertinent 
parameters. The current investigation was conducted in the continuum and slip flow 
regimes (Kn0.1) over reasonable ranges of 0  vKn 0.1, and 0In10. The product of 
( vKn ) implies a measure of departure from the continuum regime, while (In) denotes a 
fluid-wall interaction feature. For this study, the chosen reference values for ( vKn ) and 
(In) are 0.05 and 1.667, respectively, as presented by Chen and Weng (2005), and M=2 as 
presented by Jha et al. (2014a). Furthermore, the default values used in this study are 
=0.01, K=0.1 and  =0.01 to evaluate the effects of different flow behaviors.  
 
Figures 2 and 3 show the impacts of (  ) and ( ) on the temperature and velocity 
gradients respectively under three cases of the wall-ambient temperature difference ratio 
( =-1: one heating and one cooling; =0: one heating and one not heating, =1: both walls 
are heated). It is abundantly clear that as the value of ( ) increases, a large increase in 
the temperature jump is observed. In the same vein, It has been discovered that as the 
value of ( ) grows, the flow motion improves. Furthermore, it is determined that as 
velocity slip increases at the micro-channel wall, the fluid wall effect decreases, resulting 
in a rise in the gas velocity near the wall.  
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Figures 4 and 5 describe the actions of rarefaction parameter (BvKn) on the temperature 
and velocity distributions respectively. A close look at these figures revealed that, as 
BvKn levels are raised, the velocity slip at the wall improves, which causes a retarding 
effect at the walls. This effect yields a noticeable increase in the gas velocity near the wall. 
In addition, increasing BvKn parameter makes the temperature to jump significantly and 
reduces the amount of heat transfer from the wall to the fluid.  
 
Figure 6 describes the impact of Darcy number on the velocity. It is observed from the 
figure that the velocity increases with increasing Ka. This is physically true, when fluid 
material moved in quantity, more viscous energy is exhibited which yields an increase in 
the fluid boundary layer and thickness, consequently leading to a rise in the fluid velocity 
 
The effects of ( ) and Darcy number on the volume flow are depicted in Figures 7 and 8. 
It is interesting to report that greater values of (  ) and Darcy number contributes to a 
pronounced increase in the volume flow rate. It is however worthy of note that the action 
of darcy number on the asymmetric case ( = -1) is seen to be insignificant 
 
For different ascending values of ( ), figures 9 and 10 demonstrate the variation of skin 
friction against ( )vKn  parameter for ( ) and Darcy number at both micro-channel plates. 
As seen in figure 9, a rise in the chemical reactant parameter increases frictional force at 
y = 0 while the converse is observed at y = 1. A similar trend is observed in figure 10 
when Darcy number is increased.  

 
Figure 2: Temperature gradient for   at (a)  =-1, (b)  =0 and (c)  =1 
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Figure 3: Velocity gradient for   at (a)  =-1, (b)  =0 and (c)  =1 

 

 
Figure 4: vKn  on the temperature profile at (a)  =-1, (b)  =0 and (c)  =1 
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Figure 5: vKn  on the velocity profile at (a)  =-1, (b)  =0 and (c)  =1 

 

 
Figure 6: Ka on the velocity profile at (a)  =-1, (b)  =0 and (c)  =1 
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Figure 7: Volume flow rate for   at (a)  =-1, (b)  =0 and (c)  =1 

 

 
Figure 8: Volume flow rate for Ka at (a)  =-1, (b)  =0 and (c)  =1 
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Figure 9: Skin friction versus vKn  for various values of   and   at (a) y =0 and (b) y=1 

 

 
Figure 10: Skin friction versus vKn  for various values of Ka and   at (a) y =0 and (b) 

y=1 
 

Conclusion 
 

The analysis of a fully developed free convection flow of a chemically reactive, viscous 
and electrically conducting fluid in a micro-channel embedded with porous material was 
performed using HPM. Closed form expressions were used to estimate temperature,  
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velocity, volume flow, frictional force and heat transfer rate. The effects of controlling 
factors such as ( ), ( vKn ), (Ka) and ( ) parameters were estimated, and the results were 
detailed using line graphs. The current study's noteworthy findings are summarized 
below: 
i.      It has been discovered that an increase in fluid acceleration and volume flow rate is 
observed as ( ), (Ka) and ( vKn ) increases for growing values of ( ). 
 
ii. Similarly, higher levels of ( ) and ( vKn ) improve the temperature profile 
significantly for growing values of ( ). 
 
iii. Volume flow rate is seen to be strengthen as ( ) and (Ka) are increased for growing 
levels of ( ). 
 
iv. As ( ) and (Ka) are increased, the frictional force effect grows at y = 0, while it 
diminishes at y = 1. 
 
Validation 
To validate the accuracy of this present work, we compute a numerical comparison 
between Jha et al. (2014a) and the current work. Tables 1 and 2 show that there was 
excellent agreement for the velocity and volume flow rate at both the cold and hot plates. 
The precision of the current solution, which employs three HPM terms, validates the 
technique's rapid convergence, demonstrating that the HPM is a useful tool for solving 
nonlinear systems of differential equations. 
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Table 1: Shows numerical computations of comparison between the work of Jha et al. 
(2014a) with the present work for velocity profile for different 1,0,1   at vKn =0.05, 
In=1.667, M=1 and taking Ka=1000 as   approaches 0. 
 

Y Jha et al. (2014a) 
U(Y) 

Present work 
U(Y) 

1    0   1   1    0   1   
0.1 0.0068 0.0156 0.0244 0.0069 0.0157 0.0244 
0.2 0.0067 0.0153 0.0239 0.0067 0.0154 0.0240 
0.3 0.0066 0.0150 0.0235 0.0066 0.0151 0.0235 
0.4 0.0065 0.0148 0.0230 0.0065 0.0148 0.0231 
0.5 0.0063 0.0145 0.0226 0.0064 0.0145 0.0226 

 
Table 2: Shows numerical computations of comparison between the work of Jha et al. 
(2014a) with the present work for volume flow rate for different 0 1and   at vKn
=0.0, 0.05 and 0.1, In=1.667, M=1 and taking ka=1000 as   approaches 0. 
 

vKn  Jha et al. 
(2014a) 

Qm 

Present work 
Qm 

0   1   0   1   
0.0 0.0379 0.0758 0.0378 0.0755 
0.05 0.0479 0.0958 0.0478 0.0957 
0.1 0.0575 0.1150 0.0573 0.1148 
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