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INTRODUCTION
The swift advancement of science and technology in the 

wake of the demand for more compact and less heavy 

devices encourages the focus of the scientific group, 

engineers, and innovators on mini-technology, micro-

technology, and eventually nano-technology.  These 

innovations prompted computational fluid dynamics 

experts to shift the emphasis from analysing flows in 

macro-channels to studying flows in mini-channels, 

micro-channels, and nano-channels.  Microfluidics have 

evolved immensely over the past decade due to their 

importance in material manufacturing, micro-energy 

pipes, space technology, micro-jet boundary layer cooling, 

high-performance computing, heavy power density 

transistors, and other devices.  Because most of these 

simulations contain internal micro-channel transport, a 

sound knowledge of the flow features has become critical 

for correct flow projections and conceptualization (Jha 

and Gwandu 2017, Jha et al. 2014a). Several articles on the 

influence of flow regimes on microstructure in various 

physical configurations have been published. 

Regarding the aforementioned, Hamza et al. (2023a) 

recently used the homotopy perturbation technique to 

explore the implications of the hydromagnetic flow of a 

chemically reactive fluid in a microchannel.  Later, Hamza 

et al. (2023b) conducted a theoretical analysis of 

Arrhenius-controlled heat transfer propagation in a 

microchannel caused by an imposed magnetic field.  

Ahmed et al. (2023) investigated the impact of thermal-

hydraulic performance using high-fidelity conjugate heat 

transfer simulations to model a micro-channel heat 

exchanger.  The study considers circular, triangular, and 

square micro-channel geometries with louver-shaped fins 

and provides insights into the effects of these geometries 

on heat transfer performance.  Ojemeri and Hamza (2022) 

used the homotopy perturbation technique to conduct a 
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ABSTRACT 
Exothermic Arrhenius-controlled chemical reactions are widely employed for heating 
applications, such as combustion in heating systems and fuel-burning motors.  These effects 
are critical for manufacturing high thermal systems required for high thermal performances. 
Therefore, this paper presents the analytical investigation into the Arrhenius-controlled heat-
generating/absorbing fluid of a hydromagnetic flow along a heated upstanding plate in a 
microchannel.  One wall had a superhydrophobic surface and temperature jump conditions, 
but the other was unaltered.  The regular perturbation approach investigated the nonlinear, 
coupled governing equations.  With the help of graphical plots, the impacts of crucial and 
relevant parameters embedded in the flow are described.  This investigation concludes that 
chemically reacting parameters' impact significantly elevates the micro-channel's thermal and 
hydromagnetic flow.  However, applying the heat generation parameter increases fluid 
velocity, whereas the heat absorption parameter produces the contrary effect.  The outcomes 
of this study can be relevant to the field of biomedical sciences and devices for improving 
heat transfer efficiency, chemical synthesis, enhancing the performances of micro-electro-
mechanical systems (MEMS) and mini-devices, heating and energy generation, designing 
efficient energy conversion processes, and so on. 
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steady, fully developed analysis of an Arrhenius kinetically 

propelled heat-generating or absorbing fluid in a 

microchannel.  Jha and Malgwi (2019a) described the 

consequences of Hall and ion slip influence on the flow of 

MHD heat in an upward micro-channel instigated by an 

applied magnetic field.  As part of their work, Jha et al. 

(2017) inspected the impact of Hall involvement on 

hydro-magnetic free convection in an upstanding 

microchannel.  To name a few, references like Chen and 

Weng (2005), Bunonomo and Manca (2012), and Weng 

and Chen (2009) give more information on this area of 

study. 

Magnetohydrodynamics (MHD) investigations have risen 
in relevance over the years due to their advantages in 
several MHD uses, such as MHD generators, cooling 
baths with cooling metallic plates, electric transformers, 
and MHD injectors.  In chemical and energy technology, 
the preference of MHD pumps to convey electrically 
conductive fluids, is already used in some nuclear power 
plants.  Further to these usages, when the fluid is 
electrically conductive, an imposed magnetic field can 
substantially encourage buoyancy-induced current (Jha et 
al. 2015).  In this context, Ojemeri et al. (2023) explored 
the hydromagnetic flow of an incompressible Casson fluid 
controlled by radiation in an upright permeable plate.  
Obalulu et al. (2021) investigated the role of exothermic 
chemical reactions in the coexistence of variable electric 
conductivity and magnetic field effects passing between 
two vertical plates controlled by Arrhenius kinetics.  They 
discovered that varying electric conductivity and 
concentration buoyancy promote fluid velocity, but 
activation energy and magnetic field had the opposite 
effect.  Taid and Ahmed (2022) utilized the perturbation 
series technique to figure out the joint impacts of Soret 
and heat dissipation on a chemically controlled natural 
hydromagnetic flow along an angled permeable channel 
equipped with porous material.  Osman et al. (2022) 
employed the Laplace transformation technique to 
evaluate the function of hydromagnetic flow on natural 
convection through an immeasurable inclined channel.  
Siva et al. (2021) reported on a heat transfer problem of 
electrokinetic impact in an oscillating microchannel plate 
and showcased adequate deviations to MHD involvement.  
Sandeep and Sugunamma (2013) investigated the action of 
an inclined magnetic field on the transient natural 
convection of a dusty reactive fluid within two 
immeasurable plates blended with porous material.  
References such as Joseph et al. (2015), Geethan et al. 
(2016), and Jha et al. (2023) further exemplify this 
phenomenon. 

The study of the behaviour of the unique interactions 
when hydromagnetic natural convection travel in a 
superhydrophobic surface (SHS) microchannel is 
gathering much attention from the engineering sciences 
and technology sectors.  Superhydrophobic (SHO) walls 
have the potential to minimise frictional force in the flow 
owing to the huge slip caused by liquid/solid relationships, 

subsequently making it a helpful condition to measure the 
extent of drag force due to the slip length (Jha and 
Gwandu 2020).  The effects of MHD convective flows via 
a heated SHO microchannel have been studied in a 
number of systematic build-up works.  The theoretical 
research on MHD-free convection in an upward micro-
channel equipped with SHS and temperature jump was 
carried out by Jha and Gwandu (2017) considering the 
influence of heating by uniform wall heating while Jha and 
Gwandu (2019) work; they employed the nonlinear 
Boussinesq approximation approach to discuss natural 
convection of an hydromagnetic fluid in a slit micro-
channel coated with SHS and temperature jump 
conditions.  Later again, Jha and Gwandu (2020) expanded 
their earlier work by including the wall porosity effect.  
Through a heated superhydrophobic microchannel, 
Ojemeri and Onwubuya (2023) presented their 
investigation of viscous dissipative fluid in the presence of 
suction/injection action and mixed convection.  The 
importance of heat radiation and superhydrophobicity on 
the buoyancy-driven force on a viscous and 
incompressible fluid over an upright microchannel 
controlled by an imposed magnetic field was reported by 
Hamza et al. (2023c).  Quite recently, Yale et al. (2023) 
improved on the research of Jha and Gwandu (2017) by 
taking into account the impact of viscous dissipative fluid 
on hydromagnetic natural convection in a heated 
superhydrophobic microchannel using the regular 
perturbation technique.  In a different study, Ramanuja et 
al. (2020) assessed free convection in a microchannel that 
is isothermally heated and has one side having SHS and 
temperature jump constraints.  The implications of heat 
transport through a cylinder with a non-wetting surface 
were accurately and explicitly described by Hatte and 
Pitchumani (2021) using fractional rough wall features.  
They concluded that, in contrast to the popular 
assumption, super-hydrophobicity, characterized by the 
highest contact angles, rarely results in peak convective 
heat transfer behaviour and that hydrophobic coatings can 
offer outstanding thermal efficiency under certain fluid 
flow situations. 

Based on the aforementioned literature, there is no 
previous research on the effects of Arrhenius kinetic on 
micro-channels with superhydrophobic walls affected by 
internal heat sources or sinks. Hence, the novelty and the 
inspiration behind this study.  This article aims to, 
therefore, theoretically evaluate the steady, fully developed 
free convection of a chemically reacting fluid in an 
upstanding micro-channel having a superhydrophobic 
surface driven by heat generation and absorption, thus 
extending the study done by Jha and Gwandu (2017).  The 
non-dimensional coupled equations are analysed using 
regular perturbation series.  Calculations are also made for 
physical parameters relevant to engineering, such as the 
drag force and the heat transfer rate coefficients.  The 
findings of this study could prove highly useful in a variety 
of fields, including micro-devices manufactured with 
micro-fabrication methods, micro-electro-mechanical 
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systems (MEMS), the lubrication industries, biomedical 
research, the mining industries, and so on. 

MATERIALS AND METHODS 

Mathematical Structure of the Flow 

Imagine a steady buoyancy-driven flow of an 
incompressible, hydromagnetic fluid flowing smoothly 
upwards over an upward-facing plate microchannel 
controlled by Arrhenius kinetics and a heat source or sink.  
One of the sides is exceedingly difficult to wet 
(superhydrophobic) due to a unique micro-engineering 
procedure.  The other surface was not modified.  As 
shown in Figure 1, the SHS is kept at y0 = 0, whereas the 
no slip side is kept at y0 = L. Because a surface's super-
hydrophilicity is more significant than how it flows, 
varying heat jumps and slip settings were applied to the 
different plates.  Taking Jha and Gwandu (2017) as a 
benchmark, the governing equations for the present 
mathematical model, which assume that the fluid is 

chemically reactive, heat source/sink driven, and uses the 
Boussinesq's approximation subject to relevant boundary 
conditions, have been described as: 

 

Figure 1 Sketch of the flow configuration 

𝑑2𝑈

𝑑𝑦2
+ 𝜃 −𝑀2𝑈 = 0                                                                                                                                                             (1) 

𝑑2𝜃

𝑑𝑦2
+ 𝜆𝑒

𝜃
1+𝜀𝜃 − 𝑍𝜃 = 0                                                                                                                                                        (2) 

Subject to relevant boundary conditions: 

𝜃(𝑦) = 1 + Г
𝑑𝜃

𝑑𝑦
,          𝑎𝑡 𝑦 = 0          (3) 

𝑢(𝑦) = 𝛾
𝑑𝑢

𝑑𝑦
,                   𝑎𝑡 𝑦 = 0       

𝜃(𝑦) = 1                          𝑎𝑡 𝑦 = 1         

𝑢(𝑦) = 0                          𝑎𝑡 𝑦 = 1     

Where γ, Г, M,  Z, 𝜀 and λ are the velocity slip, the temperature jump, the magnetic number, heat source/sink, activation 

energy, and chemically reacting terms. 

The non-dimensional variables applied are: 

𝑢 =
𝑢′

𝑈
, 𝑦 =

𝑦 ′

ℎ
, 𝑇 =

𝑇′ − 𝑇0
𝑇𝑤 − 𝑇0

, 𝑥 =
𝑥′𝑣

𝑈ℎ2
, 𝑍 =

𝑄0ℎ
2

𝑘
 

𝑀2 =
𝜎𝛽0

2
ℎ
2

𝜌𝜈
, 𝜀 =

𝑅𝑇0
𝐸
, 𝜆 =

𝑄𝐶0
∗𝐴𝐸𝐻2

𝑅𝑇0
2 𝑒

(
−𝐸
𝑅𝑇0

)
, (𝑌, 𝛾, 𝛤) = (𝑌′, 𝛾′, 𝛤′)/ℎ 

 𝐌𝐞𝐭𝐡𝐨𝐝 𝐨𝐟 𝐒𝐨𝐥𝐮𝐭𝐢𝐨𝐧𝐬  

The velocity and temperature equations are a set of ordinary differential equations resolved by the regular perturbation 

approach. 

It is  assumed that  
𝜃 = 𝜃𝑜 + 𝜆𝜃1
𝑈 = 𝑈𝑜 + 𝜆𝑈1

}                                                                                                                                     (4) 

inserting eqn (4) into eqns (1-3) and comparing the coefficients of λ0 and λ, the sets of equations are derived as: 
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 λ0 ∶
𝑑2𝑈𝑜
𝑑𝑦2

+ 𝜃𝑜 −𝑀
2𝑈𝑜 = 0                                                                                                                                               (5) 

𝜆 ∶
𝑑2𝑈1
𝑑𝑦2

+ 𝜃1 −𝑀
2𝑈1 = 0                                                                                                                                                   (6)   

λ0:
𝑑2𝜃𝑜
𝑑𝑦2

− 𝑍𝜃𝑜 = 0                                                                                                                                                                (7)  

𝜆 ∶
𝑑2𝜃1

𝑑𝑦2
− 𝑍𝜃1 = −1− 𝜃𝑜 − (2 − 𝑒)𝜃0

2                                                                                                                              (8)  

And the corresponding boundary conditions are: 

𝑈𝑜 = 𝜆
𝑑𝑈𝑜
𝑑𝑦

𝑈1 = 𝜆
𝑑𝑈1
𝑑𝑦 }

 

 

𝑎𝑡 𝑦 = 0

𝑈𝑜 = 0
𝑈1 = 0

}𝑎𝑡 𝑦 = 1
}
  
 

  
 

                                                                                                                                                       (9) 

and 

𝜃𝑜 = 1 + 𝛾
𝑑𝜃𝑜
𝑑𝑦

𝜃1 = 𝛾
𝑑𝜃1
𝑑𝑦 }

 

 

𝑎𝑡 𝑦 = 0

𝜃𝑜 = 1
𝜃1 = 0

} 𝑎𝑡 𝑦 = 1
}
  
 

  
 

                                                                                                                                                (10) 

The solutions for temperature and velocity gradients have been determined as follows: 

𝜃𝑜 = 𝑊1 cosh(𝑦√𝑍) +𝑊2 sinh(𝑦√𝑍)                                                                                                                               (11)     

𝜃1 = 𝑊3 cosh(𝑦√𝑍) +𝑊4 sinh(𝑦√𝑍) + 𝐹1 + 𝐹2𝑐𝑜𝑠ℎ(𝑦√𝑍) + 𝐹3𝑠𝑖𝑛ℎ(𝑦√𝑍) 

+𝐹4𝑐𝑜𝑠ℎ
2 (𝑦√𝑍) + 𝐹5𝑐𝑜𝑠ℎ(𝑦√𝑍)𝑠𝑖𝑛ℎ(𝑦√𝑍) + 𝐹6𝑠𝑖𝑛ℎ

2 (𝑦√𝑍)                                                                                (12) 

𝑈0 = 𝑉1 cosh(𝑀𝑦) + 𝑉2 sinh(𝑀𝑦)                                                                                                                                      (13) 

𝑈1 = 𝑉3 cosh(𝑀𝑦) + 𝑉4 sinh(𝑀𝑦)+ 𝐸3 + 𝐸1𝑐𝑜𝑠ℎ(𝑦√𝑍) + 𝐸2𝑠𝑖𝑛ℎ(𝑦√𝑍) 

+𝐸4𝑐𝑜𝑠ℎ
2 (𝑦√𝑍) + 𝐸5𝑐𝑜𝑠ℎ(𝑦√𝑍)𝑠𝑖𝑛ℎ(𝑦√𝑍) + 𝐸6𝑠𝑖𝑛ℎ

2 (𝑦√𝑍)                                             (14) 

The rate of heat transfer and shear stress coefficients at both surfaces are also computed as:  

𝑑𝜃

𝑑𝑦
⎹ 𝑦=0 = 𝑊2√𝑍 + 𝜆[𝑊2√𝑍 + 𝐹3√𝑍 + 𝐹5√𝑍]                                   (15) 

𝑑𝜃

𝑑𝑦
⎹ 𝑦=1 = 𝑊1√𝑍sinh (√𝑍) +𝑊2√𝑍cosh(√𝑍) + 𝜆[𝑊3√𝑍sinh(√𝑍)+𝑊4 √𝑍cosh(√𝑍) + 𝐹2√𝑍𝑠𝑖𝑛ℎ(√𝑍) +

𝐹3√𝑍𝑐𝑜𝑠ℎ(√𝑍) + 2√𝑍𝐹4𝑐𝑜𝑠ℎ(√𝑍)𝑠𝑖𝑛ℎ(√𝑍) + 𝐹5√𝑍(𝑠𝑖𝑛ℎ
2 (√𝑍) + 𝑐𝑜𝑠ℎ2 (√𝑍)) +

2√𝑍𝐹6𝑐𝑜𝑠ℎ(√𝑍)𝑠𝑖𝑛ℎ(√𝑍) ]                                                             (16) 

𝑑𝑈

𝑑𝑦
⎹ 𝑦=0 = 𝑉2𝑀+ 𝜆[𝑉4𝑀+ 𝐸2√𝑍 + 𝐸5√𝑍]                      (17) 
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𝑑𝑈

𝑑𝑦
⎹ 𝑦=1 = 𝑉1𝑀sinh (𝑀) + 𝑉2𝑀cosh(𝑀) + 𝜆[𝑉3𝑀sinh(𝑀) + 𝑉4Mcosh(𝑀) + 𝐸1√𝑍𝑠𝑖𝑛ℎ(√𝑍) +

𝐸2√𝑍𝑐𝑜𝑠ℎ(√𝑍) + 2√𝑍𝐸4𝑐𝑜𝑠ℎ(√𝑍)𝑠𝑖𝑛ℎ(√𝑍) + 𝐸5√𝑍(𝑠𝑖𝑛ℎ
2 (√𝑍) + 𝑐𝑜𝑠ℎ2 (√𝑍)) +

2√𝑍𝐸6𝑐𝑜𝑠ℎ(√𝑍)𝑠𝑖𝑛ℎ(√𝑍) ]                                                                (18) 

DISCUSSION OF THE FINDINGS 

The performance evaluation of an Arrhenius kinetic 

driven by heat-generating and absorbing effects is 

executed on a steady natural hydromagnetic flow of an 

electrically conducting fluid travelling across an 

isothermally heated upward microchannel.  One side is 

equipped with SHS and temperature jump, and the other 

is unaltered.  The steady-state equations are determined 

using the regular perturbation series approach.  Several 

graphs have been generated to portray the consequences 

of the main regulating factors, such as the chemically 

reacting parameter, heat source parameter, Z < 0, heat 

sink parameter, Z > 0, and Hartman number, M, on fluid 

velocity and temperature distributions.  The default values 

selected for this analysis are given as (γ = Г= 1, M = 0.5, 

𝜆 = 0.001, Z = -0.5).  It is useful to state that Z < 0 and Z 

> 0 represent the heat source and heat sink, respectively. 

Figures 2a and b indicate how a heat generation or 

absorption parameter affects the temperature pattern for 

constant values of γ = Г = 1.  Figure 2a shows a rise in 

temperature for Z < 0, but Figure 2b exhibits a decrease 

in temperature for Z > 0.  As a consequence of heat source 

parameters along the lower plate, higher variations in 

temperature are expected.  This is because after the heat is 

taken in, the fluid becomes heavier, and the convection 

flow decreases, contributing to a drop in the temperature 

of the fluid.  On the other hand, a gain in heat output 

increases the conduction current, making the fluid less 

heavy and raising its temperature. 

Figure 3 depicts the effects of chemical reactions on the 

fluid temperature.  It is conspicuous that, as the value of 

λ rises, so does the temperature.  Hamza (2016) asserted 

that increasing the amounts of λ significantly strengthens 

the heating viscosity in the temperature equation and 

chemical reacting parameters, resulting in a significant 

temperature increase. 

Figures 4a and b explain the actions of elevating the heat 

source/sink values on the fluid motion distribution.  As 

the heat source (Z < 0) and sink (Z > 0) are increased, the 

similar trends exhibited in the temperature profile are 

replicated in the fluid velocity component.  Physically, this 

is true owing to the additional heat surge, which improves 

the ability of the system to transport heat.  Consequently, 

this increases the thermal and fluid movement in the 

microchannel.  Furthermore, it is thought that the heat 

generation/absorption parameter closest to the plate 

carries extra heat, making the fluid flow faster and thus 

increasing the velocity and temperature inside the 

boundary layer region.  

Figure 5 depicts the relationship between λ and fluid 

velocity.  It was clear that as λ grows, so does the fluid 

mobility.  It was also demonstrated that the fluid wall 

factor reduces as velocity slip increases at the SHO wall.  

This causes the gas to accelerate, approaching the wall.  

The noteworthy spike in temperature in response to the 

higher λ triggers a decrease in fluid viscosity and an 

ensuing rise in the speed of the fluid motion.   

Figure 6 portrays the effect of MHD on the velocity 

pattern.  The trend demonstrates a decreasing influence 

on velocity (especially maximum velocity) as the strength 

of the magnetic field escalates (when γ = Г = 1), which is 

anticipated due to the presence of Lorentz force acting on 

the flow pattern. 

Figures 7, 8, 9 & 10 show the effect of heat generation and 

absorption variations on the heat transfer amount, 

commonly known as the Nusselt number, and skin 

friction against the chemical reactive parameter.  Figures 

7a and b illustrate how heat generation affects the heat 

transfer coefficient.  It is important to note that increasing 

heat generation values accelerate the movement of the 

fluid at the lower plate, as depicted in Figure 7a, whereas 

a counter scenario is observed near the wall (y = 1), as 

shown in Figure 7b. 

Figures 8a and b indicate the implications of the heat sink 
on the heat transfer rate.  These graphs show that the heat 
transfer amount increases at the heated wall but lowers it 
at the cold wall.  Figures 9a and b depict the action of heat 
source on skin friction coefficient.  It was noticed that 
boosting the level of Z yields a large improvement in the 
skin friction at the lower superhydrophobic surface, as 
shown in Figure 9a, while the converse situation happens 
at the upper plate. 

Figures 10a and b show the effect of the heat absorption 
parameter on shear stress versus the viscous heating term.  
As illustrated in these plots, raising the heat generation 
parameter enhances the skin friction at y = 0 but decreases 
it at y = 1. 
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Figure 2: Functions of (a) heat generation and (b) heat absorption on the temperature distributions 

 

Figure 3: Function of 𝜆 on temperature distribution  

 

Figure 4: Function of (a) heat generation and (b) heat absorption on velocity distributions 
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Figure 5: Function of 𝜆 on velocity distribution 

 

Figure 6: Function of MHD on velocity distribution 

 

Figure 7: Function of heat generation on Nusselt number at (a) y =0 and (b) y=1  
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Figure 8: Function of heat absorption on Nusselt number at (a) y = 0 and (b) y =1   

 

Figure 9: Function of heat generation on skin friction at (a) y =0 and (b) y=1 

 

Figure 10: Function of heat absorption on skin friction at (a) y =0 and (b) y=1 
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RESULTS VALIDATION 

The work of Jha and Gwandu (2017) is retrieved as λ and 
Z become zero, respectively, suggesting a strong 
consistency between the present investigation and their 
work.  The numerical comparison between the work of 
Jha and Gwandu (2017) with the present study is shown 
in Table 1. 

Table 1: Comparison of Jha and Gwandu's (2017) 
research and the present analysis for velocity and 

temperature patterns for γ = Г= 1, M = 0.5 as 𝜆 and Z →
 0 respectively. 

Y Jha and Gwandu 
(2017) 

  θ (Y)               U(Y) 

Current work 
 

  θ(Y)                 U(Y) 

0.1 0.4500 0.0843 0.4498 0.0843 

0.2 0.4000 0.0856 0.4000 0.0856 

0.3 0.3500 0.0831 0.3500 0.0831 

0.4 
0.5 

0.3000 
0.2500 

0.0772 
0.0686 

0.2998 
0.2499 

0.0772 
0.0686 

CONCLUSION 

The current study discussed the effects of chemically 

reacting fluids on the steady free convection of an 

incompressible hydromagnetic fluid moving vertically 

inside a heated channel plate in the microchannel triggered 

by heat sink/source, with one side equipped with SHS and 

temperature jump and the other has no slip.  The steady-

state system of equations is solved using the regular 

perturbation series, and various illustrated graphs 

exhibiting the influence of significant factors on flow 

characteristics are provided.  Understanding these fluids' 

characteristics is important in engineering and biomedical 

disciplines.  The highlights of the study's principal results 

are outlined below:  

1. The fluid velocity and thermal gradients decrease 
greatly when Z > 0, indicating a heat sink.  
However, when Z < 0, which represents the heat 
source, a contrast effect occurs. 

2. It was found that a rise in the fluid acceleration 
and temperature profile is observed as the 
viscous heating term is intensified. 

3. Uplifting the value of 𝜆, the skin friction is 
lowered at y = 0 but grows at the wall (y = 1).  
Similarly, an identical effect is seen in the heat 

transfer coefficient for the rising levels of 𝜆 . 
4. Raising the heat source parameter substantially 

encourages the drag force and heat transfer rate 
at the heated wall (y = 0), whereas the contrary 
behaviour is recorded at y = 1.  Also, reverse 
trends are all demonstrated for growing values of 
the heat absorption parameter. 
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