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Unsteady MHD free convection 
flow of an exothermic fluid 
in a convectively heated vertical 
channel filled with porous medium
Muhammed Murtala Hamza1, Abdulsalam Shuaibu2* & Ahmad Samaila Kamba1

Utilizing porous media in a new mathematical model to improve convective heat transfer 
characteristics in a variety of applications, such as radiation nuclear disposal storing, evaporation 
cooling, sieving, geological extraction, crude petroleum refining, and building heating and cooling, 
is becoming increasingly important. This study proposed a numerical analysis of the unsteady 
magnetohydrodynamic free convection flow of an exothermic fluid with Newtonian heating. This 
discovery reveals two types of solutions: steady state and unsteady state. After transforming the 
governing equation from dimensional form to dimensionless form, the steady state governing 
equation was solved by the Homotopy Perturbation Method. However, the implicit finite difference 
approach is used to solve the time-dependent governing equations numerically. The impact of various 
emerging parameters, namely the Hartmann number, Boit number, Darcy number, Navier slip 
parameter, and the Frank-Kamenetskii parameter, was discussed and graphically analyzed. During the 
computations and analysis, it was discovered that a minor rise in the Hartman number results in the 
Lorentz force, which streamlines the momentum barrier layer and hence slows the fluid flow. The fluid 
velocity, on the other hand, rose as the porous medium, thermal Biot number, slip parameter, and 
temperature field increased as the viscous reactive fluid parameter and Newtonian heating increased. 
The skin friction and Nusselt number were also examined and reported. By comparing the finding to 
an existing work, a great agreement was revealed.

Magnetohydrodynamics has gotten a lot of interest lately because of its success in solving a variety of problems 
in various geometries. Mixed convection was studied by Jha and Aina1 in a microchannel with electrically iso-
lated infinite vertical parallel walls at equal spacing in previous work. A numerical approach was used by Uddin 
et al.2 to determine the combined impact of Newtonian heating and radiation. By taking into account Newtonian 
heating and radiation effects, Das and his co-authors3 address their subject experimentally. The effects of New-
tonian and joule heating on MHD flow were studied numerically by Chaudhary and his colleagues4. Research 
by Kumar et al.5 shows that natural convection flow is influenced by the Hartman number, which in turn effects 
the Hall effect. In order to better understand the effects of radiation, Jha et al.6 devised a computational method. 
Employing homotopy analysis a variety of scholars are working on different elements of hydromagnetic flow 
and convective heat transfer with thermal radiation. The following articles provide further information for 
those who are interested: As stated by Chamkha7, the problem of hydromagnetic, fully developed laminar mixed 
convection flow in a vertical channel with symmetric and asymmetric wall heating conditions As an alternative, 
the Hall and ion slip effects on the MHD convective flow of elastico-viscous fluid through a porous medium 
between two rigidly rotating parallel plates with a time-varying sinusoidal pressure gradient were studied by 
VeeraKrishna and Chamkha8. According to their result, fluid motion in a thinner boundary layer is hindered 
by elasticity and magnetic fields. When the pressure gradient oscillates at a lower frequency, it suppresses the 
reverse flow. There is an MHD flow over a moving plate in a rotating fluid with a magnetic field, Hall currents, 
and free stream velocity evaluated by Takhar et al.9. According to their observations, the skin friction coefficients 
for primary and secondary flows rise with an increase in the Coriolis force of the magnetic field, Hall currents, 
and wall velocity. An investigation of the effects of non-linear radiation on MHD flow was conducted by Khan 
and Mustafa10. Natural convection of viscous incompressible viscous reactive fluid was studied by Ojemeri et al. 
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using a vertical porous cylinder with a radial magnetic field11. MHD flow with Newtonian heating is studied 
numerically by Ullah and his co-authors12. Chamkha13 investigates fluid-particle flow and heat transport in 
channels and circular pipes, which are solved in closed form using Fourier cosine and Bessel functions. Due to 
its importance in research and engineering, Daniel and Daniel14 investigated the effects of buoyancy and heat 
radiation on MHD flow. In their study of steady state MHD natural convection slip flow, Hamza et al.15 used a 
vertical geometry and found that increasing the chemical reaction value had no effect on fluid momentum. Exten-
sive studies have been undertaken which involve such fluids16–18 According to Kumar and Singh19, MHD flow 
with convective heat heating and cooling and induced magnetic field may have been enthusiastically accepted 
because of its relevance in research and engineering.

Convective heat transfer characteristics can be improved by using porous media in a new mathematical 
model. This strategy is becoming increasingly important in a variety of applications, including radioactive nuclear 
waste storage, transpiration cooling, filtration, geothermal extraction, and crude oil extraction. In a microchan-
nel filled with porous material, Gireesha and Sindhu20 investigated the MHD convection flow of casson fluid. 
The systems of subsurface water circulation, biological sciences, and other subjects was reported by Rashed 
et al.21. It was shown that a transverse magnetic field may impact mixed-convection events in a porous material 
with continuous heat flow over a semi-infinite permeable vertical plate by Chamkha22. For natural convection 
flow around an isothermal ball, Chamkha et al.23 modified boundary-layer issue. Interested researchers might 
follow Mahmoodi et al.24 to find relevant literature on porous media applications.

Turbulent boundary layer flow and heat transmission in a vertical channel filled with porous medium have 
evolved rapidly in recent years, with numerous real-world applications, such as the cleaning of inner joviality, 
the aortic root, and incorporated circuit and mechanical system processing methods. Innumerable scholars 
have contributed significantly to the understanding of fluid flow issues at the boundary layer by applying slip 
boundary conditions. For example, Zhu et al.25 used the Homotopy analysis technique to evaluate MHD slip 
flow around a centerline on a power law expanding strip. Wang26 investigated the impact of partial sliding on 
the expanded material. Empirical studies of an elastico-viscous fluid with partial slip were conducted by Ariel 
and colleagues27. Zhu et al.28 used Homotopy analysis to investigate axisymmetric slip stagnation point flow 
with a temperature jump in a relaxed state. There are st-udies by Chen29,30 in which the boundary layer flow and 
heat transfer characteristics on a level surface with no-slip boundary conditions were examined. The31 and32 
discoveries may be tested on a vertical plate with slip flow and temperature jump boundaries. Makinde33 solved 
the problem of hydromagnetic heat and mass transport across a vertical plate with a convective surface bound-
ary condition. MHD with Newtonian heating in vertical channels has been extensively studied in the literature 
since these findings were made. According to our findings, a thermal breakdown fluid in a convectively heated 
vertical channel filled with porous material experiences an unsteady MHD free convection flow, which has not 
been investigated to the best of our knowledge till now. This piece has a lot in common with Hamza’s32. Natural 
convection MHD flow of an exothermic fluid in a vertical channel is studied in this paper. Analytical and numeri-
cal solutions were obtained using the implicit finite difference scheme approach and the Homotopy perturbation 
method. Study in the domains of glass fiber, wire drawing, papermaking, tarpaulin extraction, hot rolling, and 
drawing of plastic films can all benefit from the present research.

In terms of the study’s uniqueness, it is not novel that in order to meet the increasing energy demands in a 
carbon-free global economy, it is necessary to develop novel and intelligent materials that can improve the effi-
ciencies of energy conservation and energy conversion modules. Nevertheless, porous materials offer prospects 
for hydrocarbon and heat functionalities due to their unique properties in a wide range of real-world engineering 
fields, including agriculture, manmade cooling of soils, building, food and beverages, and storage applications. 
Magnetohydrodynamic (MHD) is the subfield of fluid dynamics in which magnetic fields play an essential role 
in fluid movement. Its existence in many configurations is a fascinating part of science and innovation, as well 
as real-world applications such as solar wind and flare, the planet’s rotation fields, nuclear power, and science 
and medicine.

Mathematical structure
Take into account the flow of an exothermic Arrhenius kinetic fluid with energy transfer and velocity slip in a 
channel formed by two endless vertical parallel force divided by a space H. The flow is produced by convective 
heating given to the lower surface of the channel wall, as well as the reactive nature of the fluid. Thus, according 
Hamza32 and Jha et al.1, the non-dimensional model equation under the Boussinesq’s assumption can be stated 
as follows. The following is our presumption:

	 i.	 Thermal properties are considered constant
	 ii.	 The transverse magnetic field exerts a greater influence than the buoyancy force.
	 iii.	 Heat generation is neglected.
	 iv.	 Ignoring the effects of joule heating
	 v.	 The dissipation function is neglected; this is appropriate as long as the flow is not highly viscous or com-

pressible.
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For the current investigation, the following are the initial and boundary conditions:

Although (β) is the heating value, (Q) is reaction rate constants, kinetic energy and flowability are all repre-
sented by this term (E) and (A) , initial concentration is represented by this term (C0) . A fluid’s thermal efficiency 
is often described as (K) , whereas its gravitational force is represented by (g) , its heat capacity at high pressure 
is expressed as (Cp) and the fluid’s strength is labeled by (ρ).

The dimensionless variables and parameters shown below are used to solve Eqs. (1) and (2).

In Eqs. (1)–(3), use (4) and assume the following shape:

The beginning and boundary conditions are given in non-dimensional form:

Steady state. 

The operating conditions that explain velocity slip and temperature jump situations at the fluid-wall interac-
tion are as follows:

Method of solution
To solve the governing equation formulated from Fig. 1, we use the Homotopy perturbation approach to build 
a uniform Homotopy on Eqs. (5) and (6).

(2)
∂T ′

∂t′
=

k

pCp

∂2T ′

∂y′2
+

QC∗
0A

pCp
e

(

−E
RT ′

)

(3)

t ′ ≤ 0 : u′0, T ′
→ T

′

0, 0 ≤ y
′

≤ H

t ′0 : u′ = γ ∗ ∂u
′

∂y
, −k

∂T ′

∂y′
= h[T

′

0 − T ′
], at y′ = 0

u′ = 0, T ′
= T

′

0, as y
′
→ H

(4)

y =
y′

H
, t ′ =

t
′

µ0

H2
, θ =

E(T
′

− T0)

RT2
0

, ε =
RT0

E
, U =

u
′

µ0E

gβH2RT2
0

, Gr =
gβ(T1 − T0)

v2

� =
QC∗

0AEH
2

RT2
0

e

(

−E
RT0

)

, Pr =
µ0pCp

k
, γ =

γ ∗

H
, θa =

E(Ta − T0)

RT2
0

, Br =
hH

k
,

Da =
k0

b2
, Ha2 =

σB20r
2
0

ρν

(5)
∂u

∂t
=

∂2u

∂y2
−

(

H2a+
1

Da

)

U + θ

(6)
∂2θ

∂t
=

1

Pr

∂2θ

∂y2
+

�

Pr
e

θ
1+εθ

(7)

U = 0, θ = 0, 0 ≤ y ≤ 1, t ≤ 0

t > 0 : U = γ
∂u

∂y
,
∂θ

∂y
= Br[θ − θa], at y = 0

U = 0, θ = 00, as y = 1

(8)
d2U

dy2
−

(

H2a+
1

Da

)

U + θ = 0

(9)
d2θ

dy2
+ �e

θ
1+εθ = 0

(10)
U − γ

dU

dy
= 0,

dθ

dy
− Br[θ − θa] = 0, at y = 0

U = 0, θ = 0, at y = 1

(11)H(U , p) = (1− p)
d2U

dy2
− p

[(

H2a+
1

Da

)

U − θ

]

= 0



4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11989  | https://doi.org/10.1038/s41598-022-16064-y

www.nature.com/scientificreports/

We build Homotopy on Eqs. (4) and (5), supposing the resolution is in the form of:

Therefore, the following differential equations and their related revised boundary conditions may be obtained 
by inserting Eq. (6) into Eqs. (4) and (5) and contrast the coefficient of equal powers, p.

The changed matching boundary conditions are now

This means that the associated boundary conditions have been transformed.
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Figure 1.   Physical coordinate of the flow system.
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As a result, the changed boundary conditions are now

When p = 1, the approximated solutions of the differential equations yield

Some terms can be approximated by the trend (19) in most circumstances. The converges rate is determined 
by the nonlinear operator. When using the Homotopy perturbation approach to arrive at the series solution, 
only a few terms from the HPM sequence might be employed to approximate the result. The following are the 
responses to: θ0, θ1, . . . and u0, u1, u2....

The skin friction and rate of heat transfer over both surfaces are calculated by differentiating the temperature 
and velocity equations with respects to y.
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The constant C0,C1,C3,C4,C5,C6,C7,C8,C9,C10, Q can be found in Appendix.

Numerical solution
The implicit finite difference scheme is used to solve a set of partial differential equations with boundary condi-
tions. For all time dependencies, we used the forward difference formula and approximated the first and second 
derivatives with second order central differences. The last nodes are adjusted to reflect the boundary conditions, 
and the equations correspond to the first derivatives. Equations (5) and (6) have an implicit finite difference 
equation, which is as described in the following:
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Figure 2.   The effect of variation of (�) for Temperature and velocity steady state.

Figure 3.   The effect of variation of Da and Ha for velocity steady state.
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Figure 4.   The effect of variation of Br for Temperature and velocity steady state.

Figure 5.   The effect of variation of Da and Ha for velocity unsteady state.

Figure 6.   The effect of variation of Br for Temperature and velocity unsteady state.
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Figure 7.   The effect of variation of � for Temperature and velocity unsteady state.

Figure 8.   The effect of variation of γ for velocity steady and unsteady state.

Figure 9.   Steady state skin friction for (Ha) against (Br).
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Discussion of findings
The steady state solution of Eqs. (8) and (9) with respect to the boundary condition (10) were solved using one of 
the most efficient method called Homotopy perturbation method, however, we employed implicit finite difference 
scheme to address Eqs. (5) and (6) with respect to the boundary condition (7). The effects of a various involving 
parameters on fluid flow, temperature, velocity, skin friction coefficient, and heat transfer rate are graphically 
examined. Unless otherwise indicated, the reactive viscous parameter’s impacts like Frank-Kamenetskii ( � ), 

Figure 10.   Steady state skin friction for (Da) against (Br).

Figure 11.   Unsteady state skin friction for (Ha) in proportion to (t).

Figure 12.   Unsteady skin friction for (Da) in proportion to (t).
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Hartman number (Ha2) , Navier slip parameter ( γ ), Darcy number (Da) and local Biot number (Br) in the fluid 
flow were verified in Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14. The numerical values for the parameters are 
assumed to be Ha2 = 2, � = 0.1, γ = 0.1, Br = 0.1, Da = 0.1, Pr = 0.71, e = 0.1.The period intervals utilized 
are 0.2 ≤ t ≤ 0.6 . The rationale behind choosing this value is that when the fluid pressure exceeds the set value, 
there is every tendency for the fluid to escape within the model.

Figure 2a and b Explain how the Frank-Kamenetskii parameter played a significat role in both energy and 
momentum profiles; it is clear that increasing values of (�) increase both the temperature and velocity of the fluid. 
Increasing the value of (�) strengthens the chemical reaction and viscous heating source factors in the temperature 
equation, resulting in a considerable temperature rise. As seen in Fig. 2a and b, as the substantial temperature rises 
in response to the increase in (�) , the fluid viscosity decreases, resulting in an increase in fluid velocity. In addi-
tion, the highest values of fluid temperature and velocity are reached at the bottom plate surface of the channel 
and decrease toward the top plate. This phenomenon is caused by asymmetric heating of the plate. The effects of 
porous medium (Da) and (Ha) are depicted in Fig. 3a and b, respectively. In Fig. 3a, the flow increased due to an 
increase in permeability, which resulted in an increase in fluid velocity. Essentially speaking, A solid or group of 
solids can be classified as a porous medium if there is enough free space inside or around the particles for a fluid 
to pass through. Oil, gas, and water flow are all examples of this. To name just a few areas where this technology 
may be used the food and beverage industry; petroleum technology; agricultural technology; biomedical tech-
nology; and geothermal technology. however, in Fig. 3b, the Hartman number was varied, Furthermore, it was 
found that a rise in Hartman induced the Lorentz force to appear, which facilitated the momentum boundary 
layer’s flow, thereby retarding the fluid flow. Figure 4a and b show how the thermal Biot number (Br) effects on 
temperature and velocity. When (Br) is increased, the channel surface and inside temperature increase, as seen 
in Fig. 4a, b. This increases the thickness of the thermal boundary layer, as well as the temperature and velocity 
distribution of the flow, as the thermal Biot number rise. The effect of Darcy number and dimensionless time (t) 

Figure 13.   Unsteady Nusselt number for (�) in proportion to (t).

Figure 14.   Steady state Nusselt number for (Br) against (�).
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on the velocity profile is seen in Fig. 5a. The velocity of the fluid is increased when the Darcy number increases, 
as seen in the figure and the fluid velocity tends to increase as time passes. While the effects of (Ha) on the flow 
were detailed in Fig. 5b, an increase (Ha) results in the presence of a drag force known as the Lorentz force, which 
resists the fluid flow, resulting in a decrease in velocity fluid flow, then as time (t) increases as the number of drag 
forces opposing the fluid flow decreases resulting to increase in fluid flow.

The effect of the local Biot number (Br) in respect of dimensional (t) time is explored in Fig.6a and b. A slight 
increase in (Br) corresponds to increase in fluid momentum and energy at the bottom surface channel. Because 
high numbers of local Biot number (Br) denoted a greater degree of convective heating which means as time (t) 
passes and (Br) increases, so does the energy and momentum fluid flow increases. From a critical standpoint, 
Newtonian heating is a process in which internal resistance is minimal relative to surface resistance; its applica-
tions comprise heat exchangers, bidirectional heat transfer over fins, the fossil fuel industry, and solar radiation.

Figure 7a and b show the effect of viscous reactive fluid on transient velocity and temperature profiles, with a 
slight uptick in (�)  resulting to a considerable increase in fluid flow. This is due to the energy equation’s viscous 
heating, which causes a temperature spike, resulting in a decrease in fluid viscosity which resulted to an increase 
in fluid velocity and temperature, however, as time (t) increase the fluid state also increase. Figure 8a and b 
potrayed varying of (γ) on both steady and unsteady state velocity, an increase in (γ) result to an increase in fluid 
flow due to the fact that greater (γ ) values tend to boost responsiveness and slickness at the bottom plate, and as 
time (t) passes by, the fluid velocity continues to rise in Fig. 8a. However, Figure 8b shows that (γ ) increases in 
velocity as a result of the bottom plate’s responsiveness and slickness.

The variation of steady state skin friction (Ha)  against (Br) is shown in Fig. 9a and b  respectively, It is revealed 
from the profile that increases in Hartmann number decreases the skin friction primarily due to decrease in the 
boundary layer thickness. Steady state skin friction was elucidated in Fig. 10a and b respectively, as (Da) increase 
the skin friction increase Fig. 10a while reverse phenomenon is seen in Fig. 10b. Figure 11a and b portrayed 
the variation of skin friction (Ha) against dimensional time (t) . It is observed that an increase in magnetic fluid 
decreases the skin friction at lower plate and also as time (t) increases the skin friction also decrease in Fig. 11b 
and b respectively this is due to the drag occasioned by the effect of the Lorentz force on the flow. The skin fric-
tion increases in both plate of Fig.12a and b with increase in porous medium (Da) and also as time (t) increase 
skin friction also increase. Figure 13a and b demonstrate the rate of heat transfer local Biot number (Br) over 
dimensionless time (t) a higher number of local Biot number (Br) . equates to a high rate of heat transfer at the 
upper plate of both Figs. 13a and b. the rate of heat transfer for steady state is illustrated in Fig. 14a and b Nusselt 
number increase in 14a while decrease in 14b. A comparison of velocity profiles in Table 1 demonstrates strong 
agreement between the results of Reference 32 and our work, but the absence of Hartmann and Darcy values 
from Table 2 depicted good agreement between our findings and that of Reference 32.

Conclusion
Mathematical model has been developed and solved exactly to analyze the impact of magnetohydrodynamic 
on unsteady fluid flow of an exothermic reaction in a vertical channel with distance H. The Navier slip and 
Newtonian heating of the channel are incorporated in the mathematical model. We applied Homotopy pertur-
bation method for steady state governing equation while the unsteady state governing equation were solved by 
Implicit finite different scheme technique. However, by solving the current mathematical model, equations for 

Table 1.   Shows numerical computations comparing Reference32 work to the present work for velocity profiles 
with varying value of y. γ = 0.1, � = 0.1 Da = 100000, Br = 0.1 Ha = 0.

(y)
Reference32

U(y)
Present work
U(y)

0.1 0.0184 0.0182

0.2 0.0148 0.0146

0.3 0.0112 0.0110

0.4 0.0075 0.0074

0.5 0..0038 0.0037

Table 2.   Comparison of skin-frictions by neglecting Hartmann number and Darcy number. γ = 0.1, � = 0.1 
Da = 100000 , Ha = 0.

Br

τ0 τ1

Reference32 Present results Reference32 Present results

0.1 0.31098 0.31093  − 0.00396  − 0.00391

0.2 0.28231 0.28227  − 0.00343 0.00339

0.3 0.24339 0.24336 0.00315 0.00311

0.4 0.20147 0.20145 0.00276 0.00273

0.5 0.16491 0.16489 0.00220 0.00218
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velocity, temperature, rate of heat transfer as well as skin friction coefficient were derived. The following are the 
key findings of this study:

1.	 It was noticed that, velocity increase with increasing values of darcy number (Da).
2.	 Velocity profile experience significant surge as increase in Navier slip (γ ) ., local biot number (Br)..and viscous 

reactive fluid parameter (�).
3.	 It was also revealed that velocity profile decreases for an increase in magnetic field parameter (Ha).
4.	 The action of Hartmann number decreases skin friction coefficients on the surface of y = 0 but converse on 

the surface of y = 1.
5.	 it was depicted that the behavior of porous medium parameter increases skin friction on both channels, 

where the fluid flow is higher at upper channel compare to bottom channel.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 17 April 2022; Accepted: 4 July 2022

References
	 1.	 Jha, B. K. & Aina, B. Effect of induced magnetic field on MHD mixed convection flow in vertical microchannel. Int. J. Appl. Mech. 

Eng. 22, 567–582 (2017).
	 2.	 Uddin, M. J., Bég, O. A., Khan, W. A. & Ismail, A. I. Effect of Newtonian heating and thermal radiation on heat and mass transfer 

of nano fluidsover a stretching sheet in porous media. Heat Transf. Asian Res. 44(8), 681–695 (2015).
	 3.	 Das, M., Mahato, R. & Nandkeolyar, R. Newtonian heating effect on unsteady hydromagnetic Casson fluid flow past a flat plate 

with heat and mass transfer. Alex. Eng. J. 54, 871–879 (2015).
	 4.	 Chaudhary, S., Kanika, K. M. & Choudhary, M. K. Newtonian heating andconvective boundary condition on MHD stagnation 

point flow past astretching sheet with viscous dissipation and Joule heating. Indian J. Pure Appl. Phys. 56, 931–940 (2018).
	 5.	 Kumar, D., Singh, A. K. & Kumar, D. Influence of heat source/sink on MHD flow between vertical alternate conducting walls with 

Hall effect. Physica A 544, 123562 (2020).
	 6.	 Jha, B. K., Isah, B. Y. & Uwanta, I. J. Combined effect of suction/injectionon MHD free-convection flow in a vertical channel with 

thermal radiation. Ain Shams Eng J 9, 1069–1088 (2018).
	 7.	 Chamkha, A. J. On laminar hydromagnetic mixed convection flow in a vertical channel with symmetric and asymmetric wall 

heating conditions. Int. J. Heat Mass Transf. 45(12), 2509–2525. https://​doi.​org/​10.​1016/​S0017-​9310(01)​00342-8 (2002).
	 8.	 VeeraKrishna, M., Chamkha, A. J. Hall and ion slip effects on MHD rotating flow of elastico-viscous fluid through porous medium. 

In International Communications in Heat and Mass Transfer Volume 113, April 2020, 104494. Doi:https://​doi.​org/​10.​1016/j.​ichea​
tmass​trans​fer.​2020.​104494

	 9.	 Takhar, H. S., Chamkha, A. J., Nath, G. MHD flow over a moving plate in a rotating fluid with magnetic field, Hall currents and 
free stream velocity. Int. J. Eng. Sci. 40(13), 1511–1527 (2002). Doi:https://​doi.​org/​10.​1016/​S0020-​7225(02)​00016-2

	10.	 Khan, J. A. & Mustafa, M. A numerical analysis for non-linear radiationin MHD flow around a cylindrical surface with chemically 
reactivespecies. Results Phys 8, 963–970 (2018).

	11.	 Ojemeri, G., Onwubuya, I. O. & Abdulsalam, S. Effects of Soret and Radial magnetic field of a free convection slip flow in a viscous 
reactive fluid towards a vertical porous cylinder. Continental J. Appl. Sci. 14(1), 25–45. https://​doi.​org/​10.​5281/​zenodo.​265200 
(2019).

	12.	 Ullah, I., Shafie, S. & Khan, I. Effects of slip condition and Newtonian heating on MHD flow of Casson fluid over a nonlinearly 
stretching sheet saturated in a porous medium. J. King Saud Univ. Sci. 29, 250–259 (2017).

	13.	 Chamkha, A. J. Unsteady laminar hydromagnetic fluid–particle flow and heat transfer in channels and circular pipes. Int. J. Heat 
Fluid Flow, 21(6), 740–746 (2000). ISSN:0142-727X. doi:https://​doi.​org/​10.​1016/​S0142-​727X(00)​00031-X.

	14.	 Daniel, Y. S. & Daniel, S. K. Effects of buoyancy and thermal radiationon MHD flow over a stretching porous sheet using Homotopy 
analysis method. Alex. Eng. J. 54, 705–712 (2015).

	15.	 Hamza, M. M., Shehu, M. Z., Tambuwal, B. H. Steady state MHD Free convection slip flow of an exothermic fluid in a convectively 
heated vertical channel. Saudi J. Eng. Technol. Doi:https://​doi.​org/​10.​36348/​sjet.​2021.​v06i10.​006

	16.	 Raza, J., Mebarek-Oudina, F. & Chamkha, A. J. Magnetohydrodynamic flow of molybdenum disulfide nanofluid in a channel with 
shape effects. Multidiscip. Model. Mater. Struct. 15(4), 737–757. https://​doi.​org/​10.​1108/​MMMS-​07-​2018-​0133 (2019).

	17.	 Krishna, M. V., Ahamad, N. A. & Chamkha, A. J. Hall and ion slip effects on unsteady MHD free convective rotating flow through 
a saturated porous medium over an exponential accelerated plate. Alexandria Eng. J. 59(2), 565–577. https://​doi.​org/​10.​1016/j.​aej.​
2020.​01.​043 (2020).

	18.	 Selimefendigil, F., Öztop, H. F. & Chamkha, A. J. Role of magnetic field on forced convection of nanofluid in a branching channel. 
Int. J. Numer. Meth. Heat Fluid Flow 30(4), 1755–1772. https://​doi.​org/​10.​1108/​HFF-​10-​2018-​0568 (2020).

	19.	 Kumar, D., Singh, A. K. Effect of Newtonian heating/cooling on hydromagneticfree convection in alternate conducting vertical 
concentric annuli. In: Applications of Fluid Dynamics, Lecture Notesin Mechanical Engineering (2017). Doi:https://​doi.​org/​10.​1007/​
978-​981-​10-​5329-0_​13

	20.	 Gireesha, B. J. & Sindhu, S. MHD natural convection flow of casson fluid in an annular microchannel containing porous medium 
with heat generation/absorption. Nonlinear Eng. 9, 223–232 (2020).

	21.	 Chamkha, A. J. Mixed convection flow along a vertical permeable plate embedded in a porous medium in the presence of a trans-
verse magnetic field. Numer. Heat Transf. Part A: Appl. 34(1), 93–103 (2007).

	22.	 Chamkha, A., Gorla, R. S. R. & Ghodeswar, K. Non-similar solution for natural convective boundary layer flow over a sphere 
embedded in a porous medium saturated with a nanofluid. Transp. Porous Media 86(1), 13–22 (2011).

	23.	 Veerakrisha, M., Subba Reddy, G. & Chamkha, A. J. Hall effect on unsteady MHD oscillatory free convection flow of second grade 
fluid through porous medium between two vertical plate. Phys. Fluids 30, 023106 (2018).

	24.	 Mahmoudi, Y., Hooman, K., Vafai, K. (2020). Convective Heat Transfer in Porous Media (New York, USA: Taylor & Francis Group, 
LLC CRC Press)

	25.	 Zhu, J. et al. Effects of slip condition on MHD stagnation-point flow over a power law-stretching sheet. Appl. Math. Mech. (English 
edition) 31(4), 439–448 (2010).

https://doi.org/10.1016/S0017-9310(01)00342-8
https://doi.org/10.1016/j.icheatmasstransfer.2020.104494
https://doi.org/10.1016/j.icheatmasstransfer.2020.104494
https://doi.org/10.1016/S0020-7225(02)00016-2
https://doi.org/10.5281/zenodo.265200
https://doi.org/10.1016/S0142-727X(00)00031-X.
https://doi.org/10.36348/sjet.2021.v06i10.006
https://doi.org/10.1108/MMMS-07-2018-0133
https://doi.org/10.1016/j.aej.2020.01.043
https://doi.org/10.1016/j.aej.2020.01.043
https://doi.org/10.1108/HFF-10-2018-0568
https://doi.org/10.1007/978-981-10-5329-0_13
https://doi.org/10.1007/978-981-10-5329-0_13


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11989  | https://doi.org/10.1038/s41598-022-16064-y

www.nature.com/scientificreports/

	26.	 Wang, C. Y. Flow due to stretching boundary with partial slip: an exact solution of Navier–Stokes equation. Chem. Eng. Sci. 57(17), 
3745–3747 (2002).

	27.	 Ariel, P. D. et al. The flow of an elastico-viscous fluid past a stretching sheet with partial slip. Acta Meccanica 187(1–4), 29–35 
(2006).

	28.	 Zhu, J. et al. Hydrodynamic and axisymmetric slip stagnation: point flow with slip and thermal radiation and temperature jump. 
J. Mech. Sci. Technol. 25(7), 1837–1844 (2011).

	29.	 Chen, C. H. Forced convection over a continuous sheet with suction or injection moving in a flowing fluid. Acta Mech. 138(1–2), 
1–11 (1999).

	30.	 Chen, C. H. Heat transfer characteristics of a non-isothermal surface moving parallel to a free stream. Acta Mech. 142(1–4), 
195–205 (2000).

	31.	 Sheikholslam, M., Rashid, M. M., Hayat, T. & Ganji, D. D. Free convection of magnetic nano-fluid considering MFD viscosity 
effect. J. Mol. Liq. 218, 393–399 (2016).

	32.	 Hamza, M. M. Free convection slip flow of an exothermic fluid in a convectively heated vertical channel. Ain Shams Eng. J. 9, 
1313–1323. https://​doi.​org/​10.​1016/j.​asej.​2016.​08.​011 (2016).

	33.	 Makinde, O. D. Similarity solution of hydromagnetic heat and mass transfer over a vertical plate with a convective surface bound-
ary condition. Int. J. Phys. Sci. 5(6), 700–710 (2010).

Acknowledgements
The valuable suggestion and comment by reviews as well as management editorial board are highly appreciated.

Author contributions
M.M.H conceptualization and formulation of the problem as well as methodology. S.A. Do the computation, 
analysis, validation and writing of the manuscript. A.S.K. Do the editing and supervision.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​16064-y.

Correspondence and requests for materials should be addressed to A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1016/j.asej.2016.08.011
https://doi.org/10.1038/s41598-022-16064-y
https://doi.org/10.1038/s41598-022-16064-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unsteady MHD free convection flow of an exothermic fluid in a convectively heated vertical channel filled with porous medium
	Mathematical structure
	Steady state. 

	Method of solution
	Numerical solution
	Discussion of findings
	Conclusion
	References
	Acknowledgements


