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ABSTRACT

Velocity slip effect on unsteady Magnetohydrodynamic (MHD) flow of Casson
fluid in the presence of Soret and heat source mechanisms has been studied. The
governing equations are: momentum, energy and mass equations. The governing
partial differential equations (PDEs) of the problem are transformed from
dimensional to dimensionless forms using appropriate variables. The non-linear
coupled PDEs are solved analytically by regular perturbation method to obtain the
velocity, temperature and concentration of the fluid. The coefficients for skin-
friction, Nusselt and Sherwood numbers were also derived. Computations were
performed for important flow parameters viz. Thermal diffusion (Soret), heat
source parameter, magnetic field parameter, Prandtl number, thermal radiation,

37N10 thermal and mass Grashof number and Schmidt number which were graphically
shown and discussed. The obtained results have been validated with published
studies. The most significant conclusion of this work is that as Soret number and
Casson parameter increase the velocity of the fluid becomes higher while a reverse
trend is seen as heat source parameter is increased. Additionally, the mass boundary
layer of the fluid rises due to an increase in Soret parameter while an opposite trend
is observed in the temperature of the fluid because of increase in the heat source.

1. Introduction

The fluid is a specific type of matter which easily goes under deformation when an external force is
applied, and it has no particular shape. Mainly, fluids are partitioned as Newtonian fluid and non-Newtonian
fluids. Non-Newtonian fluids have numerous practical and industrial applications, and such fluids involve
honey, blood, greases, oils, and food stuff (Anwar et al., 2021). The boundary layer problems are given
more consideration nowadays, this may not be unconnected with roles it plays in the areas of technology,
engineering and industrial applications. Radiation effects on heat and mass transfer are of greater importance
in many processes and have, therefore, received a considerable amount of attention in recent time, for
example nuclear reactor, solid matrix heat exchanger, thermal insulation, surface catalysis of chemical
contaminants in various processes, storage of nuclear waste materials, grain storage and drying and many
others (Ahmad & Sarki, 2023). It is applied in engineering fields and physiology such as transpiration,

cooling gaseous diffusion and blood flow in arteries. The flow through the porous media occurs on the
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ground water hydrology. Irrigation and drainage problems are critical areas of greater concern, henceforth,
scientific treatment of the problems of irrigation, soil erosion and tile drainage are some of the recent
developments of porous media. Several researches indicated significant effects of slip condition on many
problems of physical interest, among which are boundary layer flow control, plasma studies, geothermal
energy extraction, metallurgy, chemical, mineral and petroleum engineering to mention but few (Ahmad &
Sarki, 2023). The Casson type of fluids can be classified as non-Newtonian containing a yield stress which
needs to be overcome followed by shear-thinning where viscosity is reduced as shear rate is increased. It
was initially introduced to account for the flow of ink on the printing surface (Casson, 1959), which is now
commonly used for modelling blood, chocolate, honey, polymers and other polymeric substances.
Moreover, Casson fluids also have wide applications. Its importance among non-Newtonian fluids lies in its
capability to mimic dual effects of yield stress and shear thinning which makes it applicable widely for
biological and industrial processes where both effects are of utmost importance. For example, considering
the blood's flow characteristics, the Casson model is applicable in hemodynamic since it applies to small
vessels and explains the character of blood flow which is dependent on turbulence viscosity and yield stress.
In engineering applications, Casson fluids provide an understanding of flow behavior characteristics of
practice being a flow above a certain point is required and lock for processes involving more than one fluid
the flow rate is of utmost importance. Due to their unique properties, Casson fluids are fundamentally
important for modelling and optimizing numerous processes that require a greater degree of control over
fluid dynamics. Casson fluid properties, which closely mimic blood flow in capillaries, are particularly
relevant for designing biomedical devices like artificial organs. Additionally, studying heat and chemical
reactions in fluid flows contributes to understanding pollutant dispersion from industrial sources and
improving combustion efficiency to reduce emissions (Krishna & Reddy, 2025). In their study, numerical
computations were performed to analyze the unsteady mixed flow of Casson fluid over an oscillatory slanted
plate embedded in a permeable medium, under the influence of an angled magnetic field, heat source,

thermal radiation, thermos diffusion, diffusion thermo, and chemical reactions.

Magnetohydrodynamics (MHD) is a discipline of physics that discusses the properties of an electrically
conducting fluid when it is exposed to a magnetic field. Numerous industrial applications can be found for
these MHD principles, such as flow meters, generators, and MHD Pumps. MHD principle is well-
exemplified by dynamo and motor. Many researchers are interested in MHD topics such as geophysics,
Astrophysics, and plasma physics among others, and also find in biology and medicine (Goud & Reddy,
2022). Chaudhary ef al. (2025) investigated the magnetohydrodynamic boundary layer flow of Casson fluid
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due to a moving permeable plate with Soret and Dufour impacts. Rajakumar et al. (2020) examined
influence of radiation absorption and viscous dissipation on MHD free convective flow of Casson fluid
model past a semi-infinite vertical porous plate. Multiple regular perturbation law was utilized for solving

non dimensional governing equations.

Goud et al. (2023) discussed the impacts of velocity, temperature, and solutal slip on the mass and heat
transfer characterization of MHD mixed convection Casson fluid flow along an exponential
permeable stretching surface with chemical reaction, Dufour and Soret effects. The Casson fluid is supposed
to flow across an exponentially stretched sheet, together with the exponential temperature and concentration
fluctuations of the fluid. Akolade et al. (2021) investigated Soret—Dufour and multislip's impact on
magnetohydrodynamics (MHD) Casson fluid flow encompassing variable thermophysical features in the
nonlinear convection process is analyzed. It is believed that to any effective heat and mass transfer
enhancement, the relaxation of such fluid and material time along with the thermo-physical features, are
well estimated. In their model, a magnetic field of nonuniform strength is applied perpendicular to the
slendering sheet with variable thickness, and nonlinear convection flow is considered in this generalized
heat flux examination. Usman et al. (2022) discussed the impact of a chemical reaction and a magnetic field
on unstable natural convection flow in a vertical porous channel. Babu et al. (2018) explained how the Soret
and Dufour effects affect mass and heat transfer in chemically reacting MHD flow via a wavy channel. A
study conducted by Uwanta and Hamza (2014) investigated the influence of the Soret and Dufour effects
on the flow of free convective heat and mass transfer in a channel with constant suction and viscous
dissipation. Then again, mass flux is able to be made by a temperature gradient as was recognized by Soret.
This is the thermal-diffusion effect (Srinivas et al., 2022). Furthermore, a phenomenon of thermo-diffusion
in liquids was presented by Soret in 1879, and observed that concentration gradient is a happen cause of
temperature gradient in a direct diffusion. In several applications, the effect of Soret is often neglected, since
the order of magnitude is smaller than the effect described by Fourier’s and Fick’s laws. However, the effect
become significant when the species having lower density than the surrounding liquids are introduced at
surface of fluid medium. Also, such effect plays a vital role in the field of geosciences, oceanography,
chemical engineering and air pollution (Ullah et al., 2017). The Soret effect is a balance between thermal

diffusion and mass diffusion (Jangid and Kolla, 2025).

Heat generation can be used in post-accident heat removal, fluids undergoing the exothermic process,
and cooling of electronic components (Ahmad et al. 2023). Moreover, effects of heat generation/absorption

on free convection MHD flow has considerable importance for many scientific and engineering applications.
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On the other hand, flow in porous media has practical applications in heat removal from nuclear fuel, debris,
underground disposal of radioactive waste material, storage of food stuffs, paper production, oil exploration
etc (Kataria & Patel, 2019). The heat generated by the internal source can cause a temperature increase
within the system and alter its thermal behavior. Internal heat sources play a crucial role in both natural and
industrial processes. For example, in nuclear reactors, the heat generated by nuclear reactions is used to
generate electricity. In combustion engines, the heat generated by fuel combustion drives the engine. In
materials processing, such as welding and casting, heat generated by electrical resistance or chemical
reactions is used to melt and. join materials. The heat generated by the internal source can create a
temperature gradient, which can cause thermal stresses and material deformation. Therefore, understanding
the behavior of internal heat sources is essential in designing and optimizing processes that involve heat
generation, such as energy production and materials processing, to ensure the safety and effectiveness of the
systems. Fluid flow problems with internal heat source has been investigated extensively (Vinod et al.,
2024). Ojemeri et al. (2024) presented an analytical investigation of a chemically reactive hydromagnetic
fluid affected by heat generation/absorption flowing across a superhydrophobic microchannel that is heated
alternatively. In addition, Ojemeri and Onwubuya (2023) described the analysis of steady mixed convection
flow of Arrhenius-controlled chemical reaction and an exothermic fluid along an isothermally heated

superhydrophobic microchannel due to heat source/sink.

In applied mathematics, perturbation theory comprises methods for finding an approximate solution to
problem, by starting from the exact solution of a related simpler problem. A critical feature of the technique
is a middle step that breaks the problem into ‘solvable’ and ‘perturbative’ parts. In perturbation theory, the
solution is expressed as a power series in a small parameter. The first term is the known solution to solvable
problem. Successive terms in the series at higher powers usually become smaller. An approximate
‘perturbation solution’ is obtained by truncating the series at higher powers, usually by keeping only the
first two terms, the solution to the known problem and the ‘first order’ perturbation correction. Perturbation
theory is used in a wide range of fields and reaches its most sophisticated and advanced forms in quantum
field theory. Perturbation theory describes the use of this method in fluid mechanics. The field, in general

remains actively and heavily researched across multiple disciplines (Kodi & Mopuri, 2022).

Recently, Patel (2025) studied motion with quadratic speed on the unsteady free convective MHD
Casson fluid flow in a porous medium. The fluid in electrically conducting and bounding plate has ramped
the surface concentration. The characteristics of heat and mass transfer are analyzed with thermal diffusion,

heat generation, chemical reaction, and thermal radiation. Manthramurthy & Vempati (2025) researched on
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the thermal and mass transfer properties of a magnetohydrodynamic Casson nanofluid flowing over a
nonlinear porous stretching sheet subjected to a magnetic field. Their study considered chemical reactions,
thermophoresis, non-uniform heat sources or sinks, and the Soret and Dufour effects. Furthermore, their

analysis incorporated various slip parameters and a convective boundary condition.

The purpose of this paper was to analyze an important role of velocity slip effect on unsteady MHD
flow of a Casson fluid flow past over a vertical plate in the presence of Soret parameter has been studied
with heat source. This study is an extension of Anwar et al. (2021). The governing equations are solved by
regular perturbation technique to obtain expressions for the velocity, temperature and concentration. Skin-
friction, Nusselt and Sherwood numbers were also computed. The effects of important parameters on the

velocity, temperature and concentration profiles were shown graphically and discussed.
2. Mathematical Formulation

Imagine the two-dimensional unsteady flow of an electrically conductive Casson fluid along an upright
permeable plate affected by thermal radiation and suction impacts. The x' — axis and y' — axis are taken
along the plate in the vertical upward and perpendicular direction to the plate respectively as illustrated in
the schematic diagram (See Figure 1). It is assumed that a uniform strength By is introduced transversely
and normal to the plate, with no applied voltage signifying the absence of an electric field. Following Raju
et al. (2016) and Anwar ef al. (2021), and obeying the Boussinesq approximation, the governing equations

of this current investigation can be expressed as follows:

4 x
w=Upt w=0
g
h ;
T=T. '
—> y
C=Cv C=Cy
z y=0 yv=h

Figure 1: Schematic Diagram of the Flow System
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The radiative heat flux term is simplified by making use of the Rosseland approximation as
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Here, O is Stefan — Boltzmann constant and k* is the mean absorption coefficient. It is assumed that

. s . 4 .
the temperature differences within the flow are sufficiently small so that T" can be expressed as a linear

. . . 4 .
function of T after using Taylor’s series to expand T~ about the free stream temperature T. and neglecting

higher — order terms. This results in the following approximation:

T4 =417 -3T;

(7)
Using equations (6) and (7), in the second to the last term of equation (3), we obtain:
69, 160T7 0°T

- * 2
o0& 3k o0& )
Introducing equation (8) into equation (3), we have:
T aT o°T  160T° 07T ©)
ol v =K+ = q —T-)
or o0& o0& 3k pC p 08
We define the following dimensionless quantities:
kg 2
§:§u—°,u*=u—,r*:w° ,ng T, 5= Cc-C,
)] u, v T,-T, C,-C, (10)
Substituting equation (5) and using equation (1), equations (2), (4) and (9) become:
. . -
6U* -S 6U* _[1+1]0 liz M1 L U™ +Gré+Gms
ot o0& p ) o& £ K
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2
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2 2
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The corresponding initial and boundary conditions in non-dimensional form become:
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3. Analytical Solutions

The equations (11) to (13) are coupled non-linear PDEs in dimensionless form. To solve these equations

subject to the boundary conditions (14), dropping the (*), we assume solutions of the form:

U (&,7)=U,(&) +U,(§)ee™ +0(e)

15)
T(&,7)=6,(8)+6,(5)ee™ +0(s) (16)
C(&7)=6(8)+8,(H)ee™ +0(e) (17)

Uy U 6 6 & o

where expressions for are to be determined. Furthermore, other higher terms

of € will be neglected i.e. only the first two terms are considered.
Substituting equation (15) to (17) into (11) to (14), gives:

.S Gr Gm
U, U, +—-UY,— U, =——6,——95,
A A A (18)
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U, :y, §Ui—(M+ZJU1 =_ﬂ91_6_m51

y) A A A (19)
6,6, +E6{) —PL(I}HO =0

¥ ¥ (20)
00+ Prs ei_(ler . Pr¢j6’1 0

% /4 b4 (21)
8, 1 8, + S¢S, — ScKes, = —ScSrd, (22)
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The boundary conditions are:
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g
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Solving equations (18) to (23) subject to boundary conditions (24), the solutions for the velocity,

temperature and concentration are as follows, respectively:

U(S,7)=Bye b & B.e b 814('346éz +Bje et (Bye” e Blst':rfﬁz r BlgeifS{: " Bzoeif‘tg)geth

(25)
05 r)=e "> +(e " )ae™ (26)
5(5,2’) = Bae*feéz + B7e—fz§ + (Bge*fsif + Bloe—f4§)&eiwt (27)

The Skin-friction, Nusselt and Sherwood numbers respectively are as follows:

dU* iw
Cf = _[Ej = _floBlz - f2813 - feBl4 - f2815 _(flzBﬂ + f4Bla + fBBlQ + fztho)‘se t
£=0
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(28)
Nu :_(d_ﬁ] =-f, _(f4)5ei""t
dé £=0 (29)
Sh:_(gﬁ] =—fsBs — f,B, —(fsBy + ftlBlo)‘geiWt
£) s (30)

4. Result and Discussion

The velocity slip effect on unsteady magnetohydrodynamic (MHD) flow of Casson fluid in the presence
of soret and heat source mechanisms has been formulated and solved analytically. The regular perturbation
method was used to solve the governing equations of the flow field analytically. To have physical
understanding of the problem, the velocity, temperature and concentration fields, numerical values have

been assigned to the parameters of the flow.
4.1 Velocity profiles

Figure 1 displays the velocity profiles for different suction (S). The flux of the fluid in the boundary
layer deceases when the intensity of the suction increases. Figure 2 shows velocity profiles for different
values of Casson parameter (). It is seen that larger value of Casson parameter lead to higher velocity
profile which means there is larger thickness in the momentum boundary layer. In the case of varying values
of Grashof number in mass transfer (G,,,), the profiles of the velocity of the boundary layer is presented in
Figure 3. As predicted, the fluid velocity is boosted and its maximum value is more pronounced when there
is an increase in the buoyancy force G,, where by with a rise in G,,, there is also a rise in the velocity. Figure
4 presents the velocity profile for different values of Grashof number in the heat transfer (G,). It is found
that as G, rises the velocity of the fluid increases. In the boundary layer, the velocity starts by increasing to
a maximum, and slowly decreases. Physically, Grashof number indicates thermal buoyancy characteristic
of a fluid flow. The greater it gets, the more the buoyant force brought about by the temperature gradient
acts upon the fluid, thereby increasing its velocity rate in the vicinity of the heated surface. The peak velocity
occurs in the boundary layer where the forces of buoyancy prevail over that of viscosity. Figure 5 depicts
the velocity profiles for different values of magnetic field intensity (M). The flux of the fluid in the boundary
layer decreases when the intensity of the magnetic field increases. The opposing direction of the fluid’s flow

is affected by the Lorentz force, which is the cause of this phenomenon. The fluid’s velocity is accelerated,
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leading to a perceptible dragging impact. The use of permeability parameter (K) in the velocity profile can
be graphically represented as shown in Figure 6. The velocity boundary layer gets thicker as K increases.
Physically, in the porous medium modeled as non-porous, i.e. ignoring the pore structure, the greater the K,
the smaller the resistance in the medium. This will allow fluid to enter deeper which will subsequently
increase the velocity boundary layer. Figure 7 illustrates the impact of Soret number (S, )on the velocity
profiles. It is observed that the velocity increases as S, becomes significant. The impact of chemical reaction
parameter (K.) on the velocity profile is presented in Figure 8. It is evident that the momentum boundary
layer becomes lower as (K ) is increased. The velocity profiles of Figure 9 demonstrate the velocity profiles
at some Schmidt number (S¢). The velocity decreases with increase in S¢. Figure 10 displays the velocity
profiles for different values of (P,). It is notice that the velocity decreases as P, rises. In Figure 11, the
impact of heat absorption parameter on the velocity profiles is shown. It is clear that the velocity boundary
layer decreases when the heat absorption is increased. Figure 12 connotes the velocity profile for varied
values of radiation parameter (R). It is seen that higher value of R lead to rise in the velocity of the fluid.
Figure 13 shows the effect of velocity slip on the velocity of the fluid. It is evident that higher values of the

velocity slip parameter cause a rise in the fluid velocity.
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Figure 1: Velocity profile for different values of S.
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4.2 Temperature profile

Figure 14 represents the impact of S on the temperature profiles. It is found that increase in suction
causes an increase in the thermal boundary layer of the fluid. The influence of the Prandtl number on the
temperature field is displayed in Figure 15. Because the heating capacity of the fluid reduces with increase
in Pr, causing the boundary of the thermally layer to be thinner. It is obvious that increase in Prandtl value
will decrease the temperature of the fluid. Figure 16 displays velocity profiles for different values of ¢. It is

seen that the momentum boundary layer decreases as ¢ become significant. Figure 17 discovers the effect
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of radiation factor on the temperature. It shows that responsive manipulation of the radiation parameter R
(which represent intensity of heating energy or radiative heat input) produces different effects on the fluid
temperature distribution. With increase in R, i.e. when more radiative heat is introduced, the area around the
boundary region gets far warmer. This is the case since the radiation directly introduces thermal energy into

the fluid, increasing its temperature within the boundary layer.
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Figure 16: Temperature profile for different values of ¢.
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Figure 17: Temperature profile for different values of R.

4.3 Concentration profile

Figure 18 depicts the effect of suction on the concentration profiles. It is seen that the concentration of
the fluid becomes lower as suction becomes significant. The concentration profiles of Figure 19 demonstrate
the concentration profiles at some Schmidt values. The concentration decreases with increase in Schmidt
value (Sc). The causes a narrower concentration boundary layer and reduced penetration of a solute in the
fluid. Because the steeper concentration gradients are associated with slower diffusion of mass with
increasing Sc. This causes a narrower concentration boundary layer and reduced penetration of a solute in
the fluid. Figure 20 shows the plot of the concentration profiles for different values of Soret number. It is

seen that the mass boundary layer decreases as St is increased. Soret effect or thermal diffusion refers to
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mass flow developed because of differences in temperature. The Soret effect accelerates the mass transfer
between the fluid through the fluid space, hence, making the fluid to have a lowered concentration. The
effect of chemical reaction on the concentration of the fluid is depicted in Figure 21. It is clear that the fluid’s

concentration rises and the chemical reaction parameter is increased.
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Figure 18: Concentration profile for different values of S.
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Figure 19: Concentration profile for different values of Sc.
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Figure 20: Concentration profile for different values of Sr.
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Figure 21: Concentration profile for different values of Kc.

5. Conclusion

The current paper gives the analytical solution of velocity slip effect on unsteady Magnetohydrodynamic
(MHD) flow of Casson fluid in the presence of Soret and heat source mechanisms. Specifically, the
governing boundary layer equations are made up with suitable boundary conditions. The boundary layer
equations are simplified and non-dimensionalized. The velocity, temperature and concentration have also
been expressed which was achieved by regular perturbation method. The influence of the relevant
parameters on the velocity, temperature and concentration profiles are illustrated graphically. The most

significant conclusion are as follows:
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1. Setting the parameters, Soret, velocity slip and radiation equal to zero the results of Kateria and
Petal (2019) is gotten. Also, neglecting mass transfer and Soret effect in the present study agrees

with the research conducted by Anwar et al. (2021).

2. The velocity declines with the effect of the strength of magnetic field, suction, chemical reaction,
heat source and radiation and it grows in an increase in permeability parameter, Casson parameter,

Soret number, velocity slip parameter, mass and thermal Grashof numbers.

3. The temperature and the thickness of thermal boundary layer decrease with an increase in the

radiation, Prandtl number, heat source and suction.

4. The concentration reduces the Schmidt number, chemical reaction and suction increases but

increases as Soret number becomes significant.
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