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Abstract

This study aimed to simulate the thermochemical effects on unsteady magnetohydrodynamic (MHD) fluid flow in a two-dimensional nonlinear
permeable medium under the influence of an external space-dependent magnetic field and a non-uniform heat source. Fluid flow is crucial in
numerous natural and man-made systems, yet its complexities, especially in MHD contexts, are underexplored. The models momentum, energy, and
concentration equations, accounting for the dependence of fluid and media properties, were transformed into nonlinear coupled ordinary differential
equations using similarity transformations. These equations were solved numerically using the shooting technique, the sixth-order Runge-Kutta
Fehlberg method, and Newton-Raphson method, supported by Maple software. Computational results were generated for velocity, temperature,
and concentration profiles. The skin-friction coefficient, Nusselt Number (which represents heat transfer rate), and Sherwood Number (indicating
mass transfer) were also evaluated. The results indicated that velocity increased with the magnetic field parameter, permeability, thermal and mass
Grashof Numbers, Prandtl Number, radiation, mass transfer parameters, and wall porosity. Conversely, velocity diminished with an increase in
Schmidt Number, space and temperature-dependent heat generation parameters, and unsteadiness. The fluid temperature followed a similar trend,
decreasing with increased magnetic field, permeability, Grashof numbers, and other parameters but showed a reverse effect when radiation and
unsteadiness were high. Fluid concentration initially increased with smaller parameter values but declined with larger ones. The findings suggested
that optimizing thermophysical parameters can significantly enhance heat and mass transfer in unsteady MHD flow through permeable surfaces,
making the results relevant for biomedical applications.
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1. Introduction

Fluid flow is vital in various natural phenomena and engineered systems, including the life cycles of stars, atmospheric formation,
and energy production. Magnetohydrodynamic (MHD) flows, which involve the movement of magnetized electrically conducting
fluids, have gained significance in multiple disciplines such as engineering, technology, astrophysics, geophysics, and nuclear sci-
ence. These flows, characterized by heat and mass transfer, are observed in diverse environments, including the atmosphere, bodies of
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water, and quasi-solid materials [1]. In industrial applications, MHD effects are often utilized to address complex challenges, such as
designing liquid metal blankets for thermonuclear fusion-fission hybrid reactors in nuclear engineering. Nonlinear permeable media
also hold considerable value in academic, industrial, and medical fields, with applications in processes like transportation, glass-
blowing, plastic sheet extraction, and hot rolling. Research is increasingly focused on nonlinear effects found in various materials,
including gases, liquids, and solids. Examples of these nonlinear phenomena include nonlinear photo-absorption, harmonic genera-
tion, frequency mixing, self-focusing, nonlinear photoionization, photo-dissociation, and phase conjugation. Such nonlinear effects
can significantly alter temperature distributions within fluid masses, influencing particle deposition rates and finding applications in
biomedical devices, nuclear reactors, electronic chips, and semiconductor wafers [2, 3]. Fluids move through media, carrying heat
and chemicals to different regions. The volume of fluid at open boundaries is determined by changes in temperature, concentration,
and pressure, while the cross-sectional area is typically infinitesimally small [4]. Models of (MHD) fluid flow with functional de-
pendency are more realistic, although they are frequently avoided due to the complexity and nonlinearity of the governing equations
[5, 6]. Numerical approximation is a starting point for developing solutions using computer programming to investigate heat trans-
mission and chemical reaction behavior in media. This study intends to model the thermochemical consequences of unsteady MHD
fluid flow in 2D nonlinear permeable medium with an external magnetic field intensity and a non-uniform heat source. The research
focuses on creating nonlinear mathematical models, developing numerical methods, analyzing heat transmission and mass transfer
and investigating thermochemical parameters. Magneto hydrodynamics (MHD) is important in engineering, notably in micro Elec-
trochemical Systems (MEMS), for applications like as quick mixing of biological fluids, biological transportation, and medication
delivery. It generates a Lorentz force, which regulates electrically conducting fluid flow [7, 8]. In medical science, it is employed
in transport processes such as the lungs, kidneys, gall bladders, arteries, and small blood vessels. Medical surgeons, radiologists,
and researchers may be interested in the study’s conclusions for managing blood flow during surgery, decreasing electromagnetic
radiation, and evaluating the accuracy of theoretical works. The study aims to investigate the thermochemical effects on unsteady
MHD flows in a permeable media, considering the effects of heat and mass transfer on MHD fluids flow. This study aims to ad-
vance the understanding of magnetohydrodynamic (MHD) fluid flow in nonlinear permeable media, which is crucial for optimizing
fluid dynamics in applications with specific requirements for flow and heat transfer. Modeling MHD flow in a nonlinear permeable
medium has significant relevance in biomedical applications such as targeted drug delivery systems, where magnetic fields control
the movement of therapeutic agents and in industrial settings, where controlled heat and mass transfer are essential for system stabil-
ity. This work focuses on how magnetic and thermal gradients influence fluid properties in permeable media, aiming to fill a gap in
existing research regarding unsteady, nonlinear MHD flows.

In media, pipes are not explicit that can be used for measurements. The fine capillary like veins or pores through which the fluid
flows are not of any uniform cross-section nor can they be said to be rigid. The consequence is that the flow parameters of media and
fluids such as permeability of the media, viscosity, thermal diffusivity and mass diffusivity of fluid will depend on the momentum,
temperature, concentration, pressure etc. [9]. In recent time, there is high level of cardiac attack which is attributed to atherosclerosis.
The models of MHD fluids flow incorporating functional dependence of fluid and media properties are practically more realistic but
are often avoided in the literature due to the complexity and nonlinearity of the media and governing equations. In some attempts,
where nonlinearity is retained in the models, they are indirectly avoided at the solution stage through the process of linearization.
This is like abandoning the problem at hand to pursue the ghost of it.

A research analysis on the effects of chemical reaction on unsteady MHD free convective two immiscible fluid flow was studied
[10]. The results found out that the increase in chemical reaction coefficients or parameter suppresses both velocity and concentration
profiles respectively. Ref. [11] Investigated the effect of MHD blood flow with velocity, thermal and concentration slip boundary
layer with time dependent magnetic field. The study revealed that as the various parameter increases, the velocity, temperature and
concentration of the blood increases. Refs. [11, 12] Investigated unsteady MHD blood flow with thermal radiation and chemical
reactions under time-dependent magnetic field intensity. Results show that velocity increases with permeability and unsteadiness
parameters, temperature increases with Prandtl and Hartmann numbers, and concentration decreases with Schmidt number. However,
the model has shortcomings, including assuming uniform heat generation, neglecting buoyancy force and at the solution stage, the
researcher abandoned the real system and pursuit the ghost of it.

Existing studies on the subject matter has largely failed to investigate the effects of heat and mass transfer of fluids with space
dependent magnetic field, space dependent velocity, porosity effect of the media and non-uniform heat generation. From the literature,
the studies on MHD fluids flow over the years have been by the use time dependent magnetic field and since it works very well. In
recent time however, the cardiac issues from people need a severed thought from the physical point of view. The theoretical analysis
used in the literature may not truly account for the cardiac problems that is alarming in the society. The application of external
space dependent magnetic field, stretching velocity, permeability and non-uniform heat generation to model the effects of heat and
mass transfer of fluids by fully retaining the intricacy of the fluids (blood) and media is to the best of our knowledge neglected in
the literature. This work aims at distorting current models, to address the consequences of heat and mass transport in a nonlinear
permeable medium.
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2. Materials and methods

2.1. Theoretical consideration
The unsteady MHD flow model equations are formulated using the following assumptions:

i. A fluid is Newtonian, incompressible, radiates heat, reacts chemically, and conducts electricity.

ii. Blood is assumed to be MHD fluid here.

iii. The flow is characterized as laminar and erratic, with a two-dimensional (2D) plane in the media.

iv. The media is fixed, two-dimensional, porous and permeable on the surface and may be subjected to fluid suction or injection.
v. The magnetic field is space-dependent and acts in the same direction as the fluid flow.

vi. The flow media moves with velocity along the abscissa at time.

The study investigates two-dimensional unsteady MHD, incompressible laminar flow in a nonlinear permeable media with an
external space-dependent magnetic field B(x) and a non-uniform heat source. The Lorentz force resists the flow in the presence of
the applied magnetic field. The coordinate system measures the x-axis along the stretching media, the y-axis orthogonal to it and the
fluid flow is occupied above the media for y > 0.

The external magnetic field B (x) may be modelled using the relationship below:

X n
B(x) =B, (—) . 1
(x) o (D
Here, B, is the magnetic field induction, x the distance along the media, € is the length of the media and n is a nonlinear stretching
power of the media. The flow is influenced by the media wall’s stretching motion, which can be modelled as follows:

o

where U, is the undisturbed velocity, x the distance along the media, Q2 is the length of the media and n is a nonlinear stretching power
of the media. The model depicts a magneto-hydrodynamic fluid stretched by a force in the flow direction, with surface temperature
T; and concentration C; fluctuating with distance from the media slit at time ¢.

T,(x) = To + D, (é) 3)

C,(x) = Cos + Dy (é) @

where T, is the temperature of the fluid far away from the surface of the media, C, is the concentration of the fluids far away from
the surface of the media, x the distance along the media, € is the characteristics length of the media, n is a nonlinear stretching power
of the media, and D and D, are positive constants.

2.2. MHD flow equations models
Mathematical modeling of fluid flow use partial differential equations to reflect physics conservation laws, which regulate physical
behavior under specified forces. Such as conservation of mass, Newton’s second law of motion, and the first law of thermodynamics.

2.3. Mass continuity equation model

ou 9v
—+—=0, 5
ox 0Oy )
where u, v are velocity components and x, y are coordinates.

2.4. Momentum equation model
The momentum equation model, based on Newton’s second law, states that the rate change of a fluid’s momentum is proportional
to the external force exerted on it, influenced by various forces like gravity, viscosity, pressure, and electrostatics.
ou ou ou Pu  oB2 () n
—tUu—+Vv—=n—-—u- u+ T-Ts)+ C-Cs), 6
o o TV ay n6y2 o - gbr ( )+ 8B ( ) (6)
Here, 7 is the viscosity of the fluid, and ; is the permeability of the media, g is the acceleration due to gravity, 87 is the thermal
expansion, 3. and is the thermometric concentration expansion. The space dependent permeability of the media y, is assumed to be
of the form:

nw=n(5). ™

where 7y, is the constant of permeability of the media, x the distance along the media, Q is the characteristics length of the media
and n is a nonlinear stretching power of the media. The nonlinearity of the media is retained because of the non-uniformity of the
permeability parameter.
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2.5. Energy equation model

The thermal energy equation model, based on the first law of thermodynamics, explains the rate of thermal energy change per

unit volume.
or ~ or  oT 0T 1 1

0
— tUu— +v— = + —A-——=1(q). 8
o " "ox v@y Qayz pCp g pcpay(Q) ®)
Here, k is the thermal conductivity, ¢, is the specific heat capacity of the fluid, A, = g Heat generation/absorption in the Sinha’s
models, ¢, is the radiative heat flux, p is the density of the fluid and « is the thermal diffusivity of the fluid.
The non-uniform heat generated or absorbed per unit volume in the media is calculated using the model below:

kU,
A =
X

[A" (T, - Ty e+ B (T - T))], ©)

where U, is the free stream velocity, ¢ is the similarity parameter A* and B* are non-dimensional parameters of space-dependent and
temperature-dependent heat generation/absorption [13]. The radiative heat flux q,, commonly known as the Rossland approximation,

can be modeled as: .
40"\ (0T
== —. 1
@ ( 3k*)(c”y) (10

Assuming that the differences in temperature within the flow are such that 7* can be expressed as a linear combination of the
temperature, we expand T# in Taylor’s series about T, as follow [13]:

T = T+ 4T3 (T = Too) + 6T > (T = Too)* + ... ... (11)
Linearizing the above equation, we have
T = 4T°T - 37", (12)
Injecting equation (12) into equation (10), we have:
160*To* T
= — . 13
a4 3k dy (13)

After the replacement of the heat flux ¢,, and heat generation parameter A, the energy equation (8) becomes:

ar  dT  oT PT  aU 1 1607"Ts> 8*T
tu—tv—=a— + —2 A (T = Te)é* + B (T - T)| + — ——= "=,
or " "ox VBy (xayz xn [ ( e ( )] pc, 3kt 9y?

(14)

2.6. Concentration equation model
The concentration of certain chemical components in fluids occurs at the body surface due to thermal equilibrium conditions,
forming the concentration equation model of flow [11].

ac  oC  oC 0*C

— — —=D,— —-6(C—-Cy). 15

o Tiax Ty T Pnigr O ) (1)
Here, D,, is the mass diffusivity of the fluid, and § is the reaction rate of the fluid.

2.7. The boundary conditions
The boundary conditions to the model equations for the simulation are:

ux,0=U;,v=0,T(x0) =T, C(x,0)=C; (16)
u(x,0) =0,v=0,T(x,0) = Teo, C(x,00)=Cx
2.8. The stream function
In order to remove the continuity equation, a stream function ¢ is introduced that satisfies the following relation:
y
Y (x,y,0) = f udy, a7
0
such that
0
u(x,y, 0= 6_(;/
0
v(x,y,t)z——w. (18)
ox
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2.9. Non dimensionalization of the model equations

To represent several transport mechanisms in fluid dynamics, it is useful to state the conservation equations in non-dimensional
form. The flow equations represent a system of coupled PDEs that are difficult to solve analytically. Similarity transformations
are frequently used to convert such PDEs to a set of ODEs. The transformation to ODE was performed using the following non-
dimensional variables:

_ =
Ty
y=gV
t=1r
L(x,y,0) =cirl (19)

F@ =Y
00 = 1

D) = C Cf

Here, x*, y*denotes dimensionless coordinates, * non-dimensional time, c¢ is the unsteadiness of the flow, ¢ is dimensional stream
function, ¢ is the non-dimensional distance normal to the media of the flow, f is the non-dimensional stream function, c is the
unsteadiness parameter, € is the non-dimensional temperature of the fluid and ® is the non-dimensional concentration of the fluid.

2.10. Transformation of the model equations for simulation

The approach of similarity transformations with non-dimensional variables equation (19) yields the local solution to the momen-
tum model, heat equation model and concentrations equation model (6), (8) and (15), in non-dimensional ODEs (20), (21) and (22),
respectively.

” 1 {: " ’ 1 2
xf —(Tf—if—if)f —(r=-M-ys)f +of Y0+ ya® =0, (20)
LR +(p+ 1f g |A*e“+ B°0] = nf 0+ nf =0 (21)
— — [ —-n nf =
1\ pr ) prl” ¢ ’
. 1 / / /
Sicp +(p+§f)(l) 465D —nfO+nf =0, (22)
c
P e e , pre ()
where 7 = L be unsteadiness parameter, y = ¢ = M- = R be magnetic field parameter, y3 = T
0 QP 0

*2
be permeablllty parameter, y; = '7; fﬁj (T — T) be thermal Grashof number and y,, = ”[’; fﬁ“ (Cs — Cy) be concentration Grashof
number, p = 1 Nx \F ,1 = \/fF, g = *=, Pr = 1 be Prandtl number and R = LM be radiation parameter, Sc¢ = - Schimidt
U I \F 3k*n Dy
et Vx*

number, g = f constant and 6" = chemical reaction parameter.

U2

2.11. The boundary conditions of the non-dimensional models

The boundary conditions corresponding to the simulations equations (20), (21) and (22) are given by:

£ =f, £ =1, 00)=0and @(0):0}. (23)

F@QO—=0 60—>0,0 ) —>0as{ — o

Here, f,, denote suction and injection parameters, respectively. If f,, > 0 connotes suction and f,, < 0 connotes injection.

2.12. Skin-friction, local Nusselt number and Sherwood number

The skin- friction coeflicient Cy , the rate of heat transfer coefficient (local Nusselt number Nu,) and the rate of mass transfer
coefficient (Sherwood Number Sh,) are the important parameters in thermal Engineering and Physics applications. They can be
obtained from the following relations [14]. The Skin-friction coeflicient Cis defined as:

Tw

Cy = , 24
£ e (24)
where 1, is the local shear stress which is defined as:
0
Tw = —M (_u) . (25)
dy y=0
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Table 1: Fluid properties.

Parameter Value Unit
Viscosity of Blood, i 320x 107 kgm s
Density of Blood, p 1.06 x 103 kgm™3
Specific heat capacity of blood, ¢,,  3.90x 10°  Jkg™'K~!
Electrical conductivity Blood, o 5.0x 107! Sm™!

Thermal conductivity of the fluid, & 120 x 1077 Wm™'K~!

The rate of heat transfer coeflicient or Nusselt number Nu, is defined as:

gwX
Nuy,=———, 26
= T — T (26)

where g, is the heat flux or the local heat transfer rate given as:

oT
Gw =~ (6_) : 27
Y /y=0
The rate of mass transfer coeflicient or Sherwood number Sh, is defined as:
My X
Shy = ———M—, 28
Dm (CW - Cm) ( )
where m,, is the mass flux or mass transfer rate respectively. It is given as:
ocC
m,, = =Dy, (—) . (29)
Jdy =0

2.13. Transformation of the skin-friction coefficient Cy Nusselt number Nuy coefficient and Sherwood number Shy Coefficient

The approach of similarity transformations with non-dimensional variables equation (19) yields the local solution to the Cg, Nuy
and Shy equations (24), (26), and (28), in non-dimensional ODE (30), (31), and (32), respectively.

£72x%3 Cpy = —f, (30)
" 'Nu, = -6, (3D
FSh, =@ (32)

In order to obtain the solutions numerically, it is pivotal to give the parameters in the problem under investigation some numerical
values. Here, we considered human blood at 37°C.

2.14. Simulation methods

The study employs the Runge-Kutta Fehlberg and Newton-Raphson methods, selected for their ability to solve nonlinear differ-
ential equations with both precision and efficiency. The Runge-Kutta Fehlberg method provides adaptive step-sizing that optimizes
accuracy while minimizing computational time, a critical consideration for modeling nonlinear MHD flows where dynamic changes
in fluid properties occur. The Newton-Raphson method enhances convergence, especially when dealing with highly nonlinear sys-
tems. While alternative methods, such as finite element and finite difference methods, are often used in similar studies, these methods
were chosen for balancing computational feasibility and accuracy. Additionally, potential limitations, such as step size sensitivity in
the Runge-Kutta Fehlberg method, were carefully managed to ensure stability in results. Tables 1-4 show the physiological results
for human blood at a temperature T of 310k based on the experimental studies of Ref. [15].

2.15. Computational flowchart

The following computational flowchart illustrates the systematic approach undertaken in this study to analyze unsteady mag-
netohydrodynamic (MHD) fluid flow within a nonlinear permeable medium. It outlines the key steps involved in, implementing
numerical methods, and examining the thermochemical effects related to heat and mass transfer. This visual representation serves
as a roadmap for the research process, ensuring clarity and coherence in the execution of the computational tasks necessary for
achieving the study’s objectives.
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Table 2: Simulation parameters.

Parameter Value Unit
Length of the media, Q 1.000 m
Unsteadiness constant, ¢ 0.833,4.1667, 12.50, 16.6667 57!
Undisturbed velocity, U, 0.005 ms~!

Rate of mass transfer, § 100.0 57!
Magnetic field,B, 0.0, 256.0, 296.6, 330 T
Reference permeability,y x107 5.0,6.0,7.5,12.0 m?
Roseland coefficients, k*x 107> 7.989875184, 2.663291728, 1.597975037, 0.7989875184 m~!
Thermal expansion coefficient, S 0.00043, 0.00088, 0.0016, 0.00213 K!
Concentration 1 expansion coefficient, 4.30, 6.40, 8.51, 10.63 dm>mol™!
Mass diffusivity D,, X 1073, 30.0, 6.0, 3.0, 0.1875 m2s7!
Stefan’s Boltman constant, o~ 5.67x 1078 Wm™2K™*
Surfaces temperature, T’ 310.0 K
Ambient temperature, T 320.0 K
Surface concentration, C, 0.01 moldm>moldm™
Surface concentration, Co, 0.02 moldm>moldm™>
Non-dimensional time, t* 1.000 -
Non-dimensional y-coordinates , y* 1.000 -
Non-dimensional x-coordinates , x* 1.000 -

Table 3: Computed parameters.

Parameter Value

Magnetic parameter, M 0.0,1.5,2.0,2.5
Unsteadiness constant, T 0.1,0.5,1.5,2.0
Permeability parameter, y;3 5.0, 8.0, 10.0, 12.0
Thermal Grassoff Number, y; 1.0,2.1,3.8,5.0
Concentration Grassoff Number, vy,, 1.0, 1.5, 2.0, 2.5
Prandtl Number, Pr 0.72, 10, 20, 25

Schimidt Number, Sc
Radiation parameter, R
Rate of mass transfer, §

0.01,0.05, 1.0, 1.6
10.0, 30.0, 50.0, 100.0
0.05, 5.0, 10.0, 12.0

D, q 1.0000000000
1 1.0000000000
Table 4: Boundary values.
Parameter Value
Wall porosity, fw 1.0, -0.1, -0.5, 3.0
Space dependent heat generation parameter, A* 0, -30, 5, 10

Temperature dependent heat generation parameter, B*

0.0, -50.0, 5.0, 15.0

3. Results

The physics that took place in the flow regime in the media is revealed in the present part for the computations of the velocity
field f (), temperature field 6 ({) and the mass concentration field @ ({) for various values of the flow parameters, which define the
flow features. Additionally, the skin friction coefficient Cy, Sherwood number Nu,, and Nusselt number Sh, are computed. The
following flow parameters are used to graph all of the results: M magnetic parameter, y; permeability parameter, y, thermal Grashof
number, vy, concentration Grashof number, Pr Prandtl number, Sc Schimidt number,R radiation parameter, 5* chemical reaction,
parameter f,, wall porosity of the wall, A*space dependent heat generation parameter, B* temperature dependent heat generation

parameter and 7 unsteadiness parameter.
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Figure 1: Computational flowchart.
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Figure 2: Velocity profile for comparison of presents results and literature works.

3.1. Temperatures profiles
The effects of parameter modifications on temperature distribution are presented in Figures 12-18.

3.2. Concentration profiles

The effects of parameter fluctuations on concentrations are shown in Figures 19-27.
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Figure 5: Velocity profile for different values of Prandtl number

3.3. Discussion of results
3.3.1. Velocity profiles

It is observed that, at the surface of the media, the fluid velocity is typically zero. It then grows to the specified undisturbed region
of the flow (free stream value), satisfying the far field boundary condition. Figure 2 shows the velocity profiles with comparison to
Refs. [7, 8]. It is noticed from Figures 2-4 and 6-8 that, as the magnetic parameter M, permeability parameter y3, Prandtl number Pr,
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Figure 8: Velocity profile for different mass transfer parameter.

radiation parameter R, mass transfer 0" parameter and wall porosity parameter fw increase, and the velocity profiles also increase.
All of these profiles increased rapidly and tend asymptotically to the unperturbed region of flow away from the media. The increment
of the profiles observed in Figures 2—4 and 8 leads to an increase in fluid mobility in the media surface. It also suggests that the
electromagnetic Lorentz force pushes the electrically conducting fluid in the direction of the permeable media surface. This explains
why an electrically conducting fluid in the micro scale system may be advanced by the magnetic field. It is also important to note that

10
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Figure 11: Velocity profile for different values of unsteadiness parameter.

the fluid is pushed in the same direction toward the media surface by buoyant force brought on by temperature differences, radiation
absorption, and fluid suction as noticed from Figures 2—4 and 8. We can see in Figures 5-10 that the velocity profiles decrease when
the Schimidt number Sc, space dependent and temperature dependent heat generation parameters A*, B* and unsteadiness parameter
7 increase. The decrease of the profiles could be explained by the combined effects of a drop in fluid thermal diffusivity and more
hot fluid being injected into the flow regime. The non-sensitivity of Prandtl Number to velocity profiles observed in Figure 4 may

11
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Figure 14: Temperatures profiles for different values of Prandtl number.

be attributed to dominant momentum diffusion, decoupling of momentum and thermal transport and non-linear interactions between
momentum, heat, and mass transport. When the momentum diffusion is much faster than thermal diffusion, the Prandtl number
becomes less sensitive and non-linear interactions between momentum, heat, and mass transport can reduce the sensitivity of profiles

to the Prandt]l number.

12
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Figure 17: Temperatures profiles for different values of space dependent heat generation parameter.

3.3.2. Temperatures profiles

Similar trend of a decline in the fluid temperature and temperature profiles is observed in Figures 16 and 17 when space dependent
heat generation parameter A* > 0 and temperature dependent heat generation parameters B* > 0. The declined in the temperature
profiles observed in Figures 12, 15-17 were due to Joule heating, also known as Lorentz heating because of the applied magnetic field
and heat generated by fluid, which induce an extra heat source in the flow system which raises the fluid’s temperature in the media.

13
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Figure 20: Concentration profiles for different values of permeability parameter.

A reverse trend is observed in Figures 14, 15—18. The fluid temperature and temperature profiles increase as radiation parameter R
increase, space dependent heat generation A* < 0 and temperature dependent heat generation parameters B* < 0 respectively. This
increase in fluid temperature observed in Figures 14, 17, and 18 may be attributed to the absorption of heat by the fluid from the
media surface leading to surface cooling and the viscous.

The attenuated oscillations observed in Figures 17 and 18 may be attributed to many factors. Among them are; thickness and

14
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Figure 21: Concentration profiles for different values of Prandtl number.

I Sc=1 60 Sc=0.01 — - : Sc=1 .00 —— = Sc=0_05 |

Figure 23: Concentration profiles for different values of radiation parameter.

resistance of the fluid, the ability of the media wall to stretch and expand, Turbulent flow. With the above, the flow oscillations
may be attenuated thereby lowering the flow of the fluid which may lead to chaos. This results may have potential application in
therapeutic procedure of electrometric hypothermic treatment of cancer where the blood viscosity requires control with respect to
temperature variation.

15
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Figure 26: Concentration profiles for different values of space dependent heat generation parameter.

3.3.3. Concentration profiles

The effects of parameter fluctuations on concentrations are shown in Figures 19-27. We see that the concentration profile
behaves differently before and after particular points of . For ¢ < 0.5, the concentration distribution increase, then declines expo-
nentially when ¢ > 0.5. We noticed two distinct sorts of behavior in the concentration profile as magnetic parameter M, permeability
parameter y3, Schimidt number Sc, 6" mass transfer parameter, and wall porosity of the wall f,, increases along the domain shown
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Figure 27: Concentration profiles for different values of temperature dependent heat generation parameter.

in Figures 19-24, that is, the concentration profiles increase and decline exponentially to the free stream region. It also increases
when ¢* < 1 as observed in Figure 24. The opposite trend is exhibited as those parameters get higher. These increase in the concen-
tration profiles may be attributed to accumulating or building up species in the media potentially leading to saturation or maximum
capacity. A decrease in the concentration profiles were observed in Figures 19 and 24 when M > 2 and §* > 1. These decrease in
concentration profiles observed may be attributed to the following; reduced concentration gradients within the fluid, faster mixing
and homogenization of the fluid in the media and enhanced mass transfer rates, leading to faster dissolution, or absorption processes.
In summary, a decreasing concentration profile indicates faster mixing, enhanced mass transfer, and reduced concentration gradients,
leading to improved process efficiency, product quality, and scalability, as well as energy savings.

The findings of this research provide critical insights into the role of magnetohydrodynamic (MHD) principles in biomedical
applications, particularly regarding their influence on blood flow within permeable vessels. The study demonstrates that the manip-
ulation of MHD fluid dynamics can significantly impact blood circulation, offering potential advancements in targeted drug delivery
systems. By leveraging external magnetic fields, it may be possible to guide magnetically tagged therapeutic agents to specific areas
of the body, enhancing treatment precision while minimizing systemic exposure.

Moreover, the findings reveal the physiological implications of parameters such as magnetic field strength and thermal gradients.
Variations in these factors can alter blood viscosity and flow rates, affecting the efficiency of nutrient and oxygen delivery to tissues.
For instance, an increase in magnetic field intensity could enhance the alignment of red blood cells, potentially improving flow
characteristics in narrow vessels, which is crucial during medical interventions. Similarly, the thermal gradients identified in the
study can influence local tissue temperatures, thereby impacting metabolic processes and healing rates.

By establishing a concrete connection between the computational model and real-world biomedical applications, this research
underscores the potential of MHD principles to innovate medical procedures. The insights gained from the model not only contribute
to a better understanding of fluid dynamics in biological systems but also pave the way for the development of advanced medical
technologies aimed at improving patient outcomes in various clinical scenarios.

3.4. Comparative analysis

In our investigation of magnetohydrodynamic (MHD) fluid flow in nonlinear permeable media, we have conducted a comparative
analysis against existing literature that addresses similar MHD flow parameters such as studies by Zigta [11] and Sinha et al. [7]. Our
findings demonstrate alignment with previous research, particularly illustrated in Figure 2, which confirms trends regarding the influ-
ence of magnetic fields on flow stability and uniformity. This corroboration highlights the consistency of our results with established
theories in the field. However, we also identified significant deviations in the results presented in Figures 2 and other figures, which
diverges from conventional MHD behavior observed in similar setups. These figures reveal unique velocity, temperature profiles
and mass transfer characteristics that differ from those typically reported in the literature. The differences suggest that the interplay
between thermal gradients and magnetic fields in our specific nonlinear permeable medium may introduce behaviors not accounted
for in previous studies.

To elucidate these observed deviations, we propose that the distinct properties of the permeable medium significantly impact
the interaction dynamics between the magnetic and thermal influences. In our model, the nonlinear characteristics of the medium
appear to amplify certain effects, leading to altered fluid dynamics and temperature distributions. This insight prompts a reevaluation
of conventional MHD frameworks when applied to permeable materials, as it underscores the complexity introduced by nonlinear
interactions. By comparing our findings to established literature, we not only reinforce the validity of our results but also highlight
areas where further research is warranted. This comparative analysis opens avenues for a deeper understanding of MHD phenomena
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in biomedical contexts, such as optimizing blood flow in medical applications and enhancing the design of therapeutic delivery
systems. Our unique findings pave the way for future studies aimed at unraveling the intricate relationships between MHD behavior
and the physical properties of permeable media

4. Conclusion

The nonlinear mathematical models of the unsteady MHD flows of heat and mass through a permeable media were formulated
and the thermal and mass transfer effects of unsteady MHD fluids flow in permeable media subjected to a combined action of a
transverse magnetic field intensity and buoyancy force have been analyzed and discussed in the last section.

Using similarity variables, the model partial differential equations were transformed into a set of nonlinear coupled ordinary
differential equations. A numerical algorithm were developed based on shooting technique coupled with Runge-Kutta Fehlberg
integration technique.

The model equations were computationally studied using the numerical algorithm developed and the results were presented and
discussed accordingly. Graphical results were presented for the fluid velocity, temperature and concentration profiles, local skin
friction coefficient, local Nusselt and Sherwood number.

The study bears the potential to explore some important information regarding the complex flow behavior of fluids in situations
where all the physical parameters M,ys, v;, Ym, Pr, R, 6", fw, Sc, A*, B* and 7 play prominent roles in the flow with heat and mass
transfer in small blood vessels. The main findings can be summarized as follows:

i. By the application of sufficiently strong magnetic field M parameter, permeability parameter y3, thermal Grashof number v,
concentration Grashof number vy,, , Prandtl number Pr, radiation parameter R, mass transfer 6* parameter and wall porosity
parameter fw, fluid velocity increased. The fluids velocity can be diminished when Schimidt number Sc, space dependent heat
generation parameter A*, temperature dependent heat generation parameter B* and unsteadiness parameter 7 increase. The
results presented may be of significant interest to surgeons who usually want to keep the blood flow rate at a desired level during
the entire surgical procedure.

ii. With a rise in heat generation, the temperature of the fluid may increases, but a reverse trend were observed in the case of heat
absorption. This observation may be of particular importance in the therapeutic procedure of electromagnetic hyperthermia used
in the treatment of cancer, because the therapy involves rising the temperature of the cancerous tissues above 42°C. An increase
in temperature brings down fluid viscosity. While applying the procedure of hyperthermia, it is necessary to see that blood
viscosity does not increase, because in that case there may arise various problems in respect of circulation of blood.

iii. The mass transfer, magnetic field parameters, and concentration Grassof Number has a dual effect on the concentration profiles.
The concentration increases in the flow assisting region (6* < 1, M < 2 and y,, < 1.7 ) and decreases in the flow opposing region
0" >1,M=>2)2andy, >1.7.

iv. The skin friction coefficient, Nusselt and Sherwood Numbers increases for small values of the parameters M,ys,y;, v, Pr, R,

0", fw, Sc, A*, B* and 7 and diminishes for larger values of the parameters.

Finally, it is evident that the heat and mass transfer effects on unsteady MHD fluids flow through a permeable surface with thermal
radiation can be enhanced using appropriate combination of thermo physical parameter values for efficient operation. The results
may be applied to improve the design of a variety of flow and thermal systems including micro scale systems such as micro mixing
technologies. It is hoped that the present work will serve as a stimulus for experimental work to clinicians, surgeons and biomedical
engineers, because they serve as useful estimates, which are capable of throwing some light toward the understanding of fluids flow
in biological systems.

4.1. Limitation of the findings

While this study provides valuable insights, it also operates within certain limitations. Assumptions such as uniform media prop-
erties and two-dimensional modeling simplify the system but may not fully capture complex interactions present in real biological or
industrial environments. Additionally, factors like permeability variability and non-uniform thermal diffusivity in biological systems
could influence flow characteristics, suggesting the need for three-dimensional models in future research. Furthermore, this model’s
theoretical nature underscores the need for experimental validation, particularly in biomedical contexts where biological variability
can significantly impact flow behavior. Future studies should explore these aspects to develop more comprehensive models that can
be applied to practical scenarios.
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