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radiation, and chemical reaction are analyzed numerically. We consider the magnetic field
applied and the time-dependent stretching sheet, which is characterized by a non-uniform
velocity profile. For the purpose of transforming the governing partial differential
equationsinto a system of coupled nonlinear ordinary differential equations, appropriate
similarity variables are employed. The resulting transformed equations are subsequently
resolved numerically utilizing the Runge-Kutta Fehlberg method in conjunction with the
shooting technique. A detailed examinationreveals how various physical factors influence
the flow properties related to velocity, temperature, and concentration patterns, alongside
theireffects on the skin friction coefficient, Nusselt number, and Sherwood number, which
are illustrated through a collection of insightful graphs and tables.
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1. Introduction

Fluid dynamicsassumesacrucial role in various practical applications within production processes, particularly
in the context of stretching surfaces, which encompass both metal and polymer sheets. These applications
include the cooling of an infinitely large metal plate within a cooling bath, the analysis of boundary layers
associated with material handling conveyors, the aerodynamic extrusion of plastic sheets, and the investigation
of boundary layers in liquid films during condensation processes.

Mahanthesh and colleagues[1] carried out research that investigated how chemical reactions and partial slip
affect the three-dimensional movement of a nano-fluid in contact with a surface that is being stretched
exponentially. Chamkhaand his team [2] looked into similarity solutions that involve suction/injection and the
ramifications of chemical reactions for unsteady heat and mass transfer resulting from a stretching surface
located in a porous medium. The team led by Hayat [3] investigated the influence of slip conditions alongside
heat transfer phenomena on the dynamics associated with peristaltic flow. Motsaet al. [4] pursued a successive
analysis concerningthe linearization of the effects of partial slip, thermal diffusion, and magnetohydrodynamics
(MHD) on the steady convective flow induced by a rotating disc. Shateyi et al. [5] examined MHD mixed
convectionslip flow occurring on a non-linearly vertical stretching sheet in proximity to a stagnation point,
incorporating aspects of viscous dissipation. Prasannakumara et al. [6] analyzed the effects of multiple slip
conditions and heat radiation on the MHD flow of Jeffery nanofluids, with a focus on heat transfer
characteristics. Mabood et al. [7] addressed the phenomenon of melting heat transfer and the implications of
second-order slip and radiation effects on stagnation point flow. In a subsequent investigation, Mabood et al.
[8] assessed the consequences of multiple slip conditions on the unsteady MHD heat and mass flow. Sharidan
and others [9] exploredsimilarity solutions regarding unsteady boundary layer flowand the related heat transfer
phenomena emerging froma stretching sheet. Elbashbeshy et al. [10] conducted an analysis of heat transfer
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phenomena over an unsteady stretchingsurface. Grubkaetal. [11] turnedtheir attention to the fascinating world
of continuous stretching surfaces, distinguished by their temperature variations that are crucial to the intricacies
of heat transfer. An exploration by Magyari et al. [12] into the dynamics of heat and mass transfer revealed
insights on an exponentially expanding continuous surface, particularly concerning the boundary layer. Nazar
and colleagues [13] investigated the characteristics of unsteady flow in the boundary layer close to a stagnation
pointon a stretching sheet. The findings of Magyari et al. [14] detailed exact solutions related to permeable
stretching surfaces for flows with self-similar boundary layers. Additional intriguing investigations pertinent to
flow and heat transfer can be referenced in sources [15-27]. Furthermore, the study investigates the effects of
thermal slip on unsteady magnetohydrodynamic (MHD) Casson nanofluid flow over a porous stretching sheet.
It reveals that variations in magnetic field strength, angle of inclination, and suction intensity significantly
influence the fluid's velocity profiles studied by Arunaet al [28]. Additionally, improved porosity and radiation
parameterscontribute to an increase in fluid temperature. The research highlightsthe importance of these factors
in optimizing thermal management and enhancing the performance of systems utilizing Casson nanofluids in
porous media. The study investigates slip effects on unsteady MHD Casson nanofluid flow over a porous
stretching sheet, highlighting the influence of thermal slip conditions and temperature jump by Arick et al [29].
It reveals that the presence of slip enhances the velocity fields and reduces the thermal boundary layer,
promoting better heat transfer. The results indicate that manipulating the shearing effect magnitude can control
the inverted boundary layer appearance, which is crucial for optimizing thermal management in various
applications, includingheatexchangers. Reddyetal [30] havestudiedthe thatslip effects significantly influence
the flow characteristics of a magnetohydrodynamic (MHD) Casson fluid over a porous stretching sheet. An
increase in the velocity slip factor leads to a reduction in the velocity field, while enhancing thermal and
concentration contours. This highlights the importance of slip conditions in modifying the flow behavior and
thermal profiles, which is crucial forapplicationsin engineering and environmental contexts where such fluid
dynamics are prevalent.

Upon conducting a thorough review of existing literature, the predominant challenges linked to the present
configuration pertain to a detailed investigation of the slip phenomena within unsteady magnetohydrodynamic
Casson nanofluid flow, alongside the heat and mass transfer mechanisms influenced by thermal radiation and
chemical reactions in the framework of a permeable stretching surface. The importance of physical
interpretations concerning the various parameters is elucidated through the employment of graphical
representations and systematically organized data sets.

2. Mathematical Formulation

A 2-D unsteady MHD flow of an incompressible electrically conducting Casson nanofluid over a permeable
stretching sheet in the presence of thermal radiation and chemical reaction are considered. A coordinate system
is chosen in such a way that x-axis is measured along the stretching sheet and y-axisnormal to it. Also, it is

assumed that the flow takes place for y>0. The sheet is stretched with nonuniform velocity U (X,t) = m

along x-axis where b is the stretching rate and £ is the positive constant with the property £t < 1. A uniform
magnetic field of strength B (X) = Byx™* with B, = 0 is applied normal to the sheet and it is assumed that the
induced magnetic field is negligible. The temperature and concentration are maintained at prescribed constant
values TW, CW at the surface and Too ) Cw are the fixed values far away from the surface. Also, it is assumed that

the first order homogeneous chemical reaction of species with reaction rate is constant. The flow configuration
is shown in Figure 1.
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The rheological equation of state for an isotropic and incompressible flow of Casson fluid is given by:
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rate itself, the product 7 isacritical value reliantover non-Newtonianform, /g representsthe non-Newtonian

fluid viscosity relevant to a fluid of plastic dynamic and Py gives the fluid yield pressure.
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where t denotes the temporal parameter, u and v represent the velocity components along the x and y axes,
respectively, p signifies the mass density of the fluid medium, n indicates the viscosity coefficient, K x refers to
the permeability constant, k denotes the thermal conductivity parameter, D represents the molecular diffusivity,
and Kr indicates the rate of the chemical reaction. BT is identified as the volumetric thermal expansion
coefficient, C is characterized as the volumetric expansion coefficient attributable to chemical species, T
represents the temperature associated with the species, C signifiesthe concentration of the species, Too and Coo
denote the ambient temperature and concentration, respectively, o represents the electrical conductivity of the
medium, B, indicates the magnitude of the external magnetic field, g signifies the acceleration due to
gravitational forces, and qr denotes the radiation heat flux emanating from the stretching surface.

https://internationalpubls.com 428



Communications on Applied Nonlinear Analysis
ISSN: 1074-133X
Vol 32 No. 8s (2025)

The relevant boundary conditions are given in (6):
v=v,, T =T,(xt)+T,,,C=C,(x,t)+C

UZU(X,t)+US|ip, slip? slip aty:o

(6)

u—0T—->T,C—>C_ asy—>wx
where V,, =V, /X is the suction finjection velocity.

The temperature of the stretching sheet T, (X, t) and the concentration C,, (X, t) atthe surface are assumed
as if the following form:

T (%) =T, T o i) Cu )=, o 1-gt) 2

where To and Coare the reference temperature and reference concentration are respectively, the above
quantities are valid if (1-¢t)>0also 0<T, <T, and 0<C, <C,,. In the absence of buoyancy forceb =0
, Which corresponds to the limit of forced convection.

The radiation heat flux (q,) is modeled by using Rosseland approximation given in (8);

46"\ oT*
N 8
q [Skjay @)

Here o represents the constant of Stefan-Boltzmann, kl gives the coefficient of mean absorption. It is also

assumed that if the difference in temperature within the flow is 7%, then T* can be expressed as a linear
combination of the temperature by expanding the T*by Taylor’s series about T.,to obtain (9):

TO=T +4T3(T-T,)+6T2(T-T,) +-- )

If we neglect the higher order beyond the first degree in (T -T, ) in this series and opening brackets

on the righthand sides of (9) we obtain (10):

T~ 3T +4T°T (10)
Substituting the right-hand side of (10) into (8) for T*yield (11):
4 3 _*
q = [40 jaT £40' j o (<8744 4T7T )= [16100 Jg 1)
3k, 3k, 3k oy

The rate of change in radiative heat flux with respect Yis given by (12):

oq,  (16T20" )T 12)
oy 3k, oy’

Substitution of (12) into the second term on the right-hand side of (4) changes (4) into (13):
oT oT _oT [ 16Tjo-*j82T
—+U—+V—=a| 1+ >

3k, oy (13)

ot OX
The partial differential equations (3), (5) and (13) are transformed into ordinary differential equations by
introducing the dimensionless variables are given by (14):
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oy b bx(1-¢t)” ~ bx(1-¢t)”
y = ?—(l—é’t)Xf (m.n= mny =T, +T, {Tjg(n)’c =C.+GC {T}S(n) (14)

The stream function velocity y/ can be defined asu = %”,v = —‘2—'/’ so that equation (2) satisfies the continuity
X

equation (2). f () denotethe injection and suction, 7 is the dimensionless space variable,(9(77) and ¢(77)
are the dimensionless of temperature and concentration of the fluid respectively.
In view of the above mentioned transformations equations (3),(5) and (13) are reduced to the following ODEs:

[1+%j f"+ ff"—(f')*-5(0.5nf"+ f’)—[M +%] f'+ 0+ 1,4=0 (15)
(1% Rjeu Pr[f@'— f’9—5(0.5n0'+29)] =0 (16)
¢"+Sc(f¢'—1'¢)—Scs(0.5n¢ +2¢)—KrScp =0 (17)

With the transformed boundary conditions of the problem are:

f(0)=S, f'(0) =1+k, f"(0),6(0) =1+k,0'(0),#(0) =1+k;¢'(0)

f’(0) —> 0,0(0) — 0, #(0) >0 (18)
The dimensionless constants 8, A;, A, M,K, Pr,R,Sc,Sr,Kr, ki,k;,ks represent the parameters of unsteadiness
parameter, buoyancy parameters, magnetic parameter, permeability parameter, Prandtl number, radiation

parameter, Schmidt number, Soret number, chemical reaction rate, velocity slip parameter, thermal slip
parameter and concentration slip parameter respectively.

The quantities of physical interest in this problem are the skin friction coefficient, Nusselt number and the
Sherwood number can be expressed as:

Cf, = Lz[a—“j ,
PU LY ),
X (GT j 46" (8T4J
Nu=—"> | x| —| - ,
K'(TW —Tw) oy y=0 3k oy y=0 (19)

X oC
sh=——" | &
(Cw _COO)[ oy jy:O

Substituting equation (14) into (19) to obtain the final dimensionless form:

cf, = JRe, £(0),Nu, =4~ _¢(0),Sh, =2 = (0) (20)

JRe, " JRe,
where Re, is the local Reynolds, Cf, is the reduced skin friction, Nu, is the reduced Nusselt number and Shr is
the reduced Sherwood number.
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3. RESULT AND DISCUSSION

The theoretical framework examining the influence of slip effects on the unsteady magnetohydrodynamic
(MHD) flow of Cassonnanofluid over a porous stretching surface, incorporating thermal radiation and chemical
reactions, is delineated in this research. The governing equations of the flow are represented as a system of
partial differential equations, which are subsequently transformed into a set of coupled total differential
equations utilizing the methodology of similarity transformation. The resulting transf ormed equations were
subsequently resolved through the application of the Runge-Kutta Fehlberg method in conjunction with
shooting techniques.

Figure 2 showcases the relationship between the magnetic parameter (M) and the velocity profile. It can be seen
in Figure 2 that boosting the magnetic parameter corresponds with a lower velocity profile. The magnetic field
is applied perpendicularly to the concurrent flow of the Casson fluid, thereby inducing a drag-like force,
specifically the Lorentz force. This force plays a crucial role in attenuating the motion of the electrically
conducting fluid. Hence, this force induces a lowering of the velocity profile, as evidenced in Figure 2. Our
experimental findings demonstrate that the velocity profile, as represented in Figure 2, gradually decreasesfrom
the wall to the dimensionlessdistance. Given the non-uniform velocity illustrated in the momentum equation
(3), the reduction in fluid motion is not uniformacross the span from the initial point to the boundary, which
tends toward zero. From a physical perspective, if the product of electrical conductivity and the intensity of the
magnetic force exceeds the fluid density, the Lorentz force exerts a greater electromagnetic influence,
consequently decelerating and impeding the fluid motion to a greater extent.

Figure 3 depicts how the Casson parameter impacts the velocity profile. When the value of this parameter goes
up, the velocity profile diminishes, as evidenced by Figure 3. Our experimental findings indicate that the flow
characteristics of Casson nanofluid, in conjunction with the presence of Lorentz force, contribute to the
deteriorationof fluidmotion. Furthermore, the yield-stressexhibiting fluid is characterized by a plastic dynamic
viscosity. A liquid's viscosity provides opposition to how it flows. Consequently, the plastic dynamic viscosity,
which is regarded as constant throughout this investigation, represents an additional metric for the attenuation
of fluid velocity. This impliesthat heightened plastic dynamic viscosity engenders increased resistance to the
flow. The values of the Casson parameter are selected within the range of 0<<2. This values are chosen to be
small because we observed that as we keep increasing the value of B(i.e as f — ), the present model
transformed to be only flow of Williamson nanofluid. This means that when § — oo in the viscosity term

2 2 2
v(1+ 1]6—2 we have v(l+ lja_l: = va—lj. Obviously, the Casson fluid model is negligible as g — .
p)oy o0 oy

Figure 4 delineates the influence of the permeability parameter on the velocity distribution. The permeability
parameter facilitates the mobility of Casson fluid withinthe boundary layers. In anoptimal scenario, the aperture
permits a continuous flow of Cassonfluid throughoutthe boundary layers. The transport of fluid particles within
these layers becomes significantly elevated as the parameter increases. Figure 4 presents a vivid depiction of
this phenomenon, highlighting how an increase in the permeability parameter leads to enhancements in the
velocity profileandathicker momentumboundary layer. In Figures 5(a-c), therepercussions of the unsteadiness
parameter are observed to enhance the velocity profile while concurrently diminishing both the tem perature and
concentration profiles. This occurs because, whenunsteadiness is encountered withinthe fluid environment, the
fluid particles exhibit rapid and erratic movement within the boundary layer. Such randomness effectively
reduces the temperature of the fluid particles and their concentration.

The influence of the thermal buoyancy parameter on the velocity distribution is illustrated in figure 6. It is
observed that the buoyancy force parameter enhances the velocity profile as its magnitude increases.
Investigative results demonstrate that an elevation in this metric corresponds with a reduction in fluid viscosity,
facilitating swifter fluid dynamics. Consequently, further increments in this parameter induce a significant
escalation in the velocity profile, as depicted in figure 6. The mass buoyancy force parameter is similarly
observed to augment the velocity profile with increasing values, as demonstrated in figure 7. Real-world
observations support the idea that a greater mass buoyancy metric correlates with a decrease in fluid viscosity,
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resulting in more rapid fluid movement. Therefore, elevated values of mass buoyancy correlate with an
enhancement in the velocity profile, as illustrated in figure 7.

0C
Figure 8 illustrates the effect of Prandtl number (pr) on temperature profile. Pr= k*p is noticed to decrease

1
the temperature profile. It worth noting that thermal diffusivity @ = ——  hence Pr is the inverse of thermal
p
diffusivity. Pr is noticed to degenerate the temperature profile gradually from the wall. This is because there is

not much viscosity far away fromthe plate. Greater Pr is very useful in controlling thermal diffusivity as well
as momentum diffusivity in heat along with mass transport problem. Note that Pr =0.72,1.0,3.0,7.0 used in

this study implies Pr for water. Hence, when Pr <<1 itimplies thermal diffusivity controls the flow behavior
while Pr>>1 implies momentum diffusivity controls the flow behavior. Therefore, Pr is useful in controlling

cooling rate of an electrically conducting fluid. In this study, there exist a wall temperature TW and free stream

temperature T_ which gives rise to (TW —Tw) along with thermal boundary layer thickness. Figure 9 depicts the

effect of thermal radiation (R) on the temperature profile. The thermal radiation makes thermal condition of the
fluid to enhance. The use of Roseland approximation in approximating the radiative heat flux in the present
study warms up the fluid within the thermal boundary layer. Now, increasein R boast the temperature along
with the thermal boundary layer thickness as illustrated in figure 9.

Figure 10 illustrates the influence of Schmidt number (Sc) on the concentration distribution. It can be discemed
from figure 10 that an elevation in the value of deterioratesthe concentration distribution. The inverse
relationship of the Brownian diffusion coefficient is . Thus, as the moment is augmented, it diminishes the
Brownian diffusion, which consequently results in a reduction of solutal concentration. Our numerical
simulations indicate that an increase in results in a concomitant diffusion of species at a uniform rate. It is
noteworthy that when , there exists a significant diffusion of species surpassing the momentum diffusivity.
Clearly, establishing implies the non-existence of species concentration. Presently, an increase in diminishes
the fluid concentration and subsequently lowers its distribution profile.

Figure 11 elucidates the influence of the Soret number on the concentration distribution. An elevated value of
the Soret number is observed to enhance the concentration distribution. The Soret term constitutes a second-
order function incorporated into the concentration equation. The inclusion of this term within the concentration
equation is anticipated to modify the concentration profile within the boundary layer. Furthermore, a thermal
diffusion of fluid particles is observed transitioning from regions of lower concentration to regions of higher
concentration as the Soret number increases.

Figure 12 illustrates the impact of thechemical reaction parameter onthe concentrationdistribution. An increase
in this parameter is associated with a reduction in the solutal concentration profile, indicating a potentially
destructive reaction. An escalation in the chemical reaction rate posesa significant risk to the flow of blood,
thereby endangering animal health. The observed decline in the concentration profile due to an increase in the
chemical reaction parameter may be attributed to the influence of the externally applied magnetic field aligned
with the flow direction. The ramifications of suction velocity on the velocity profile are depicted in Figure 13.
A heightened suction velocity is found to diminish the velocity profile. This observation suggests that an
increased suction velocity corresponds to augmented viscosity, consequently impeding the motion of fluid
particles within the boundary layer. The implications of the slip parameters are delineated in Figures 14(a-c). It
is discernedthatthe slip parameters contribute to the reduction of the hydrodynamic, thermal, and concentration
boundary layer thickness. Consequently, the profiles of velocity, temperature, and concentration exhibit an
overall decrease throughout the boundary layer.
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Table 1 shows the computational values for pertinent flow parameters on skin friction coefficient, Nusselt and
Sherwood number. Controlling parameters are observed to elevate the skin friction coefficient, Nusselt and
Sherwood number.

Table 1: Effect of pertinent flow parameters on the skin friction coefficient, Nusselt and Sherwood number.

M |B |K |d L1 [ L2 [ Pr R Sc | Sr | Kr|S kil | k2 | k3 | Cf Nu Sh
1 05]1 02]02[02]1 05]10 [ 05]05]1 0 05| 05 | 1.133341 | 0.788478 | 1.442514
2 1.289988 | 0.793748 | 1.443095
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05

05

0.2

0.2

0.2

0.71

05

05

05

05

05

05

05

0.705143

0.755229

1.433801

0.705744

0.755287

1.483892

15

0.706177

0.755364

1.521409

0.706505

0.755472

1.550888

0.2

05

05

0.2

0.2

0.2

0.71

05

05

05

05

05

05

05

05

0.663426

0.666232

1.339020
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1 0.705143 [ 0.755472 | 1.433801
15 0.746967 [ 0.842582 | 1.493874
2 0.788485 [ 0.924246 | 1.538509

02| 05|05|02|02(02[071)]05]|]05|05|]05|05|05| 05|05/ 0.331464 | 0.701736 | 1.425768

1 0.401688 [ 0.713070 | 1.427141
05 0.510747 [ 0.729433 | 1.429433
2 0.705143 | 0.755472 | 1.433801

02[05[/05]02|02[02]071)05]05[05]05]05[05]| 05]05]/|0.705143 | 0.366796 | 1.433801

1 0.709612 [ 0.429946 | 1.508623
15 0.712167 | 0.547923 | 1.551229
2 0.713538 [ 0.755472 | 1.574058

02[{05/05]02[02[02]07.)]05]05[{05]05]05[05] 05]05]/0.622881 | 0.579801 [ 0.204084
1 0.623448 | 0.579818 | 0.267154
0.5 ] 0.623665 | 0.579851 | 0.386645
2 0.623779 | 0.579938 | 0.699533
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