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Abstract: This research explores the enhancement of heat
transfer efficiency using nanofluids influenced by mag-
netic fields and thermal radiation near a stagnation point.
The study involves modeling the flow dynamics over a
stretched surface to better understand the mechanisms
contributing to heat transfer improvement. To achieve
this, a model incorporating variable thermal conductivity
and the nonlinear Rosseland radiation approximation is
developed. Additionally, it incorporates the influence of
magnetic fields to provide deeper insight into their com-
bined impact on the heat transfer process. The focus is on
nanofluid flow over a stretched surface, a common sce-
nario in industrial and engineering applications such as
cooling systems and heat exchangers. The methodology
involves transforming the governing partial differential
equations into a set of nonlinear ordinary differential
equations, which are solved numerically via shooting tech-
nique to analyze fluid dynamics and heat transfer charac-
teristics. The study uniquely integrates variable thermal
conductivity and nonlinear radiation effects, offering a
more comprehensive perspective on nanofluid behavior
under combined influences. Key findings reveal that
increasing Brownian motion leads to a thicker thermal
boundary layer and elevated temperature profiles, aligning
with prior research while reinforcing the robustness of the
employed numerical approach. These results validate the
proposed model and confirm its reliability in predicting
nanofluid heat transfer behavior, contributing to the
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Nomenclature

a positive factor that measures the
stretching velocity (%)

b positive constant (%)

By index that quantifies the magnetic field’s
magnitude (T)

Dg factor that determines mass transport by
diffusion (m? s™)

B; dimensionless Biot number

h dimension thermal convection coeffi-
cient (W m™)

Co far-field fluid concentration relative to
the sheet (mol ! mol)

k* mean absorption coefficient (m™)

o heat storage capacity per unit
mass (kg1 K1])

Dr measure quantifying the effect of ther-
mophoretic phenomenon (s m?)

Cy concentration of nanofluid beside the
sheet (' mol)

Pr dimensionless Prandtl number

Ec dimensionless Eckert number

M factor of magnetic field

C concentration (L'! mol)

Ty surface temperature where convection
occurs (K)

Le dimensionless Lewis number

Ry dimensionless radiation parameter

T, ambient temperature condition (K)

8 Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

3


https://doi.org/10.1515/ntrev-2025-0220
mailto:emawwad@ju.edu.sa
mailto:ahmed.abdelbaqk@fsc.bu.edu.eg

2 —— Essam Awwad and Ahmed M. Megahed

q, radiant energy flow per unit
area (W m?)
X,y perpendicular axis coordinates (m)
uv directional velocity components (m s™)
Greek symbols
v kinematic viscosity (m? s™)
0 dimensionless temperature
u dynamic viscosity (s™ m™ kg)
a* Stefan—Boltzmann constant (W m™2 K%)
Oy parameter regarding the temperature
ratio

n similarity coefficient

(0] dimensionless concentration

) dimensionless Casson parameter

p density (m™ kg)

e conductance per unit length (m™ s)
K thermal conductivity (m™ W K™)

I stochastic motion parameter

T heat capacity proportion between nano-
particles and fluid (mol™ L)

L; particle migration parameter under
thermal gradient

Q suction velocity parameter

B ratio of sheet velocity to free stream
velocity

1 Introduction

Nanofluid flow, emerging at the nexus of nanotechnology
and fluid mechanics, holds great promise across various
sectors, including maritime applications. Nanofluids consist
of nanoparticles dispersed within a base fluid [1]. These nano-
particles impart unique and customizable characteristics to
nanofluids, significantly improving their performance in var-
ious applications. They enhance heat transfer [2], lubrication
[2], and electronic cooling [3] and play a crucial role in
nuclear energy systems [4] as well as heating and cooling
processes [5]. Additionally, they modify the behavior of the
fluids [6], making them more versatile and efficient for
specific needs. In maritime contexts, where efficient heat
exchange, corrosion resistance, and fluid flow optimization
are vital, nanofluids offer significant advantages. Utilizing the
remarkable thermal conductivity and rheological properties
of nanofluids, maritime systems can benefit from better
engine cooling, more efficient heat exchangers, and superior
machinery lubrication. Additionally, customized nanofluid
properties can prevent fouling and corrosion in maritime
equipment, thereby extending operational lifespans and low-
ering maintenance costs. This introduction sets the stage for
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examining the numerous applications of nanofluid flow in
the maritime industry, highlighting its potential to drive inno-
vation and tackle significant challenges in maritime engi-
neering and operations.

Magnetohydrodynamics, often abbreviated as MHD,
represents an amalgamation of principles from fluid mechanics
and electromagnetism [7]. In essence, it delves into the intricate
interactions between magnetic fields and electrically
conducting fluids [8]. This interdisciplinary field explores
how magnetic fields influence the behavior and dynamics
of such fluids, offering insights into phenomena ranging
from astrophysical plasma flows to industrial applications
like magnetic confinement fusion reactors [9]. Here, we pro-
vide a comprehensive overview of numerous recent studies
that explore the influence of MHD on various flow and heat
transfer phenomena. These investigations delve into the
effects of thermal radiation and non-uniform heat sources
[10], as well as the generation and absorption of heat [11].
The studies encompass scenarios involving natural convec-
tion and the behavior of nanofluids near stagnation points
[12], highlighting the significant role of MHD in these pro-
cesses. Khan et al. [13-16] have significantly advanced MHD
nanofluid modeling through fractional calculus and com-
plex boundary analyses. Their initial work employed frac-
tional derivatives to study natural convection in Darcy
porous media, capturing nonlocal heat transfer effects.
Subsequent research integrated distributed fractional-order
derivatives for Darcy-Forchheimer porous flows, enhancing
modeling precision. A key innovation combined fractional
derivatives with the Cattaneo heat flux model to account for
finite thermal wave speeds in MHD systems. Most recently,
they investigated nanofluid heat transfer over three-dimen-
sional (3D) irregular surfaces with magnetic and slip effects,
offering new insights into complex flow regulation. These
studies predominantly center on scenarios involving the
presence of a magnetic field and the flow behavior of fluids
such as liquid metals, water with minor acid additives, and
other industrially relevant fluids. Specifically, they delve
into understanding the flow and heat transfer characteris-
tics of viscous, incompressible fluids flowing past either a
moving plate or a stretching surface.

Recent advances in modeling Casson nanofluids have
deepened insights into thermal and mass transport phe-
nomena across diverse physical scenarios. Ganesh and
Sridhar [17] analyzed MHD Casson nanofluid flow with
chemical reactions and porous media resistance (Darcy—
Forchheimer model), uncovering how these factors modify
heat transfer dynamics. Singh et al. [18] analyzed MHD
flow of a Casson fluid with combined Navier and second-
order slip effects past a permeable stretching/shrinking
surface. Jaffrullah et al. [19] expanded on this by integrating
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Joule heating, demonstrating its influence on thermal pro-
files in porous systems. Employing spectral methods, Awati
et al. [20] performed stability studies on MHD Casson fluid
dynamics near exponentially contracting boundaries. Lone
et al. [21] extended the framework by incorporating biocon-
vection in stratified Casson flows with microorganisms and
activation energy impacts. Rani et al. [22] studied hybrid
nanofluids near stagnation regions, revealing improved
thermal efficiency due to synergistic nanoparticle interac-
tions. Additionally, Jaffrullah et al. [23] explored suction,
radiation, and nonlinear stretching effects, providing deeper
insights into flow control for industrial applications. Further
advancing the field, Nihaal et al. [24] developed a sto-
chastic approach to investigate bioconvective Casson
nanofluid transport with chemical reactions past slender
needle geometries. Further, the study of nanofluid flow
in conjunction with thermal radiation and magnetic
fields has been explored through various models. One
such model is the Casson nanofluid model, which is
detailed in the study of Elham Alali and Megahed [25].
Another approach involves Newtonian nanofluids under
conditions of prescribed heat flux and viscous dissipa-
tion, as described in the study of Ghoneim and Megahed
[26]. Additionally, the tangent hyperbolic nanofluid model
addresses the impact of slip phenomena, as outlined in the
study of Amer et al. [27]. This area of research is crucial for
several reasons: it enhances our understanding of heat
transfer efficiency, elucidates the combined effects of dif-
ferent physical forces, drives technological advancements,
provides insights into complex multi-physics phenomena,
offers solutions to environmental and energy-related chal-
lenges, and opens up new avenues for scientific investiga-
tion. This cross-disciplinary method holds promise for dis-
covering innovative approaches to effective thermal control
and promoting sustainable technological progress.

This study utilizes the shooting method to numerically
analyze the behavior of Casson nanofluid flow, heat transfer,
and nanoparticle dispersion near a stretching surface close
to a stagnation point. It addresses a research gap by exam-
ining the combined effects of variable thermal conductivity,
nonlinear Rosseland radiation, thermophoresis, Brownian
motion, thermal radiation, viscous dissipation, and magnetic
fields on heat and mass transfer. The work distinguishes
itself by integrating these factors to improve predictive accu-
racy. The results have practical implications for industrial
cooling, heat exchangers, and thermal management technol-
ogies. The Casson nanofluid is chosen for its superior
thermal conductivity and stability, making it ideal for
applications requiring efficient heat dissipation in engi-
neering and manufacturing. This study has broad prac-
tical implications, particularly in metallurgy and polymer
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technology. Potential applications include optimizing ship
engine cooling via marine propulsion systems, boosting
performance in industrial and maritime heat exchangers,
refining cooling methods for vessels, improving tempera-
ture regulation in chemical processing, advancing solar
thermal collector efficiency, and enhancing precision in
thermal therapies.

2 Mathematical model

As illustrated in this section, we analyze a two-dimensional
steady boundary layer flow of a Casson nanofluid influ-
enced by thermal radiation and induced by flow over a
stretching sheet. The stretching sheet is characterized by
a linear velocity profile of u,, = ax, where a represents a
constant value (Figure 1):

By incorporating this model, an analysis of heat transfer
is conducted in the presence of viscous dissipation, Joule
heating, and thermal radiation properties. In this case, we
consider that a perpendicular to the flow direction homo-
geneous magnetic field of intensity B, is applied. Joule
heating plays a key role in nanofluid flow because it modi-
fies fluid dynamics, improves thermal management, increases
heat transfer, affects temperature distribution, and increases
energy efficiency. In the subsequent set of governing equa-
tions, we make the assumption that Ty denotes the tempera-
ture at the convective surface, T, represents the temperature
of the sheet, and T., represents the temperature of the sur-
rounding ambient fluid. In the current model, the flow takes
place adjacent to an incompressible stagnation point, a feature
of significant importance in various applicable fields. For this
nanofluid, the incompressible stagnation-point flow can

Stagnation point

Figure 1: The flow configuration and coordinate system.
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therefore be described by the following two-dimensional
stable boundary layer equations [28]:
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The boundary conditions outlined for the problem under
consideration are as follows:

oT
u=u, =ax, V=-V -k— = h(T - Ty),
w(X) w 3y ( f) ©)
c=C, aty=0,
U= Us(X)=bx, T->T, C—>Co asy — . (6)

Here, we must mention that the convective heat transfer
condition is vital because it accurately models the heat
exchange between the nanofluid and its environment, a
key factor in applications such as cooling systems and
heat exchangers. Incorporating this condition enhances
the model’s practicality by capturing the interplay between
internal conduction and external convection, improving the
understanding of heat dissipation. As evident from the ear-
lier system, which governs our physical model through
equations (1) to (4), the behavior of the model under physical
phenomena is characterized by nonlinear partial differential
equations (PDEs). Now, by employing the Rosseland approx-
imation to characterize thermal radiation and applying it to
materials with high optical density, the radiative heat flux
can be calculated, as described in the works of Raptis [29],
Brewster [30], and Sparrow and Cess [31]:
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Here, o* denotes the Stefan-Boltzmann constant and k*
signifies the mean absorption coefficient. Therefore, equa-
tion (3) can be expressed as
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By implementing dimensionless variables in the specified
format [27]:
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The similarity variable 5 is introduced through carefully
selected transformations to convert the governing PDEs
into a system of ODEs, leveraging the self-similar charac-
teristics inherent to stagnation-point flows. The velocity
components u and v, along with the dimensionless func-
tions 6 and ¢, are defined to achieve appropriate scaling
while maintaining analytical tractability within boundary
layer theory. Therefore, equations (2) through (4) undergo
a conversion procedure that converts them into a non-
dimensional ordinary differential equation format, using
the similarity transformation given in equations (9) through
(10). The steps involved in this conversion procedure are as
follows:

[1 ' %]f “fEH B MEB-f) =0, (D
Lo _1y e 1py + Re
pp (0L + Ral6(8w — 1) + 1PY) +
x (040w - DIOBw - D + 1) + B+ Lo*  (12)
+ 90 + Ec[l + %][”2 + MEc(B-f')" =0
I
¢ + Lefp’ + —0” = 0. (13)
I}

In this context, it is important to highlight that the pre-
ceding system of equations (11) through (13) is exceedingly
nonlinear and cannot be resolved through analytical
means alone. Consequently, the utilization of numerical
techniques becomes imperative to tackle the complexity
inherent in the system.
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Additionally, the associated boundary conditions for
our specific problem are expressed as follows:

fap=Q, fim=1 oé=1, (14)
0’(n) = -B;(1 - 6(n)) at n = 0,
ffa)—-B, 6()—~0, ¢()—0 asn— oo, (15

where B; is the Biot number, Q is the suction velocity, f§ is
the proportion between the stretched sheet’s velocity and
the rates of free stream velocity, M is magnetic parameter,
Pr is the Prandtl number, R; is the radiation parameter,
and Ec is the Eckert number, I; is the thermophoresis para-
meter and I} is the Brownian motion parameter. These
factors defined below as

h Vi oB¢
B = pev’ N M= pa’
K% (16)
Jolony
Pr = e I, = @Dp(Cy — Co)lv,
a
R;=160*T3/3kk* B = —,Ec = u2/cy(Tr - To),

L = (T = Tw)/ Toov.

2.1 Quantities of practical interest

Important features of fluid flow, heat transmission, and
mass transfer are measured by the skin friction coefficient,
Nusselt number, and Sherwood number. Enhancing mass
transfer in chemical and biological processes, reducing
drag in fluid dynamics, and improving heat transfer in
thermal systems are just a few examples of the many
technical and industrial processes that depend on their
comprehension and control. The skin friction coefficient,
surface heat flux, and mass fluxes can be determined
using the specified equations:
1
ChiRef =-[1+ 1} 0), o = -1+ RO,

JRey

1
sh, (18)

\/ﬁ =-¢(0),

where Re, is the local Reynolds number.

2.2 Limitations of the study

Despite the comprehensive analysis in this study, certain
limitations should be noted. First, the mathematical model
relies on specific assumptions, such as steady-state, laminar
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flow, and a uniformly stretched surface, which may not fully
capture real-world complexities like turbulence or surface
roughness. Additionally, the nanofluid properties were
assumed constant, whereas in practical applications, var-
iations in nanoparticle concentration and temperature-
dependent thermal conductivity could impact the results.
Further, the study uses the Rosseland approximation for
thermal radiation, best suited for optically thick media,
which may limit its relevance across all nanofluid condi-
tions. Additionally, external forces like gravity and shear-
induced diffusion are neglected, potentially affecting heat
and mass transfer in specific applications. Future work
must aim to diminish these assumptions to enhance the
model’s relevance for more complex and possible prac-
tical engineering situations.

3 Solution methodology

The research examined numerically the magnetohydrody-
namic nanofluid stagnation point flow problem with thermal
radiation and convective boundary condition by first con-
verting the governing PDEs into dimensionless form through
similarity transformations. These transformations yielded
coupled nonlinear ODEs for momentum (11), energy (12),
and nanoparticle transport (13), which were solved numeri-
cally using a shooting technique that coupled with fourth-
order Runge—Kutta integration. Initial conditions were
iteratively refined via Newton—Raphson until boundary con-
ditions (14) and (15) were satisfied within a 107 tolerance
threshold. Solution accuracy was ensured by implementing
the Runge-Kutta scheme with decreasing step increments
(An = 0.1, 0.05, 0.025) and comparing results at designated
control locations (7 = 6.0).

4 Confirmation of the code’s
precision

In this section, to validate the methodology employed via
the shooting method and demonstrate its precision, the
results obtained were juxtaposed with those from a prior
study conducted by Ghasemi and Hatami [32] for different
values of Brownian parameter Ij. This comparison was
facilitated through Table 1, where the numerical solutions
were evaluated against the findings presented in their pub-
lication. This table provides numerical data for the reduced
Nusselt number calculated using equation (12), along with
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the corresponding results reported by Ghasemi and Hatami
[32]. The close agreement between the values obtained in the
current study and those previously reported underscores the
excellent concurrence between the two sets of results.

5 Discussion

First, we must mention here that the accurate modeling
of nanofluid thermal dynamics near stagnation regions
requires simultaneous incorporation of multiple physical
effects such as applied magnetic fields, nonlinear radiative
transfer, convective heating, and viscous energy dissipa-
tion. These coupled phenomena collectively govern velo-
city and temperature distributions, critically affecting both
thermal boundary layer formation and system-wide heat
transfer performance in practical applications. As pre-
viously stated, the equations that govern the flow of
Casson nanofluid over a stretching sheet adjacent to a
stagnation point, considering the presence of a magnetic
field, thermal radiation, and viscous dissipation, along
with their respective boundary conditions, are solved
numerically using the shooting method. Within this fra-
mework, it is critical to emphasize that the parameter
values adopted in this investigation adhere to well-defined
bounds. These ranges were meticulously selected to faith-
fully represent the physical phenomena being studied. The
choices were informed by a combination of experimental
data and theoretical principles, ensuring consistency with
accepted theoretical models while preserving practical
applicability. Further, the range of parameters are introduced
as0.0=<M=<30,02<<1501<B;<12,05<6, <25
0.0 <R;<250.0<TI <08, and 0.1 < T} < 1.8. Keeping all
other governing factors constant, Figure 2 shows how changes
in the Casson parameter § affect the temperature 6(1), velo-
city f'(n), and concentration ¢(n) distributions. According to
the figures, concentration levels and the Casson parameter
have a positive association, with an upsurge in the former
resulting in a somewhat higher concentration. On the contrary,

Table 1: Comparison of —8(0) with some values of Brownian parameter
[, when Pr =10, = 0.1, Ry=Ec=M=8=10,B - o, and § > =

Ty Ghasemi and Hatami [32] Present work
0.1 0.9528 0.95271043
0.2 0.5057 0.50565809
0.3 0.2527 0.25269002
0.4 0.1196 0.11957890
0.5 0.0546 0.05455786
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the distributions of temperature and velocity show an inverse
connection with the Casson parameter, indicating that tem-
perature and velocity tend to drop as the Casson parameter
increases. Physically, the reduction in nanofluid temperature
with a higher Casson parameter is mainly because of greater
flow resistance (higher yield stress), diminished convective
heat transfer, increased effective viscosity, a thicker thermal
boundary layer, and changes in nanoparticle behavior. These
factors together impair the nanofluid’s capacity to transport
and distribute heat, resulting in a lower overall temperature.

In order to demonstrate how variations in magnetic
intensity impact these parameters, Figure 2 displays the
velocity, concentration, and temperature profiles throughout
a range of magnetic parameter M values, from 0 to 3. A slight
elevation in nanoparticle concentration @(n) is noted, attrib-
uted to the response elicited by the presence of the magnetic
field. Furthermore, a markedly elevated temperature distri-
bution 6(n) is observed in the magnetic field; this is because
the magnetic field induces more energy transfer mechanisms
in the system, which results in increased thermal effects.
Moreover, a considerable reduction in the velocity distribu-
tion f’(n) is observed when the magnetic field is present.
Physically, this happens because the magnetic field exerts
forces on the fluid that counter its flow direction, causing a
drag effect that slows the fluid’s movement, leading to a sig-
nificant reduction in velocity across the system (Figure 3).

The impacts of the velocity ratio parameter S on
the thermal characteristics, concentration behavior, and
momentum dynamics in nanofluid flow are shown in
Figure 4. This figure suggests that combining the velocity
ratio parameter’s effects can assist mitigate the gradient
of temperature distribution and the rate drop in nanopar-
ticle concentration. On the contrary, the velocity distribu-
tion shows a different trend when the same parameter is
applied. Physically, the reduction in nanofluid concentra-
tion as the velocity ratio parameter increases is mainly
caused by stronger shear forces, higher turbulence, changes
in Brownian motion and dispersion dynamics, centrifugal
forces in rotating systems, and variations in boundary layer
behavior. Together, these effects result in a more uneven
distribution and greater settling of nanoparticles, lowering
their concentration in the fluid.

Figure 5 presents the impact of the Biot number B; on
the concentration and temperature profiles of Casson nano-
fluid flow passing over a stretching sheet. The graph below
illustrates how concentration and temperature rise in pro-
portion to increasing Biot number values. The temperature
increases substantially, while the concentration just slightly
rises. This is explained by the fact that the Biot number
directly affects the temperature field, which in turn has an
indirect effect on the concentration field. From a thermal
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Figure 2: (a) f'(n) and 8(n) for various & and (b) ¢(n) for various 6.

physics perspective, elevated Biot numbers indicate enhanced
convective heat transfer at the sheet surface. This augmenta-
tion in convective heating generates steeper thermal gradients
across the sheet, consistent with established empirical obser-
vations. The amplified heat transfer promotes greater
thermal diffusion into the adjacent quiescent fluid, con-
sequently expanding both the temperature distribution
and thermal boundary layer thickness with increasing
Biot number.

Figure 6 illustrates how the temperature profiles are
influenced by the temperature ratio parameter 6,, and
thermal radiation parameter Ry, considering specific chosen
values. At larger values of the temperature ratio parameter,
the change in dimensionless temperature shows a more
noticeable increase. The thermal radiation parameter shows
a similar tendency, especially when it comes to the area
farthest from the sheet. Furthermore, it is clear that the
effect of thermal radiation away from the sheet returns

1.0[3 B
i om
osf o)
06f B=02,6=0.8,6,=02 -
; Pr=2.0, 0=0.8, R;=0.5 |
045 B;=0.2, Ec=0.2 ]
021 M=0.0, 1.0, 3.0 ]
0.0 ;\ I I 1 1 1 1]
0 1 2 3 4 5 6

Figure 3: (a) f'(7) and 8(n) for various M and (b) ¢(n) for various M.
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Q)

I,=0.2, T,=0.7, Le=1.5

along the sheet in the presence of the Biot number. Physi-
cally, this behavior occurs because changes in the value of
Biot number can alter the thickness of the thermal
boundary layer, thereby impacting the mechanism of
heat transfer away from the surface. By controlling
boundary convection effectiveness, the Biot number deter-
mines thermal conduction performance into the fluid domain,
making overall thermal transport highly sensitive to its value.

Figure 7 illustrates how variations in the thermophor-
esis parameter I; impact both the thermal field 6(n) and
the concentration of nanoparticles ¢(n). Initially, it is
important to note that the thermophoresis parameter char-
acterizes the extent to which nanoparticles exhibit move-
ment in reaction to temperature differentials within a fluid
environment. Elevating the thermophoresis parameter
causes a surge in the heat field and the concentration
of nanoparticles, as the figure illustrates. Physically and
from a transport phenomena viewpoint, enhanced

i M=0.0, 1.0, 3.0
0.6 -

()

0.4;
7 I,=0.2,T,=0.7, Le=1.5
0.2
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Figure 4: (a) f'(n) and 8(n) for various B and (b) ¢(n) for various f.

thermophoretic forces propel nanoparticles toward elevated-
temperature zones. Such directional migration produces more
homogeneous nanoparticle dispersion with increased local
concentrations, which subsequently optimizes heat transfer
pathways. This optimization boosts both the intensity and
reactivity of the thermal environment.

Figure 8 displays the effects of the chosen parameters’
Brownian motion parameter I, on the temperature 6(n)
and concentration ¢(n) curves. When Brownian motion
becomes more significant, the volume percentage of
nanoparticles decreases, but the thermal thickness and
temperature of the nanofluid increase considerably. This
indicates that the difference between temperature distribu-
tion and concentration variation is mainly due to the domi-
nant influence of Brownian motion on the dispersion of
nanoparticles. This leads to greater fluctuations in tempera-
ture distribution compared to changes in nanoparticle

oAG;
; £=0.2, M=0.5, 6,,=0.2
Pr=2.0, 0=0.8, R;=0.5
6=0.8, Ec=0.2 1

05F

0.4}

)]

03F
02l B=0.1,0.5,1.2

0.1F

0.0F

Figure 5: (a) 8(n) for various B; and (b) ¢(n) for various B;.
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0.8 -

sk p=0.2,0.5,12,1.5

)

i ,=0.2,T,=0.7, Le=1.5
0.2+

0.0

concentration because Brownian motion enhances thermal
mixing more effectively than it does particle concentration.

Table 2 displays the skin friction coefficient Cf,/Rey,

-1 -1

Nusselt number NuxRexj, and Sherwood number Sh,(Rex7
values as a function of the governing parameter alteration.
These values are important because they help with the
study and optimization of different engineering processes
by offering vital insights into the system’s mass and heat
transport characteristics. Higher values of the magnetic
parameter are found to be associated with a more signifi-
cant fall in both the dimensionless Sherwood number and
the dimensionless Nusselt number; for values of the skin
friction coefficient, this pattern is inverted. While the local
Nusselt number exhibits an opposite pattern with regard to
the same parameter, the dimensionless skin friction coeffi-
cient and mass transfer rate decrease as the Casson para-
meter increases. Moreover, when the temperature ratio

0.8

B;=0.1,0.5,1.2

2]

0,4;
; ,=0.2,1,=0.7, Le=1.5
021

0.0 -
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Figure 6: (a) 8(n) for various 6, and (b) 6(n) for various Ry.

parameter reaches significant magnitudes, there is a
notable rise in both the dimensionless heat and mass
transfer rates. Conversely, the opposite trend is observed
for the thermophoresis parameter under similar condi-
tions. Furthermore, it is worth noting that both thermal
radiation and the Biot number possess the characteristic
of augmenting the rate of heat transfer while simulta-
neously reducing the rate of mass transfer. The analysis
of the tabular results reveals that both the temperature
ratio parameter and Biot number demonstrate substan-
tial influence on thermal transport characteristics. A key
finding shows that incremental changes in either para-
meter produce a marked increase in the local Nusselt
number, reflecting intensified thermal gradients at the
boundary surface. These results underscore their pivotal
function in governing thermal boundary layer development
and system-wide heat transfer performance. Finally, this
study’s findings hold direct significance for maritime thermal

0.35F

0.30F

025 f
I,=0.0,0.5,0.8

o)

0.15 —
F £=0.2, M=0.5, B;=0.2
0.10 F

¥ Pr=2.0, 2=0.8, 6,,=0.2
0.05

§=0.8, Ec=0.2

0 1 2 3 4 5 6

Figure 7: (a) 6(n) for various I; and (b) ¢(n) for various I;.
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e00p, L, T —————————
0 1 2 3 4 5 6

systems. The improved heat transfer from higher Biot numbers
and nanoparticle effects can optimize compact heat exchan-
gers in marine energy systems. Additionally, the magnetic
field’s flow-damping behavior informs cooling strategies
for ship engines utilizing magnetic flow control. These
results establish a foundation for designing efficient nano-
fluid cooling solutions in marine applications.

6 Concluding remarks

This article utilizes the shooting method to effectively
obtain precise solutions for the flow of Casson nanofluid
near a stagnation point over a permeable stretching sur-
face, taking into account both viscous dissipation and
thermal radiation effects. The nanofluid model employed
in this study incorporates the influences of magnetic fields,
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0.6 -

()

0A4:
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Figure 8: (a) 8(n) for various I, and (b) ¢(n) for various I.

Brownian motion, Ohmic heating, and thermophoresis. In
the present study, the nonlinear Rosseland approximation
is utilized for thermal radiation modeling. The results
obtained from this study are compared with those of prior
research, revealing a remarkable agreement. The present
analysis adopts a steady, two-dimensional framework with
constant fluid properties, thereby excluding transient beha-
vior and 3D effects, a recognized limitation of this study. The

-1 -1
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0.8 -

0.6 -

Q)

,=0.1,0.9, 1.9
0,2;
i [,=0.1, Pr=2.0, Le=1.5

key findings of the numerical analysis are outlined as

follows:

1) Clear linear reduction for the local Nusselt and Sherwood
numbers is noted based on the magnetic parameter and
thermophoresis parameter.

2) In contrast to the local Nusselt number, which rises
with an increase in the Casson parameter, the local
Sherwood number falls.

Table 2: Cf,./Re,, Nu,Re? , and Sh,Re? for different values of governing parameters with Q = 0.8, Le = 1.5, Ec = 0.2, and Pr = 2.0

: -1 -1
d o B i bu Ra fe fo Che/Re, Nu, Re? sh,Re?
05 05 0.2 0.2 0.2 05 0.2 07 2.22130 0.131886 173615
0.8 05 0.2 0.2 0.2 05 0.2 0.7 1.97504 0.134008 171836
10 05 0.2 0.2 0.2 05 0.2 0.7 150172 0.138225 1.66509
0.8 0.0 0.2 0.2 0.2 05 0.2 0.7 174507 0.143619 172447
0.8 05 0.2 0.2 0.2 05 0.2 0.7 1.97504 0.134008 171836
0.8 2.0 0.2 0.2 0.2 05 0.2 0.7 2.53001 0.108968 170628
0.8 05 0.2 0.2 0.2 05 0.2 07 1.97504 0.134008 171836
0.8 05 05 0.2 0.2 05 0.2 07 135869 0.154307 175170

0.8 05 12 0.2 0.2 05 0.2 07 -0.64095 0.166849 1.85036
0.8 05 15 0.2 0.2 05 0.2 0.7 169382 0.17449 1.9059

0.8 05 0.2 0.1 0.2 0.5 0.2 0.7 1.97504 0.073115 173079
0.8 05 0.2 0.4 0.2 05 0.2 07 1.97504 0.230248 1.69859
0.8 05 0.2 10 0.2 05 0.2 07 1.97504 0.442790 1.65491
0.8 05 0.2 0.2 05 05 0.2 07 1.97504 0.141597 171823
0.8 05 0.2 0.2 15 05 0.2 0.7 1.97504 0.358156 173615
0.8 05 0.2 0.2 25 05 0.2 0.7 1.97504 1106301 176981

0.8 05 0.2 0.2 0.2 0.0 0.2 0.7 1.97504 0.130993 172101

0.8 05 0.2 0.2 0.2 15 0.2 07 1.97504 0.136970 171558
0.8 05 0.2 0.2 0.2 25 0.2 0.7 1.97504 0.138211 171433
0.8 05 0.2 0.2 0.2 05 0.0 07 1.97504 0.135449 173371

0.8 05 0.2 0.2 0.2 05 05 0.7 1.97504 0.131652 1.69826
0.8 05 0.2 0.2 0.2 05 0.8 07 1.97504 0.129020 1.68218
0.8 05 0.2 0.2 0.2 05 0.1 0.1 1.97504 0.153001 164152
0.8 05 0.2 0.2 0.2 05 0.1 0.8 1.97504 0.130698 172784
0.8 05 02 0.2 0.2 05 0.1 15 1.97504 0.089729 173591
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3) Elevating the Biot number, magnetic number, and thermal
radiation parameter, while lowering the Casson parameter,
results in elevated temperature profiles.

4) Additionally, an escalation in both the Brownian motion
parameter and the thermophoresis parameter causes
higher temperatures within the boundary layer.

5) The rise in dimensionless concentration follows a con-
sistent pattern for higher thermophoresis parameters,
whereas the opposite trend occurs for the Brownian
motion parameter.

6) Future work may consider unsteady effects, variable
thermal conductivity, or variable thermal density to
further enrich the analysis.
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