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ABSTRACT
A computational methodology is delineated to examine fluid concentration, velocity,
and temperature as flow characteristics on the nanofluid boundary layer flowing
through a porous stretchable subsurface along with permeable media and activation
energy. An analysis of the movement, magnetohydrodynamic, and activation energy
within the boundary layer is elucidated. The mathematical formulations of ordinary
differentiation are obtained from the fundamental governing flow equations by
employing similarity transformations. The resultant system of equations was solved
numerically using the MATLAB bvp4c computational package. The computational out-
comes are illustrated for dimensionless parameters with respect to the characteristics
of fluid flow, concentration, and temperature. The computational findings indicate
that an increase in the porous and magnetic field parameter reduces flow, while sim-
ultaneously enhancing temperature and concentration in this domain. The inclusion
of nanofluid results in an augmentation of the thermal conductivity of the fluid flow.
The conclusions drawn corroborate a notable concordance with prior research docu-
mented in the extant literature. The computational results and insights derived are
extensively utilized in various engineering processes such as polymer drawing and
extrusion, casting, hot rolling, and metal cooling. The incorporation of magnetic nano-
particles enhances the efficiency of thermal and mass transfer, thereby facilitating pre-
cision in oncological treatments, wastewater remediation, and processes that promote
energy efficiency. The current investigation has broad implications across various sec-
tors. These include optimizing energy efficiency in industrial processes, developing
advanced cooling solutions, energy sectors, and renewable energy systems, and creat-
ing novel materials with tailored properties.
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1. Introduction

The fields of Engineering and industry rely heavily on the concept of stretching surfaces, a topic exten-
sively explored in academic literature. The utilization of stretching sheets plays a pivotal role in various
manufacturing processes. Such procedures include hot rolling for flow generation, rubber coat process-
ing, glass blowing, fiber circling, polymer dyeing, and paper product manufacturing. The diverse applica-
tions of stretching sheets necessitate the reconsideration of different stretched velocities, i.e., linear,
nonlinear, and exponential. In a seminal contribution, Crane [1] provided a precise solution for the flow
resulting from the linear stretching of a sheet, a remarkable achievement in solving the Navier-Stokes
equations. Subsequent research has expanded upon this work, investigating a wide array of physical
properties, such as vertical suction/injection effects, heat and mass transfer along horizontal surfaces,
and more. The influence of fluid motion on flat surfaces was scrutinized by Mukhopadhyay [2], while
Mukhopadhyay and Reddy [3] studied the impact of Maxwell fluids on stretchable surfaces.
Bhattacharyya et al. [4] explored variable viscosity effects in stagnation regions on stretching surfaces.
Abbas et al. [5] extended this work by examining magnetohydrodynamics coupled with viscous flow on
curved sheets, providing detailed analytical insights. Vajravelu and Mukhopadhyay [6] discussed the
implications of fluid flow on body temperature, while Okechi et al. [7] investigated exponentially
stretched sheets adopting a viscous liquid model. Ghosh and Nadeem et al. [8] numerically analyzed
hybrid nanomaterial flows on curved sheets, and Gangadhar and Chamkha [9] studied the entropy
impact on a couple-stress fluid with uniform heat generation. Abbas and Shatanawi [10] considered
time-dependent flows on curved sheets using a micropolar fluid modeling, while Gangadhar et al. [11]
numerically examined the thermal characteristics of hybrid nanofluids around rotating cylinders. Abbas
and Shatanawi [12] explored the effects of exponential stretchable velocities subjected to chemically
reactive second-grade fluids on curved sheets. Various researchers have contributed to the understand-
ing of stretchable surfaces in different flow scenarios as evidenced by references [[13–15]].

Heat and mass transfer in the terrain of nanotechnology have performed a crucial part, owing to vari-
ous instances associated with real-world issues. During the period of decay, traditional heat transfer
mechanisms were utilized to elevate the system’s temperature. This approach incurred significant costs
and exhibited poor performance. A novel concept emerged involving the amalgamation of compact
nano-particles with conventional fluid. The outcomes for such a concept offer greater benefits compared
to the decay method. Among different particle sizes such as macro, micro, and nano-scaled, the latter
has garnered more attention due to challenges in maintaining uniformity of the mixture or reducing
pressure drop within the system. Because of their minute size and adjacency to the base fluid’s

Nomenclature
~u, ~v Velocity components (ms−1)
�f Kinematic viscosity of base fluid (m2s−1)
�nf Kinematic viscosity of nanofluid (m2s−1)
ðqCpÞnf Heat capacity of nanofluid
lnf Viscosity of nanofluid (Nsm−2)
kf Thermal conductivity of base fluid (Wm−1K−1)
B20 Intensity of magnetic field
qnf Density of nanofluid (Kgm−3)
Cw,C1 Surface and ambient concentrations
k� Mean absorption coefficient
x, y Coordinate axes
knf Thermal conductivity of nanopar-

ticles (Wm−1K−1)
Kp Porosity parameter
anf Thermal diffusivity of nanofluid (m2K−1)
~Uw Stretching velocity (ms−1)
E1 Activation energy variable
DB Diffusion coefficient of nanoparticles
Nb Brownian motion parameter

qf Density of base fluid (Kgm−3)
rnf Electrical conductivity
Ha Hartmann number
Tw Wall Temperature
T1 Ambient Temperature
T Temperature of fluid
lf Viscosity of base fluid (Nsm−2)
d1 Temperature difference
Pr Prandtl number
m1 Fitted constant
Le Lewis number
b Reaction rate parameter
c Curvature parameter
r� Stefan-Boltzmann constant
Re Local Reynoled number
Ea Coefficient of activation energy
Kr2 Reaction rate
Nt Thermophoresis parameter
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molecules, these minuscule particles can establish highly reliable floating with nominal gravitational
sedimentation occurring over protracted time intervals. Examples of this significance can be found in
the cooling of electronic systems in modern electronics and the foundations of nuclear reactors. Heat
transfer via nanofluid flow problems can be evaluated for different processes and equipment by utilizing
heat conduction, which plays a crucial role in various heat transferal rate applications. Nanofluids, con-
sisting of nanoparticles, have the potential to greatly enhance the characteristics of base fluids. The
word “Nanofluid” was coined by Choi and Eastman [16], who highlighted the dispersion of nanoparticles
within a standard fluid. Numerous researchers have adopted this concept and have witnessed exponen-
tial growth. Theoretical analyses have since been carried out to replicate the behaviors of nanofluids,
resulting in the proposal of two models: homogeneous flows and dispersions modeling. Buongiorno [17]
developed a theoretical model of nanofluids that omitted the influence of dispersion, particle diameter,
and heat transport coefficient. Buongiorno’s model elucidated the anomalous convective heat transfer-
ring augmentation in nanofluids, addressing the limitations of homogeneous and dispersion models.
Akbar and Nadeem [18] extended Sutterby’s ideas for a peristaltic model with an asymmetric media
incline. The analytical outcomes have been advanced to illustrate the impact of slip. Ahmad et al. [19]
analyzed the Sutterby fluid flow disputatiously along with the influences of chemical, radiation, and
mixed convection on a constricted medium. Khan et al. [20] examined the effect of heterogeneous-
homogeneous reactions on Sutterby fluid within a moving framework. The application of the Cattaneo–
Christov models to the Sutterby fluid system was implemented to derive the principal findings. Mabood
et al. [21] challenged the dynamic behavior of Sutterby fluid incorporating Fourier and Fick’s laws on a
revolving stretchable disk. Abdal et al. [22] examined nano-biofilms using Sutterby fluid on a stretching
surface. Hanif et al. [23] characterized the Sutterby fluid model. Hussain et al. [24] investigated the
impact of a ferromagnetic field and magnetic dipole on Sutterby fluid. Abdelsalam et al. [25] scrutinized
the consequences of Sutterby fluid within the framework of an entropy model.

The study of magnetic field dynamics involves the interaction between a magnetic field and fluid
mechanics, particularly with electrically conducting fluids. This dynamic interplay has attracted significant
interest worldwide due to its broad applicability in areas such as astronomical physics, geophysics, and
the dynamics of the earth’s layers. Various engineering and industrial sectors, including plasma confine-
ment and solar physics, also benefit from utilizing flow problems incorporating magnetic field character-
istics, as numerous researchers acknowledge. Observations by experimental analysts reveal that the
imposition of an extraneous magnetic field on fluid flow generates electric and magnetic fields. The pre-
dominant focus on the induced magnetic field over the induced electric field is attributed to the
assumption of lesser magnetic Reynolds numbers. The presence of this generated magnetic field is cru-
cial for the accurate representation of fluid flow dynamics. Several scholars have conducted initial inves-
tigations on electrically conducting fluid flows across different geometrical configurations, with select
studies summarized for brevity. For instance, Daniel et al. [26] conducted entropy analysis on magnetic
hydrodynamic nanomaterial fluid flowing considering radiative chemical reactions and viscous dissipa-
tions through numerical methods. They also explored MHD flow adopting the nanofluid model with
mixed convection and partial slip conditions, among other variations. Mulinti and Pallavarapu [27] inves-
tigated the flow dynamics of an unsteady compressible magnetohydrodynamic fluid influenced by ther-
mal radiation and situated within a porous subsurface, factoring in the presence of chemical reactions.
The works of Wakif et al. [28], Reddy et al. [29], and Yahaya et al. [30] also contributed insights into the
influence of MHD and nanofluids under diverse conditions. Recent scholarly discussions have centered
on the magnetic hydrodynamic model under specific assumptions, as referenced in works [[31–35]].

Prior studies have not analyzed the MHD nanofluid flowing through a porous surface along with
activation energy. The primary aspiration of disseminating this investigation endeavor is to elucidate the
2-D Navier-Stokes equation pertinent to Darcy-Brinkman flow induced by a stretchable subsurface, incor-
porating along with the MHD, activation energy, viscous and porous dissipation phenomena, which rep-
resents a significant knowledge gap. This study addresses this gap by analyzing the behavior of MHD
nanofluid flowing with minimal alterations, the current results extrapolate the scenarios involving curved
channel flow, specifically Couette flow in cylindrical geometries, as well as to parallel boundary layer
dynamics. The governing non-linear partial differential equations have been reformulated into ordinary
differential equations, subsequently resolved utilizing the BVP4C, which incorporates the BVP4C and
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Newton-Raphson methodologies; both techniques have been employed to validate the accuracy of the
results within the framework of the present investigation. The influence of various parametric quanti-
ties on velocity, concentration, and temperature has been thoroughly analyzed and explained. The
outcomes of this study are intended to support and enhance further research initiatives and practical
applications.

2. Mathematical modelling

This study examines a steady two-dimensional boundary layer of nanofluids flowing governed by mag-
netohydrodynamics (MHD) over a stretching surface within a porous medium. Assume that the flow is
two-dimensional and steady, the fluid is incompressible and laminar, and the thermal equilibrium exists
between the base fluid and nanoparticles. The plate extends along the x-axis with a velocity denoted as

“~Uw xð Þ ¼ a1x”. Let ~Uw; ~Tw and ~Cw represent the fluid velocity, temperature, and nanoparticle concentra-

tion at the wall respectively. The temperature (~T ) and nanoparticle concentration (~C) within the free
stream, the fluids are established. The geometric representation of the investigated phenomenon is
depicted in Figure 1. Utilizing the conventional presumptions and symbols associated with boundary
layer flow [36], the fundamental conservation equations governing mass, momentum, energy, and con-
centration are articulated in assertions (1)-(5).

@~u
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together with the corresponding boundary conditions

~u ¼ ~Uw xð Þ ¼ a1x, ~v ¼ 0, ~T ¼ ~Tw , ~C ¼ ~Cw at y ¼ 0, (6)

Figure 1. Flow geometry.
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~u ¼ 0, ~v ¼ 0, ~T ¼ ~T1, ~C ¼ ~C1 as y ! 1: (7)

In these expressions ~u and ~v denote the velocities along the x and y-axes correspondingly, qf stands
for fluid density, (k) refers to the thermal conductivity, while (p) denotes the fluid pressure, (DB) is the
Brownian diffusion coefficient, (D~T ) indicates the thermophoretic diffusion coefficient, l1 represents vis-

cosity, and nanoparticle density is represented by qp; respectively. (~T ) indicates the temperature of the

fluid, (~T1) denotes the free stream temperature. Furthermore, the effective heat capacity is defined as
s ¼ qcð Þp= qcð Þf ; where the thermal capacity of the nanoparticles is qcð Þp; and that of the nanofluid

is qcð Þf :
Where the stream function “w”is written as:

~u ¼ @w
@y

¼ , ~v ¼ −
@w
@x

, (8)

Considering the non-dimensional transformations below:

~u ¼ a1~xϜ
0
gð Þ, g ¼ ~y

ffiffiffiffiffi
a1
�

r
, ~v ¼ −

ffiffiffiffiffiffiffiffi
a1�

p
Ϝ gð Þ, h gð Þ ¼

~T − ~T1
~Tw − ~T1

,/ gð Þ ¼
~C − ~C1
~Cw − ~C1

: (9)

In consideration of the similarity transformations (9), equation (1) is satisfied evenly while equations
(2)–(5) are simplified to the subsequent form.

Ϝ000 þ ϜϜ00 − Ϝ
02 − HaϜ

0
− KpϜ

0 ¼ 0, (11)

1
Pr
h00 þ Ϝh

0 þ Nb/
0
h
0 þ Nth

02 ¼ 0, (12)

/00 þ LeϜ/
0 þ Nt

Nb
h00 − Ler1 1þ d1h½ �m1 exp

−E
1þ d1h

� �
/ ¼ 0, (13)

in conjunction with the relevant boundary conditions:

Ϝ
0 ¼ 1,Ϝ ¼ 0, h ¼ 1,/ ¼ 1 at g ¼ 0, (14)

Ϝ
0 ¼ 0, h ¼ 0,/ ¼ 0 as g ¼ 1: (15)

Where Ha symbolizes the magnetic parameter, bD symbolizes the porous parameter, Pr symbolizes
the Prandtl number, Nt symbolizes the thermophoresis parameter, Nb symbolizes the Brownian motion
parameter and Le symbolizes the Lewis number, E1 activation energy variable, Ea Coefficient of activation

energy, Kr2 Reaction rate, d1 Temperature difference, r1 denotes the chemical reactive factor, are as fol-
lows:

Ha ¼ rB20
q1a1

¼ , Kp ¼ �

ka1
, Pr ¼ �

a
,Nt ¼ sD~T

~Tw − ~T1
� �
�f ~T1

,

Nb ¼ sDB

D~C

~Cw − ~C1
� �

�f ~T1
, E ¼ Ea

K0~T1
, r1 ¼ Kr2

a1
, d1 ¼

~Tw − ~T1
~T1

, Le ¼ �

DB
:

The expressions for “Cfx ,Nx , Shx” are obtained as

Cfx ¼ −
sw

q1~Uw
2 ,Nx ¼ −

xqw
k Tw − T1ð Þ

����
y¼0

, Sh ¼ −
xqm

DB Cw − C1ð Þ
����
y¼0

(16)

And

sw ¼ −l1
@~u
@y

� 	
y¼0

, qw ¼ −k
@~T
@y

����
y¼0

, qm ¼ −DB
@~C
@y

����
y¼0

(17)

Here, l1 signifies the dynamic viscosity of nanofluid, while k signifies the thermal conductivity of
nanofluid.
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The physical quantity of interest such as skin friction coefficient, etc., “Cfx ,Nx , Shx” are given by

−
ffiffiffiffiffiffi
Re

p
Cfx ¼ Ϝ00 gð Þ


 �
g¼0

,
ffiffiffiffiffiffi
Re

p
Nx ¼ −h0 gð Þ,

h i
g¼0

,
ffiffiffiffiffiffi
Re

p
Shx ¼ −/

0
gð Þ

h i
g¼0

(18)

where Re ¼ a1x2

�f
is the local Reynolds number predicated upon the velocity of stretching ~Uw xð Þ:

3. Numerical analysis governing flow phenomenon

The BVP4C Technique is applied to address the nonlinear coupled differential equations (11)-(13) which
are governed by the boundary conditions (14) and (15). Assuming

Ϝ ¼ Z1, Ϝ
0 ¼ Z2, Ϝ00 ¼ Z3, h ¼ Z4, h

0 ¼ Z5,/ ¼ Z6,/
0 ¼ Z7, (19)

Consequently, we get

Z3
0 ¼ Z22 þ HaZ2 þ bDZ2 − Z1Z3, (20)

Z5
0 ¼ −Pr Z1Z5 þ NbZ7Z5 þ NtZ52

� �
, (21)

Z7
0 ¼ −Le Z1Z7 þ Nt

Nb
Z5

0
− Ler1 1þ d1h½ �m1 exp

−E
1þ d1h

� �
Z6

� �
, (22)

The associated boundary conditions adjust correspondingly

Z2 ¼ 1, Z1 ¼ 0, Z4 ¼ 1, Z6 ¼ 1 at g ¼ 0, (23)

Z2 ¼ 0, Z4 ¼ 0, Z6 ¼ 0 as g ¼ 1: (24)

The solution procedure for generating numerical results is displayed in Figure 2. The choice of BVP4C
over other numerical schemes like finite element or finite difference methods is justified by its accuracy,
efficiency, and relative simplicity, especially when dealing with highly nonlinear ODEs. Its adaptive mesh
selection, user-friendly interface, and robust handling of nonlinearities make it a valuable tool for solving
boundary value problems in various scientific and engineering applications. While FEM and FDM have
their strengths, BVP4C offers a balanced approach that often provides a more straightforward and com-
putationally efficient solution.

4. Results and discussion

This section elucidates the graphical representations and numerical findings of the BVP4C concerning an
array of physical parameters. This section presents an analysis regarding the variation of multiple emerg-
ing parameters associated with velocity, temperature, and concentration profiles. The numerical depic-
tion and scrutiny of these variations are carried out.

Figure 2. Process flow diagram for generating numerical results.
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4.1. Tabular results:

To evaluate the precision of the numerical methodology employed, the results are juxtaposed with the
extant literature provided by Khan and Pop [37]. It has been noted that the results yielded by the BVP4C
method exhibit a higher degree of accuracy as delineated in Table 1. While the BVP4C method is known for
its high accuracy in solving boundary value problems, discrepancies can arise when comparing its results
with other numerical methods. These discrepancies can be attributed to factors such as approximations,
round-off errors, truncation errors, discretization, convergence criteria, and model simplifications.

To illustrate potential discrepancies, consider a scenario where the skin friction coefficient is calcu-
lated using both the BVP4C method and a finite difference scheme. Suppose that across a specific set of
parameters, the BVP4C method yields the Nusselt number coefficient of 0:0144; while the finite differ-
ence method gives a value of 0:0143: The percentage deviation can be calculated as:

Percentage Deviation ¼ k0:6933 − 0:6932k
0:6933

� 100 � 0:0144%

This small deviation highlights the level of agreement between the two methods. In some cases, devi-
ations might be larger due to the abovementioned factors, such as differences in truncation errors or
model simplifications.

4.2. Graphical results

Figure 3 illustrates that an escalation in Ha causes a decline in “Ϝ
0
” as a consequence of the prevalence

of the Lorentz force, which enhances viscous forces. The impact of bD on the magnitude of velocity is

demonstrated in Figure 4, indicating that the decrease in velocity “Ϝ
0
” is associated with the augmenta-

tion of the momentum boundary layer thickness. The permeable parameter bD ¼ �
ka1

in equation (9) sig-

nifies the Darcian term −bDϜ
0
” and inversely affects the medium’s permeability, consequently influencing

the velocity profile “Ϝ
0
”. As bD increases, there is a reduction in permeability, resulting in heightened

resistance from solid fibers present in the viscoelastic fluid and ultimately leading to a deceleration in

“Ϝ
0
”. The permeability is also treated as a resistive force, and this causes a significant deceleration in the

velocity distribution for the flow within a permeable medium. This also favors retarding the thickness of
the profile throughout. The effectiveness of “Ha” over the velocity profile in Figure 3 indicates a signifi-
cant deceleration in velocity with an increase in Ha due to the emergence of a resistive force called the

Table 1. Numerical comparability of “Nx; Shx” with antecedent results by stipulating H ¼ bD ¼ r1 ¼ E ¼ 0, Nb ¼ 0:1,
Pr ¼ Le ¼ 10:
Nt W. A. Khan and I. Pop [37] Current results for Nx W. A. Khan and I. Pop [37] Current results for Shx
0.1 0.9524 0.9522 2.1294 2.1295
0.2 0.6932 0.6933 2.2740 2.2742
0.3 0.5201 0.5201 2.5286 2.5287

Figure 3. Aftereffect of Kp over velocity profile.
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Lorentz force, resulting in a reduction in velocity overshooting and thickening of the momentum bound-
ary layer.

The relationship between the temperature function and the Hartmann number displays some variabil-
ity, as depicted in Figures 5-6. A discernible enhancement in the thermal and concentration profiles con-
comitant with an increase in “Ha” has been documented, as well as a rise in thermal boundary thickness.
Furthermore, the influence of the magnetic field, in conjunction with the thermophysical characteristics
of the nanofluid, engenders a thermal boundary layer wherein temperature gradients are accentuated as
a result of differential thermal conductivity. The interaction among these factors results in an augmenta-
tion of the thermal boundary layer thickness as the concentration of nanoparticles is elevated,

Figure 6. Aftereffect of M on concentration profile.

Figure 5. Effectiveness of M on h gð Þ.

Figure 4. Aftereffect of M over velocity profile.
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subsequently improving the thermal transfer efficiency of the fluid. The augmentation of the porous par-
ameter (Kp) results in a reduction of fluid flow, while temperature and concentration increase within this
specific domain as demonstrated by Figures 7-8. From Figure 9, it can be observed that an elevation in
the Prandtl number “Pr”, ensuing a diminution in the fluid temperature, h gð Þ; and simultaneously dimin-

ishes the thickness of the thermal boundary layer, attributable to the actuality that an upturn in Pr leads
to a reduction in thermal conductivity. Consequently, a fluid characterized by a higher “Pr” exhibits a
diminished thermal boundary layer thickness. Physically, the Prandtl number relates the relative effect-
iveness of momentum and heat transport in a fluid. A high Prandtl number indicates that momentum
diffusivity is more dominant than thermal diffusivity, meaning that momentum transfer occurs more
effectively than heat transfer. Conversely, a low Prandtl number signifies that thermal diffusivity

Figure 7. Effectiveness of Kp on h gð Þ.

Figure 8. Aftereffect of KP on concentration profile.

Figure 9. Impact of Pr over temperature magnitude.
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dominates, implying that heat transfer is more efficient than momentum transfer. The Prandtl number is
a fluid property that depends on temperature and pressure but is independent of the flow geometry.
Figure 10 elucidates the behavior of the thermal profile across an extensive range of thermophoresis fac-
tors (Nt). As Nt escalates, the surface from which heat is extracted does so at an accelerated rate due to
the thermophoretic force generated by the prevailing temperature gradient. The effect of Nb for flow
field is observed. In Figure 11, the upsurging in Nb yields a more uniform temperature distribution.

The behavior of the Lewis number (Le) about concentration is presented in Figure 12, indicating that
as (Le) values rise, the concentration curve tends to flatten out. As the magnitude of concentration
increases with elevated values of (Nt), it conversely diminishes when larger values of (Nb) are considered
as presented in Figures 13-14. This phenomenon can be attributed to the enhancement of thermal

Figure 10. Aftereffect of Nt on temperature distribution.

Figure 11. Aftereffect of Nb on temperature magnitude.

Figure 12. Aftereffect of Le on / gð Þ.
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transfer and the distribution of nanoparticles. The Brownian motion directly correlates with temperature;
consequently, nanoparticles acquire energy. Hence, it escalates with a temperature rise. Conversely, the
inverse relationship between concentration and the Brownian motion parameter is attributed to the
thinning of the boundary layer, as the stochastic movement of fluid particles diminishes concentration.
The ramifications of the chemical reaction constant ðr1Þ and the parametric variable of activation energy
(E) are illustrated in Figures 15-16, which demonstrates that / declines with increasing values of r1;
whilst it ascends with the augmentation of the numerical value of E:

Moreover, phenomena such as Brownian motion and thermophoresis play a pivotal role in the disper-
sion of nanoparticles within a fluidic medium, thereby impacting both thermal conductivity and viscos-
ity. The correlation between concentration variations and physical properties is of paramount

Figure 13. Aftereffect of Nt on / gð Þ.

Figure 14. Aftereffect of Nb on / gð Þ.

Figure 15. Aftereffect of r1 on / gð Þ.

COGENT ENGINEERING 11



importance for the engineering of systems in which the efficient administration of nanoscale particles is
necessary for the optimization of processes such as pharmaceutical delivery or improved thermal
transfer.

5. Conclusions

The analysis of the boundary layer nanofluid flowing past a permeable stretched surface situated within
a porous medium and activation energy has been conducted in the present study. Similarity transforma-
tions have been employed to translate the conservative representation of momentum, energy, and
nanoparticle concentration into ODEs. The BVP4C methodology is applied to the governing non-linear
equations of the flow, alongside their corresponding boundary conditions via MATLAB, and the resultant
findings are presented through graphical representations; additionally, a comparative analysis of the
results obtained with those from prior studies is provided. The salient findings of the present investiga-
tion are:

1. The velocity experiences a decline through the augmentation of numerical variables associated with
permeability “bD” and the magnetic parameter “Ha”, concurrently enhancing the thickening of the
momentum boundary layer situated above the extended plate. Meanwhile, temperature and con-
centration profiles increase within this specific domain.

2. An elevation in the Prandtl number “Pr”, arises in a downturn in the fluid temperature h gð Þ as well
as the thermal boundary layer.

3. As the parametric quantities Nt and Nb escalate, temperature distributions enhance, and so does
thermal boundary thickness.

4. As (Le) and (Nt) values rise, the concentration curve tends to surge out. Whereas less pronounced
concentration profiles with decreasing (Nb) due to the creation of a thinner border layer.

5. The magnitudes of concentration exhibit a reduction in velocity with an increase in the numerical
value of r1; while their graphical representations ascend with an elevation in E:

6. The BVP4C methodology offers a comprehensive framework for resolving practical issues across a
multitude of disciplines, including, but not limited to, energy systems, industrial manufacturing,
environmental engineering, and biomedicine.

7. Magnetohydrodynamic (MHD) nanofluids, augmented by advancements in nanotechnology, offer
sophisticated solutions in domains such as industrial cooling, pharmaceutical delivery systems, and
ecological frameworks. The incorporation of magnetic nanoparticles enhances the efficiency of ther-
mal and mass transfer, thereby facilitating precision in oncological treatments, wastewater remedi-
ation, and processes that promote energy efficiency. It holds immense potential for innovation
across multiple engineering disciplines, paving the way for sustainable and efficient technological
solutions.

Figure 16. Aftereffect of E on / gð Þ.
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The major findings show that the presence of a magnetic field leads to a distinct reduction in fluid
velocity, while the temperature increases, indicating enhanced heat transfer behavior within the nano-
fluid. This research enhances the understanding of nanofluid dynamics and provides insights into
improving thermal management systems in various engineering applications, highlighting the impor-
tance of optimizing these fluids for increased efficacy. It contributes significantly to the design and
implementation of more efficient heat transfer systems, particularly in sectors where precise thermal
control is critical, such as electronic cooling and power generation.

The future research should focus on understanding the impacts of non-uniform nanoparticle distribu-
tions and the dynamics of nanofluid stability in various operating environments.
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