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Abstract: The enhanced thermal performance of nanofluids is highly important for improving heat transfer
performance in diversified engineering applications. Furthermore, the interaction of chemical reactions
is important in biomedical applications such as targeted therapy, drug delivery, and related processes.
The present investigation aims to study the time-dependent stagnation-point flow of a two-phase model
nanofluid along a stretching surface, emphasizing the diversified roles of Brownian motion vis-a-vis
thermophoresis in the presence of chemical species. Moreover, the conducting fluid flowing through a porous
medium affects the flow phenomena with the simultaneous involvement of thermal radiation and a heat
source. The proposed mathematical model, originally expressed in dimensional form, is transformed into a
non-dimensional form through the introduction of suitable similarity rules, and the resulting transformed
set of equations is handled numerically. In particular, a numerical technique based on the fourth-order
Runge-Kutta method is employed for the solution of the transformed equations. The physical significance of
several parameters associated with the flow phenomena is presented graphically and discussed briefly. The
key findings include the roles of Brownian motion and thermophoresis in enhancing nanoparticle transport,
which improves thermal efficiency. The magnetization effect, together with the porous medium, plays a
critical role in controlling the flow and thermal characteristics.

Keywords: nanofluid heat transfer, stagnation-point flow, Brownian motion, thermophoresis, chemical
reaction
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1. Introduction

n recent years, nanofluids [1] have gained considerable attention from researchers because of their
m remarkable heat transfer enhancement characteristics. The integration of nanoparticles into base
fluids improves the heat transfer rate of coolants and strengthens their thermal performance. Various heat
transfer applications, including renewable energy systems, are crucial for addressing the global energy crisis.
Nanofluids, introduced by Choi, represent a significant advancement in fluid dynamics because they enhance
the thermal engineering properties of conventional fluids and exhibit vast potential in diverse fields such as
medical engineering and energy engineering. Nanofluids also enhance targeted drug delivery as therapeutic
agents by increasing efficiency and reducing possible side effects. Furthermore, they are used in cancer
treatments, where they improve heat dissipation and provide more precise temperature control within the
tumour region. Moreover, nanofluids containing magnetic nanoparticles are applied in advanced imaging
techniques, such as magnetic resonance imaging. In several electronic components, nanofluids play an
important role as coolants for avoiding overheating. They are also useful in enhancing engine cooling systems
and improving lubrication properties, which ultimately contributes to increased vehicle efficiency.

Researchers have found that suspending tiny solid particles within traditional fluids increases absorption
in efficient solar collectors [2]. Additionally, these particles suspended in water can be treated as more effective
coolants for industrial requirements, leading to enhanced economy and improved safety [3]. Furthermore,

Open J. Math. Sci. 2026, 10, 652-667; d0i:10.30538 / oms2026.0310 https:/ /pisrt.org/psr-press/journals/oms


https://pisrt.org/psr-press/journals/oms/
https://pisrt.org/psr-press
https://pisrt.org/psr-press/journals/oms

Open J. Math. Sci. 2026, 10, 652-667 653

nanofluids are utilized to improve heat exchange performance by reducing internal heat accumulation.
They find applications in hybrid power engines, transformer oil cooling, improved chiller and refrigerator
efficiency, and diesel engine oil cooling [4]. Ferrofluids, which are composed of ferromagnetic nanoparticles
of approximately 10 nm suspended in a liquid, are also crucial. Recent studies have demonstrated their
applicability in biomedicine, including hyperthermia treatment, targeted drug delivery, cell separation, and
imaging [5,6]. Nanofluids have penetrated various biomedical applications by offering biologically friendly,
sustainable, and durable solutions. Despite significant experimental efforts, theoretical and computational
investigations have further advanced nanofluid research. However, several studies have considered the flow of
magnetic-particle-based fluids in mechanical systems by examining either time-dependent, time-independent,
or other related configurations. Turkyilmazoglu [7] presented the circulation of nanomaterial over a rotating
disk, and the corresponding flow model was solved by utilizing the spectral Chebyshev collocation method. In
that study, various nanoparticles were dispersed in a Newtonian fluid, namely water, with copper nanofluids
exhibiting an optimal rate of energy transport. Furthermore, Hayat and co-workers [8] introduced the
homotopy technique to explore chemical reactions in magnetite-Fe3O4 nanofluid under the influence of a
magnetic field.

Following Sheikholeslami’s pioneering work [9], numerous researchers have investigated several physical
aspects, such as suction/blowing, magnetic fields, and thermal radiation. Magnetohydrodynamic interaction
in various fluids, particularly in the presence or absence of a porous substance, has attracted significant
interest because of its diversified engineering applications. Sheikholeslami [10,11] investigated the flow
characteristics of different solid nanoparticles embedded within a permeable matrix while considering the
roles of magnetization and electric field. Similarly, Gorla and Chamkha [12,13] proposed the flow phenomena
of a non-Newtonian nanomaterial with the interaction of thermal buoyancy through a saturated porous
substance. Chamkha et al. [14,15] further reported the flow of a non-Newtonian fluid enforced by the role
of an electrically conducting medium affecting the physical properties in the presence of a porous matrix.
Bég et al. [16] investigated the role of expanding and contracting flow dynamics in bioconvection nanofluid
within a deformable channel. Their findings indicated that gyrotactic microorganisms present in the base
liquid, together with the interaction of solid particles, significantly overshoot the mass flux at the wall for both
nanofluid and microorganisms. Li et al. [17] conducted a numerical analysis by adopting a time-dependent
bioconvection nanofluid model within two rotating discs. Their investigation was based on mixed convective
flow with the interaction of several characterizing parameters. Furthermore, several analyses have been
carried out by considering nanomaterial swirl flow within a rotating disc by Imtiaz et al. [18] and Hayat et al.
[19], who explored scenarios involving carbon nanotubes and magnetite-Fe3Oy ferro-nanofluid, respectively.
Earlier, Bég et al. [20] presented an analysis of irreversibility processes within the system due to the energy
transport properties of magnetized swirl flow past an extending rotating disk. In a novel approach, Hayat
et al. [21] proposed variable properties for the thickness of a rotating disc by considering the Von Kdrman
swirl motion with the impact of radiating energy. Karimipour et al. [22-24] reported gravity effects on mixed
convection heat transfer, focusing on the inclined magnetic field, and a robust lattice Boltzmann method was
utilized to handle the proposed flow phenomena. Recently, Chamkha and Aly [25] considered flow through a
vertical plate for the proposed nanoparticles while presenting the behavior of the external heat source applied
to it. Biglarian et al. [26] and Rahimi et al. [27] conducted investigations on squeezing nanofluid heat
transfer, respectively. Baag and Mishra [28] recently investigated magnetized three-dimensional HyO-based
nanofluid, while Makinde and Mishra [29] explored the circulation of variable-viscosity nanofluids along a
stretching surface with radiating energy. Additionally, Das et al. [30] presented the role of radiating heat on
nanomaterial flow over a transient stretching surface. Researchers [31-33] have also reported nanomaterial
flow with different effective effects along an elastic surface. Li et al. [34-37] explored the mechanism by
considering the impact of wall properties and variable liquid characteristics. Sulochana et al. [38] studied
the impact of multi-walled carbon nanotubes (MWCNTs) and hybrid biodiesel blends on the performance,
combustion, and emission characteristics of a compression ignition engine. Li et al. [39—41] considered the
combined effects of linear thermal radiation and chemical reactions on heat and mass transfer behavior. Their
investigation was also conducted under convective mass and thermal boundary conditions. The novel physical
effects of key parameters were examined and presented graphically. Researchers [42,43] studied the flow of
viscous liquid over a stretching surface. Shamshuddin et al. [44] examined two-phase micropolar nanofluid
flow over an isothermal extending porous sheet, highlighting the combined influences of heat radiation and
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chemical interaction. Similarly, Swapna et al. [45] explored the nonorthogonal stagnation-point flow of
micropolar fluids past a stretching sheet, emphasizing the effects of thermal radiation and chemical reactions
on heat transfer behavior. Furthermore, the complex dissipative and radiative characteristics of micropolar
hybrid nanofluid flow over a wedged geometry were numerically investigated by Shamshuddin et al. [46]
using a Gauss-Lobatto IIIA scheme. The interplay of ferromagnetic forces, ohmic heating, and nanoparticle
size variation in a rotating disk nanofluid system was also analyzed by Shamshuddin et al. [47], revealing
significant changes in radial transport mechanisms. Moreover, unsteady convective hydromagnetic flow with
chemical reactions, dissipation, and radiation in an inclined porous medium was addressed by Sademaki et al.
[48], providing insight into the thermal migration of reactive species.

1.1. Motivation and objectives of the study

The motivation and objectives of the present study are summarized as follows:

* Studying heat transport properties in fluids with chemical reactions on stretching sheets is significant in
diversified sectors, particularly in chemical engineering, and it has an important impact on fields such as
food processing, polymer production, and related industrial applications.

* Coupled energy and mass transfer models, especially those involving chemical species, are vital
across various physical and engineering processes and have received considerable attention in recent
investigations.

* Earlier studies on this diversified topic motivated the present exploration of the role of cross-diffusion
effects on the time-dependent stagnation-point nanofluidic motion along a stretching surface.

* The impact of radiating energy on a conducting fluid, together with the involvement of heat source /sink
and chemical reaction, enriches the flow phenomena significantly.

¢ The main objective is to develop a comprehensive study of the influence of various factors affecting the
heat transfer phenomena and associated transport characteristics.

The present study provides a novel approach through the integrated analysis of Brownian motion and
thermophoresis in a time-dependent nanofluid flow with the impact of magnetic field, porosity, thermal
radiation, heat source, and chemical reaction. Efficient numerical accuracy is obtained by utilizing a
shooting-based Runge-Kutta technique implemented through MATLAB software.

2. Mathematical formulation

This section provides the mathematical formulation of the problem, including the governing equations in
both dimensional and non-dimensional forms. The boundary conditions and relevant physical parameters are
defined, thereby laying the foundation for subsequent analyses. A two-phase nanofluid flow is considered,
where the role of cross-diffusion effects in a conducting fluid over a stretching surface embedded in a
permeable medium is examined. The model exhibits the interaction of random particle motion caused by
Brownian diffusion and the thermal-gradient-driven migration due to thermophoresis. In addition, the effects
of a heat source and chemical reaction enrich the flow properties. The flow is assumed to take place along the
x-direction, whereas the normal direction is treated as the y-direction and is confined to the positive region.
The assumption indicates that, at t = 0, the flow of the fluid is considered steady; otherwise,

ax

Up(x,t) = ——
e t) =77

is proposed as the time-dependent velocity along the x-axis. In particular,

bx
1— At

U (x,t) =

is considered as the velocity of the fluid far away from the sheet. Here, the constants a and b are termed the
stretching rate and stagnation-flow rate, respectively, with dimension time !, while A is the rate constant with
dimension time . Similarly,

ax2
Tw(x/ t) =Tew+ Tp {(1—/\1‘)_2:| ,
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and
ax? }

Cw(x, t) = Ce + Cp {(1_)”)2

are assumed to be the plate temperature and concentration of the sheet, respectively. In particular, the positive
constants Ty and Co, with 0 < Ty < Ty, and 0 < Cy < Cy, are introduced as the reference temperature and
concentration, respectively. Furthermore, the radiative heat impact through the role of heat flux is assumed,

leading to the influence of radiating energy on the heat transfer flow phenomena.
The flow configuration is shown in Figure 1.

Ux =D {02 (x.0

Figure 1. Flow configuration of the proposed physical model

In particular, the following assumptions are made in the proposed problem:

¢ A time-dependent two-phase flow of nanofluid is considered.
* The flow over a stretching sheet embedded in a porous matrix is proposed.

* The assumptions of Brownian motion and thermophoresis are vital for the nanoparticle transport

mechanism.

physical model.
¢ The surface temperature and concentration are considered to be variable.

The inclusion of heat source, thermal radiation, and chemical reaction is important for enriching the

The mathematical model designed for the aforementioned assumptions, following Das et al. [30], together

with the appropriate surface conditions, is given as follows:
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The related boundary constraints are
v=0, u=Uy(x,I), u— Up(x, 1),
Aty =0: T = Tw(x,t), asy — co: T — T,
C == Cw(x/ t)/ C - Coo-

)
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The proposed set of equations related to the flow phenomena is presented in the Cartesian coordinate
system with flow directions (x,y) and corresponding velocity components (u,v). Also, By denotes the
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strength of the uniform magnetic field applied along the normal direction of the flow, while Kp represents
the permeability of the porous medium. Moreover,

, thermal diffusivity, T= , specific heat capacity ratio,

(oc)s

and other physical quantities are defined according to the standard nanofluid model.
The interaction of nonlinear heat flux under the Rosseland approximation is expressed in the standard
form as
40* 9T*

qr = T3 W (6)

In general, c* denotes the Stefan-Boltzmann constant, and k* denotes the mean absorption coefficient.
Linearizing T* about Tw, following Das et al. [30], yields

T* = 4T3 T —3T2. 7)
The radiative heat flux presented in Eq. (6) can therefore be modified as

__16T30* 9T 9q, _ 16T30* &*T
Ty w3k o

®)

Using Eq. (8) in Eq. (3) leads to

+T

oT T = oT <1 16T§oa*) 0°T
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The contribution of Brownian motion enhances the energy exchange between nanoparticles and the base
fluid, which gives rise to the effective thermal conductivity of the nanofluid. It facilitates the distribution of
energy and plays a critical role in the convective heat transfer properties. Moreover, it leads to a more uniform
nanoparticle distribution. Thermophoresis, on the other hand, causes nanoparticles to migrate from hotter
regions to cooler regions. This phenomenon modifies the thermal boundary layer and consequently influences
the heat transfer rates.

2.1. Similarity rules

The proposed model, designed through the governing Egs. (1)-(5) and Eq. (7), is initially expressed in
dimensional form. Therefore, suitable transformation rules are required to convert the system into a standard
non-dimensional form.

a

Pyt =\ Tl A ), w0
ax?

C = Coo + Co [(1_11;;)2] ¢(11)-

The velocity components are defined as
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which satisfy the continuity Eq. (1) through the stream function 1. These quantities are defined as

av
u=(T25)F0 o=y To A T=Tet (=T, €= Cot (Cu—Calgln)
(1)
Now, implementing Egs. (10) and (11) into the flow equations, namely Eq. (2), together with Eq. (4) and
Eq. (9), and applying the surface condition Eq. (5), leads to

£ £ (§ = 318 ) = £ +) + B+ BS — (M+ D) =0, 12)

%(1 F NP+ S <29 - ;9’;7) 4 fO —2f0+ Nbo'¢p' + Nto2 + HO = 0, (13)
1 /! 1 / / / Nt 1 _

Topr? —5<2’7<P —2¢>—2f¢+f¢ topp? 19 =0 (14)

f0)=1, f(0)=0, 6(0)=1, ¢(0)=1, aty= 0,} a3

f'(n) =0, 6(n)=0, ¢(y)=0, asn— oo,

. : : . . B . -
Here, S = % is the transient parameter, f = g is the velocity ratio term, M = I s the magnetization

upf
v . _vp _ 16T30" .
parameter, Da = 7z is the porosity parameter, Pr = i is the Prandtl number, Nr = =52~ is the
thermal radiation parameter, Nb = %"70") is the Brownian motion parameter, Nt = %ﬁ:m is the

. . . . [ .
thermophoresis parameter, 7 = % is the chemical reaction parameter, and Le = D—g is the Lewis number.

2.2. Engineering quantities of interest

The engineering coefficients formulated for the proposed model, namely the shear rate Cy, the heat
transfer rate Nu, and the solutal transfer rate Sh, are presented as follows:

_ (3u)
f pfu%t) a]/ y=0
X oT 40* (0T
Nu=——|x| — + = 7 17
K(Tw - TOO) [ (ay >y_0 3k* (ay )y—O] ( )
x E)C>
Sh=—-—"__ (= : 18
(Cw - COO) <ay y=0 ( )

Substituting the similarity transformations into Egs. (16)—(18) gives
Cry =Rey?Cy = f"(0),  Nuy=Re;/?Nu=—(1+Nr)0'(0),  Shy = Re;"/2Sh = —¢/(0),

where
Rey = —
f
denotes the local Reynolds number.
Table 1 presents the comparison of f”/(0) for the limiting case M = Da = B = 0. The close agreement of
the present results with those reported by Ishak et al. [42] and Vajravelu et al. [43] verifies the accuracy and
reliability of the numerical procedure employed in the present study.

Table 1. Comparison of f”/(0) for M =Da= =0

S | Ishak et al. [42] | Vajravelu et al. [43] | Present study
1.000000 1.000000 1.000484
1 1.682000 1.681921 1.681939

o
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3. Methodology

The mathematical model proposed in this investigation, together with the associated characterizing
parameters, is nonlinear and coupled. Therefore, a numerical method is a suitable approach to handle the
present problem effectively. Initially, the governing higher-order system of differential equations, together
with the boundary conditions, is reduced to a first-order ordinary differential system. The following
transformations are introduced:

f=w, fl=v f'=vs O0=vs 0 =vys, ¢=vs, ¢ =y7

Thus, the transformed first-order system is written as

i 1
ya=— Y3 <y1 - 2175> —y2(y2+S) + >+ BS — (M+Dﬂ)y2] /
- 1
Y5 =— S(2y4— y517>+y1y5—2y2y4+NbJ/5y7+Nf3/5+Hy4 /{PHM)]’
s (L — 26 ) -2 + N !
Y7 = _ >MY7 — <Ye Y2Ye T1Y7 T 1 p Np Y5 T TY6 TePrl”

The transformed boundary conditions are expressed as

¥a(2) =1, va(1)=0, y.(4)=1 w(6)=1  atn=0,
yp(2) = 0, yp(4) =0, yp(6) =0, as 7 — oo.

Here, y, and y;, denote the values of the dependent variables at the lower and upper boundaries, respectively.

The assumed unknown initial values are obtained by employing the Newton shooting technique, and
then the resulting first-order system is solved numerically by using the fourth-order Runge-Kutta technique.
A step size of 0.01 is considered, and the iterative procedure is continued until an accuracy of 1072 is achieved.
The asymptotic behavior of the profiles confirms the convergence properties and reliability of the proposed
numerical methodology.

4. Results with parametric role

The results of the study are presented and analyzed in detail in this section. The velocity field, thermal
field, and concentration field are examined under various parametric influences, including magnetic field
strength, external heat source, and reacting species. Graphical representations and tabulated data facilitate
a comprehensive understanding of the findings. Computational analyses were conducted using MATLAB
software by employing the fourth-order Runge-Kutta method together with the Newton shooting technique.
The physical characteristics of diversified parameters, specifically the magnetization parameter (M), heat
generation/sink parameter (H), and chemical reaction parameter (), along with other factors such as the
unsteadiness constraint (S), stretching parameter (B), thermophoresis parameter (Nt), Brownian motion
parameter (Nb), and Lewis number (Le), are presented graphically. However, the simulation process is carried
out by keeping the Prandtl number (Pr) constant at 6.9 throughout the calculations.

The impact of these parameters on various engineering coefficients is also depicted through graphs and
tables. The results are compared with the earlier works of Ishak et al. [42] and Vajravelu et al. [43] in a
particular limiting case, and the numerical results are presented in Table 1. The comparative results show
good agreement, thereby validating the present Runge-Kutta methodology against the previously reported
Keller-Box method.

4.1. Velocity profiles

The fluid velocity is affected by several factors, as indicated in the governing transformed equations.
Figure 2 illustrates the velocity profiles for the impact of magnetization, and the results are implemented in two
different cases, namely the presence and absence of a porous matrix. The parametric variation of the magnetic
term is considered within the range 0 < M < 3. In particular, M = 0 signifies the absence of magnetization,
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whereas nonzero values indicate the impact of the magnetic field on the flow profiles. Moreover, Da
indicates flow through a clear fluid, while Da = 1 indicates flow through a porous medium.

The involvement of magnetization generally produces a resistive force. This resistive force arises due
to the occurrence of the Lorentz force, which tends to oppose the fluid motion. Therefore, increasing
magnetization retards the velocity profile, which results in a reduction of the velocity boundary-layer
thickness. This behavior occurs in both porous and nonporous regions. However, the inclusion of permeability
also acts as a resistive force and consequently decelerates the velocity distribution.
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Figure 2. Impact of the magnetic parameter on the velocity profile

Figure 3 describes the behavior of the velocity ratio parameter on the velocity distribution with and
without the unsteadiness term. The variation of the velocity ratio parameter is presented within the range
01 < B < 0.7, while the numerically assigned value S = 0 represents the steady state and S = 0.5
represents the unsteady state. In the steady-state case, the results align well with previous studies, while in the
unsteady-state case, agreement is also observed with published results. The graphical illustration shows that

the steady-state condition is dominated by the unsteady-state condition, and the profile increases significantly
with increasing values of the velocity ratio.
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Figure 3. Impact of the stretching ratio on the velocity profile

4.2. Temperature profiles

The fluid temperature is affected by various factors involved in the heat transport phenomenon within
their appropriate ranges, as presented in the governing equations. The behavior of radiating energy on the
fluid temperature is presented in Figure 4 for the variation of the heat source/sink parameter. The numerical
value H = —0.1 represents the case of heat sink, while H = 0.1 suggests the case of heat source. However,
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when Nr = 0, there is no thermal radiation, and the ability to emit heat is limited, which results in a slower
rise of the fluid temperature.

Furthermore, increasing radiant heat enhances the heat transport properties, and the fluid temperature
is boosted effectively irrespective of the heat absorption or heat source scenario. Thermal radiation is a
measure of the electromagnetic waves released from the fluid element. The emitted electromagnetic waves
are further transformed into radiating heat, known as thermal radiation. This causes a significant increase in
the temperature profile. Moreover, in the case of a heat sink, heat is removed from the system, whereas in the
case of a heat source, additional thermal energy is supplied toward the surface. Therefore, the intensified heat
source boosts the fluid temperature, while the heat sink opposes it throughout the domain. The asymptotic
nature of the profile shows that the profile satisfies the far-field boundary condition and approaches zero at
infinity.

T 1
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Figure 4. Role of thermal radiation on the temperature profile

The nanofluid flow phenomenon is exhibited through the interaction of cross-diffusion effects, which
introduces the roles of Brownian motion and thermophoresis in the thermal field. Figures 5 and 6 elaborate
the behavior of Brownian motion and thermophoresis on the thermal field, respectively. These effects are
analyzed by varying their values from Nb = 0.1 to 0.4 and from Nt = 0.1 to 0.4 under both the steady-state
condition (S = 0) and the unsteady-state condition (S = 0.1).
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Figure 5. Role of Brownian motion on the temperature profile

In the steady state, an increase in Brownian motion within the specified range raises the thermal property.
This observation is due to the enhanced random motion of nanoparticles for higher Brownian motion, which
causes greater diffusion of heat. However, since Brownian motion primarily contributes to mass transfer rather
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than heat transfer, its effect on temperature is moderate. Furthermore, for increasing thermophoresis within its
range, the fluid temperature also experiences a significant increase. Thermophoresis drives particles from the
hotter region toward the cooler region, causing a transfer of heat within the system. Therefore, higher values
of Nt significantly amplify the fluid temperature. In the unsteady state, the profile is more pronounced, and
the fluid temperature increases throughout the domain, dominating the steady-state condition.
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Figure 6. Role of thermophoresis on the temperature profile

4.3. Concentration profiles

The fluid concentration equation is coupled with both the flow and heat transport phenomena. Therefore,
several factors also affect the concentration distribution with the involvement of the chemical reaction term.
Figure 7 presents the impact of the Lewis number on the concentration field, and the results are depicted
by considering the presence and absence of chemical reaction. The variation of the Lewis number (Le) is
presented within the range 1 < Le < 4.

The Lewis number is a dimensionless quantity defined as the ratio of thermal diffusion to Brownian
diffusion. Increasing the Lewis number signifies a significant enhancement in thermal diffusion and
consequently a decrease in Brownian diffusion. This causes greater retardation in the concentration field,
irrespective of the presence or absence of chemical reaction. Furthermore, the comparative analysis shows that
the presence of chemical reaction also favors the control of fluid concentration throughout the flow domain.
Therefore, the concentration boundary-layer thickness also decreases.

Solid: y=0.0
Dash: v=0.5

Figure 7. Impact of the Lewis number on the fluid concentration profile

Figures 8 and 9 indicate the variation of Brownian motion and thermophoresis on the solutal transport
profile. As described earlier, with increasing Brownian motion, the diffusion of nanoparticles due to random
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motion becomes more pronounced. This leads to a more uniform distribution of nanoparticles within the
system in the steady-state case. However, higher values of Nb are significant in decelerating the solutal
transfer profile. Furthermore, thermophoresis drives nanoparticles from hotter regions to cooler regions, and
for increasing thermophoresis, this effect becomes stronger. This causes a significant enrichment in the fluid
concentration, and higher values of Nt also enhance the profile significantly. In the unsteady-state case, the
profile is enhanced in both cases, but Brownian motion is more pronounced in decelerating the profile, while
thermophoresis enhances it throughout the flow domain.
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Figure 8. Behavior of Brownian motion on the fluid concentration profile
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Figure 9. Role of thermophoresis on the concentration profile

4.4. Rate of heat and mass transfer profiles

The computation of the engineering coefficients for the variation of different parameters is also important,
and these quantities are obtained numerically. The results for the shear rate in the form of the skin-friction
coefficient or shear-drag rate coefficient, the heat transfer rate in the form of the Nusselt number, and the
solutal transfer rate in the form of the Sherwood number are presented graphically.

Figure 10 portrays the behavior of magnetization, porosity, and the unsteadiness term on the skin-friction
coefficient profile. The resistivity due to magnetization and porosity, which decelerates the velocity
distribution, is significant in enhancing the velocity gradient with increasing values of these parameters.
This causes an increase in the skin-friction coefficient for increasing magnetic and porosity parameters.
Furthermore, enhanced unsteadiness also favors a significant increase in the skin-friction coefficient.

Figure 11 exhibits the variation of thermal radiation, Brownian motion, and thermophoresis on the heat
transfer rate profile. The radiative heat energy is beneficial in increasing the heat transfer rate for its increasing
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value. Therefore, the Nusselt number profile enhances with increasing thermal radiation. Furthermore,
both Brownian motion and thermophoresis are significant in controlling the heat transfer rate, which causes
retardation in the Nusselt number for increasing Brownian motion and thermophoresis parameters.

Skin friction coefficient

1.7407 1.7539 17711

01 0.2 0.3

BV mDa S

Figure 10. Role of various factors on the skin-friction coefficient

Nusselt number
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3 5308,9156

Nt
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Figure 11. Role of various factors on the Nusselt number

Finally, Figure 12 displays the variation of the Lewis number and chemical reaction parameter on the
solutal rate profile, represented by the Sherwood number. The graphical illustration, together with the
corresponding numerical results, shows that increasing the Lewis number and chemical reaction parameter
is significant in enhancing the Sherwood number at all points within the system.

Sherwood number

21341 2.1621

2.1845
22 1.9837

mie mY

Figure 12. Role of various factors on the Sherwood number

5. Conclusion

The forced convection of a time-dependent electrically conducting nanofluid over an extending surface
equipped with porous substances is analyzed in this article. The behavior of radiating energy, heat
source/sink, and chemical species is accounted for in the flow phenomena, which enriches the physical model
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significantly. A numerical treatment, namely the Runge-Kutta shooting technique, is adopted for the solution
of the transformed flow phenomena, and the variations of the significant parameters are presented graphically.

The important outcomes of the study are summarized as follows:

The resistivity due to the inclusion of magnetization and porosity has greater control over the velocity
profile, due to which the velocity profile retards.

The enhanced stretching ratio is favorable in intensifying the fluid velocity, irrespective of the steady or
unsteady state condition.

The radiative heat interaction through thermal radiation enhances the thermal field effect.

The collective impact of Brownian motion and thermophoresis favors the augmentation of the heat
transfer phenomenon.

The fluid concentration decelerates for enhanced Brownian motion, whereas a reverse impact is rendered
for increasing thermophoresis.

Both the Lewis number and the chemical reaction parameter have greater control over the fluid
concentration, while the Sherwood number profile increases.

Although the present study provides a two-phase model for examining the impact of Brownian motion

and thermophoresis on nanofluid flow with the involvement of several factors affecting the flow phenomena,

it is

necessary to enhance the study by introducing variable thermal conductivity and viscosity in future

investigations. Therefore, the combination of the two-phase model and the Tiwari-Das model, generally
called the modified model, may further enhance the heat transfer properties. Moreover, it may be beneficial
to introduce a non-Newtonian model with hybrid nanofluid behavior, since enhanced thermal properties may
be more effective in generating improved heat transfer rates.

Nomenclature

Symbol Description

t Time (s)

ab Stretching rate (s

Ty Wall temperature (K)

Cw Wall concentration (kg m3)

gr Radiative heat flux

Q Internal heat source

Ky Porous medium permeability (m?)
« Thermal diffusivity (m2s~1)

T Specific heat capacity ratio

Teo Ambient temperature (K)

Coo Ambient concentration (kg m3)
By Magnetic field strength (Tesla)

o* Stefan—Boltzmann constant (W m~2 K—%)
k* Mean absorption coefficient (m 1)
S Transient parameter

Da Porosity parameter

Nb Brownian motion parameter

Nt Thermophoresis parameter

Le Lewis number

M Magnetic parameter

0% Chemical reaction parameter

o Shear rate coefficient

Nu Heat transfer rate

Sh Solutal transfer rate

Rey Local Reynolds number
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