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ABSTRACT

The current study intends to investigate thermophoresis and Brownian motion effects on boundary layer (BL) flow of
nanofluid over an inclined porous stretched surface with a mass flux condition. The governing partial differential equations
(PDEs) are converted into non-dimensional ordinary differential equations (ODEs) through an appropriate similarity
transformation. The resulting equations are then solved using the Spectral Quasi-linearization method. Graphical representations
illustrating the consequence of Brownian motion, Grashof number, thermophoresis, mass Grashof number, and suction/injection
on velocity, temperature, and nanoparticle concentration are examined and discussed. The results indicated that an increase in
Grashof number, mass Grashof number and thermophoresis parameter leads to the increase in the rate of fluid flow while it
decreases when suction factor is increased within the boundary layer region. The influence of Brownian motion and
thermophoresis parameter on nanoparticles improved the temperature profile but mass Grashof number and Grashof number
decrease the temperature profile within the boundary layer region. However, the concentration profiles decrease up to certain
values of eta, then increase for the thermophoresis parameter. In contrast, the Brownian motion parameter exhibits reverse trends.
The present work has significant implications for various engineering applications, particularly in cooling systems and material
processing. Understanding these effects can lead to enhanced performance in heat transfer mechanisms and improved efficiency
in fluid dynamics.
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1. Introduction

Papers Nowadays, the development of nanotechnology has
led to innovation in nanostructures, which are characterized
by their exploratory usage in a range of biological
applications. Developments in thermal engineering,
nanoscience, and nanotechnology over the past few decades
have led to the multidisciplinary field of nanofluid
technology.  Biotechnology, aerospace, information
technology, the plastics and textile industries, food and
agriculture, energy and the environment, cosmetics, health
and medicine are just a few of the industries that could
benefit from the novel features found in nanofluids. Because
of its significance in the fields of industry, engineering, and
pharmaceutical firms, nanofluids are currently a hot topic for
research. These liquids are a blend of ordinary liquids and
particles as small as nanometers. Choi [1] called these
nanoliquids because of the incorporation of nanoparticles.
He found that these elements are better at transferring energy
than ordinary liquids, which lowers a heat transfer system's
pumping cost by a number of times. Buongiorno [2] studied
that Brownian motion and thermophoresis are the main heat
transfer characteristics among other factors. Rafique et al. [3]
have investigated the effects of mixed convection using
nanoliquid for the Riga plate. To get results, they used the
numerical technique. Additionally, the hybrid nanoliquid
flow with the addition of second-order velocity slip was
examined by Abu Bakar et al. [4]. The potential
improvements in heat transfer efficiency made possible by
the complementary interactions of magnetic fields and

nanofluids in porous media settings were investigated by
Bansal et al. [5]. Furthermore, research conducted by various
academics [6 — 12] can be used to assess the significance of
the thermal radiation influences on the flow caused by
expanding sheets. To the best of knowledge, not much study
has been done on nanofluid across inclined stretching
surfaces while accounting for Brownian motion and
thermophoresis incorporating mass flux condition. So,
motivated by the foregoing explanation, the current study
intends to investigate Brownian motion and thermophoresis
effects on BL flow of nanofluid over an inclined porous
stretched surface with a mass flux circumstance.

2. Mathematical Formulation

Consider the two-dimensional steady, viscous,
incompressible nanofluid flows is passing an inclined porous
plate in surrounding porous medium. In addition, the
magnetic field (Bo) is introduced normal to the nanofluid
flow direction. The two-dimensional coordinates x and y are
along and normal direction of flow system. The velocity
components of these flow directions are u and v respectively.
The free stream velocity (U.), temperature (T.), and
nanoparticle fraction (C.) of the flow field are assumed to be
constant values in the surrounding environment, the angle to
the vertical porous plate by a, and the gravity due to
acceleration by g. It is assumed that the porous material has
a constant magnetic field (Bo) and is uniform and isotropic.
Furthermore, the wall concentration C,, is greater than the
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ambient concentration C., and the wall temperature Ty is
greater than the ambient temperature T..
As a result, the law of conservation of mass is automatically

obeyed under the above-mentioned flow field
considerations, as shown below.
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The modified dimensional BL equations such momentum,
energy, and concentration equations for characterizing the
nanofluid flow field can be stated as follows using the current
physical features [5-7]:
Momentum Equation'
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Nanoparticle Concentration Equation:
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Boundary conditions are regarded in the following way.
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Similarity Analysis

When incorporating the subsequent
dimensionless quantities into equations, the boundary
conditions are taken into consideration. In this regard,
similarity transformation is introduced as follows:
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Method of solution

The continuity equation (1) satisfies equations (2 - 4) and
transforms them as shown below. In order to solve the
problem, the following ODEs are obtained by applying
equation (6):
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The transformed boundary conditions are

f(n)= 1., f'(7)=26(17)=1 Nbg'(17)+Nt¢' (1) =0at 7 = 0(10)
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To find the numerical solution of the equations (7) - (9) with
boundary equation (10), we have to follow the Chebyshev
Spectral Collocation Method (CSCM) and the Quasi-
Linearization method (QLM) are two numerical techniques
that are combined to create the SQLM [13]. The Newton-
Raphson based QLM was first put forth by [14]. It is
employed to linearize the differential equation that is not
linear into a series of linear differential equations that are
iterative. The CSCM is used to integrate the resulting system
of equations. The higher order ordinary differential
equations (7) - (9) with boundary equation (10) into a system
of first order ordinary differential equations in the following
way:

Consider
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Therefore, the system of first order ordinary differential
equations can be written as
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The boundary conditions are converted as

Y1 =f,. ¥, =1y, =1 Nby, +Nty, =0 at =0

Yo=Y,=Ys >0, as n—>o
3. Results and Discussion

Numerical computations of non-linear ODEs (7-9)
having boundary conditions (10) are derived by applying the
Spectral Quasi-Linearization method. The effects of several
variables, including the suction parameter f., Brownian
motion Nb, thermophoresis Nt, Grashof number Gr, mass
Grashof number Gm, and inclination angle y, are shown
using graphs and tables. In this context, f'(n), 6(n), and ¢ ()
indicate the profiles' vertical axis with their accompanying
legends, which correlate to velocity, temperature, and
nanoparticle concentration, respectively, while 1 represents
each case's horizontal axis. In the meantime, the legends
showed how each setting affected the system. The following
is a discussion of their effects on the flow:
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3.1 Impact of suction parameter
The impact of the suction parameter f,, on the velocity

profile f '(77) is depicted in Figure 1(a), the f '(77)
decreases for the suction parameter f,,.. The similar result has
been observed for temperature 9(77) in Figure 1(b) i.e., the
temperature decreases for fy.

—f =01
w
—_—f =0.3
w
f =0.5

w
—_—f =0.7
w

— =0.1
w

—_— =0.3
w

f =0.5

w

—_f =0.7
w

w
—f =0.3
w
f =0.5

w
—_f =0.7
w

0 1 2 g5 3 4 5
1(c)

Fig.1: Impact of fW ona) f’,b)68,andc) ¢

On the other side, opposite effect is observed for
nanoparticle concentration (p(?])by increasing the suction

parameter f,, shown in Figure 1(c). This type of behavior
occurs when the fluid is drawn closer to the surface by
suction, which thins the boundary layer and increases skin
friction.

3.2 Impact of Grashof number
The consequence of Grashof number Gr on velocity

profile f'(n) elucidated in Figure 2(a). The intriguing

outcome seen that velocity is dropping up, when the value of
Gr boosts up. On the other side, opposite effect is observed

for temperature (9(77)and nanoparticle concentration

Q (77) by increasing the Grashof number Gr shown in Figure

2(b) and 2(c) respectively. This type of behavior occurs
when the fluid is drawn closer to the surface by suction,
which thins the boundary layer and increases skin friction.
This type of behavior occurs as a result of buoyancy forces,
which are the main forces behind natural convection,
increasing in magnitude with a larger Grashof number. As a
result, the fluid flows more quickly, increasing the velocity
profiles inside the fluid barrier layer. Electrical power is
transformed into for Lorentz force, which increase the fluid's
heat and mass. The overall fluid temperature rises close to
the surface of an inclined surface as the angle increases
because the convective heat transfer coefficient decreases.
Since convection and flow patterns alter the diffusion and
movement of species within the fluid, an upsurge in the
inclination angle results an increment of concentration
profile.

3.3 Impact of Mass Grashof number

The impact of mass Grashof number on f', 6, and ¢ are
depicted in Figure 3(a) - 3(c).
Velocity profile increases but temperature and concentration
decrease which are depicted in Figure 3(a) - 3(c). The
Grashof number, which exemplifies the ratio of buoyant
forces to viscous forces, is what causes this type of behavior.
A greater mass Grashof number indicates that buoyancy is
more prevalent, which strengthens the force propelling fluid
motion and raises velocity. This is due to the fact that higher
velocity brought about by stronger buoyant forces can dilute
or lower concentration levels across a given area and
temperature.

3.4 Impact of Brownian motion

The impacts of Nb on f', 8, and ¢ are depicted in Figure
4(a) - 4(c). Itisnoticed that velocity and temperature profiles
are constant but nanoparticle concentration increases up to
certain values of eta then decreases.
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Fig. 3: Impact of GM on a) f’, b) #, and c) ¢.
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Fig. 4: Impact of Nb on a) a) f', b) 8, and c) ¢.

3.5 Impact of Thermophoresis

The impacts of thermophoresis on f', 6, and ¢are
depicted in Figure 5(a) - 5(c). Velocity and temperature
profiles are increases but nanoparticle concentration
decreases up to certain values of eta then increases. Small
particles suspended in a fluid exposed to a temperature
gradient experience a force that causes them to migrate from
hotter to cooler regions, which is how thermophoresis affects
velocity, temperature, and concentration distribution.
Changes in velocity result from this, as the thermophoretic
force pushes the particles, giving them a thermophoretic
velocity.

Fig. 5: Impact of Nt on a) f', b) 8, and c) ¢.

4. Concluding Remark

In this study, we investigated the impact of Brownian
motion and thermophoresis on the two-dimensional
boundary layer nanofluid flow of the fluid towards an
inclined sheet with mass flux condition. The consequence of
concerned parameters on the velocity and temperature, and
nanoparticle concentration profiles has been investigated.
The major findings of this study are summarized in the
following way.

» The velocity profile is inversely proportional to
suction parameter but directly proportional to
Brownian motion, mass Grashof number,
thermophoresis, and Grashof number.
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» The temperature profile is inversely proportional to
suction parameter, Brownian motion, Grashof
number, and mass Grashof number but directly
proportional to thermophoresis, parameter.

» The concentration profile is an increasing-
decreasing function for the Brownian motion,
suction parameter, and thermophoresis parameter
but inversely proportional to Grashof number and
mass Grashof number.
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6. Nomenclature

Symbol Meaning Unit
ODEs Ordinary differential -
equations
u Velocity component along (ms™?)
X-axis
v Velocity component along (ms™?)
y-axis

o Electrical conductivity (Sm)

v Kinematic viscosity (kgm™)

P Density of fluid (kgm™)

a Thermal diffusivity (m?s?)

Dy Brownian diffusion (m?/s)

Dy Thermophoresis diffusion (m?/s)

k Thermal conductivity (W/(m-K))
h Coefficient of heat transfer (W/(m?K))

T Ratio of nanoparticle Dimensionless

effective and base fluid heat
capacity

fw Suction parameter Dimensionless
Pr Prandtl number Dimensionless
Sc Schmidt number Dimensionless
Nb Brownian motion parameter | Dimensionless
Nt Thermophoresis parameter | Dimensionless
Gr Grashof number Dimensionless
Gm Mass Grashof number Dimensionless
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