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ABSTRACT

The effects of Lorentz force and inclined angle on time-dependent free-convective thermal-material transport by
micropolar binary mixture of fluid passing a continuous permeable surface have been analyzed in this article.
Using the local similarity transformation, the governing partial differential equations have been converted into
ordinary differential equations. The shooting technique was then employed to solve non-dimensional ordinary
differential equations with boundary conditions using the "MATLAB ODE45" software. The effects of emerging
Lorentz force (M) and inclined angle (y) on the fluid velocity, concentration, temperature, and microrotation have
been investigated within the boundary layer. Other non-dimensional parameters in this study, such as Schmidt
number, suction parameter, and Prandtl number are kept fixed at Sc = 0.22, ¢ = 0.5, and Pr = 0.71, respectively.
The numerically simulated result shows that the velocity falls for uplifting values of the inclined angle and Lorentz
force. The skin fiiction coefficient decreases by 49%, and 20% due to increasing the values of inclined angle (0°-
60°), and Lorentz force (1.0 - 4.0), respectively. The surface couple stress is found to be increased about 24%, and
44% with the upturning values of M (1.0 - 4.0), and y (0°-60°), respectively. Through this research, the behavior
of the fluid flow has been explored.

Keywords: Micropolar binary mixture fluid;, Lorentz force; Inclination; Thermal-material transfer; Time-
dependent analysis.

1. INTRODUCTION

A class of fluids that display specific microscopic

permeable surface passing by a binary mixture was
studied by Animasaun [5] while taking temperature
dependent dynamic viscosity and constant vortex

effects resulting from the micromotions of the fluid
components are covered by the theory of micropolar
fluid. Such fluids can be used to study the behavior of
liquid crystals, animal blood, unusual lubricants,
colloidal suspensions, or polymeric fluids, for instance
respectively. In the fields of chemical engineering,
aeronautical engineering, as well as the investigation of
heat and mass transfer in micropolar fluids, industrial
manufacturing processes is significant. Cheng [1] has
analyzed the problem of convective heat and mass
transport in a vertical channel with asymmetric wall
temperatures and concentrations. According to Haque
et al. [2] the motion of micropolar fluid is more
noticeable for lighter particles and air compared to
heavier particles and water respectively. By using
numerical analysis, Ali et al. [3] studied the boundary
layer nanofluid flow over a stretching permeable
wedge-shaped surface with magnetic effect. According
to Tripathy et al. [4], a rise in magnetic parameter,
porous matrix, and inertial influence causes an
improvement in skin friction, but an increase in
material parameter results in a decrease. The problem
of unsteady convection with chemical reaction,
thermophoresis, and radiative heat transfer in a
micropolar fluid which flows through a vertical

viscosity into consideration.

Magnetohydrodynamics (MHD) is the study of the
electrically conducting behavior of fluids in the presence of
a magnetic field. The Lorentz force is the result of
electromagnetic fields’ combined application of
magnetic and electric forces on a point charge.
Immaculate et al. [6] talked about the effect of
thermophoretic  particle deposition on mixed
convective flow of heat and mass transport. It was
considered in a vertical channel with radiative heat flux
and diffusion-thermo and thermal-diffusion impacts
due to magnetic field. Ahmed et al. [7] observed the
influences of Soret unstable free convective flow of an
electrically conducting fluid over an infinitely long,
oscillating plate encased in a porous media with
uniform transverse magnetic field. Vedavathi et al. [8]
analyzed the combined effects of heat and mass transfer
on two-dimensional unsteady free convection flow.
They considered the presence of a magnetic field
through a vertical porous plate in a porous material in
the presence of thermal radiation. Prasad et al. [9] has
looked into the impact of Soret on the flow of an
unsteady magnetohydrodynamic mixed convective
heat and mass transfer in a permeable surface
surrounding an accelerated vertical wavy plate while
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taking into account the angle of inclination, Casson
fluid, chemical reaction, and thermal radiation. The
Falkner-Skan boundary-layer problem for a moving
wedge submerged in a nanofluid with magnetic field
was studied by Ali et al. [10].

The nanofluid flow of passing an
electromagnetic plate was described by Rasool and
Wakif [11]. Investigations have been conducted by
Asogwa et al. [12] on the incompressible, transient free
convective, electromagnetohydrodynamic flow of the
Casson fluid across a porous medium with constant
concentration and temperature in the presence of a heat
sink, diffusion thermo, and thermal diffusion. Ali et al.
[13] investigated the impacts of dimensionless
parameters on the temperature field, nanoparticle
concentration field, and velocity field. The capacity of
a material to conduct heat is measured by its thermal
conductivity. High thermal conductivity materials may
easily absorb heat from their surroundings and
effectively transport heat between them. Poor thermal
conductors delay heat transfer and absorb heat slowly
from their environment. In a generalized thermo-
elasticity environment without energy dissipation, Li et
al. [14] investigated the transient thermoelastic
responses of bi-layered skin tissue with temperature-
dependent thermal material characteristics. Kowsalya
and Begam [15] investigated the MHD mass transfer
flow across a vertical permeable surface contained in a
porous medium under the impact of heat diffusion and
the hall current in a slip flow regime. The novelty of
this research work is increased further by considering
the continuous permeable surface with the effects of
Lorentz force and inclined angle which has not been
discussed yet.

2. MATHEMATICAL ANALYSIS

We study an unstable magneto-convective
heat-mass transfer of a micropolar binary fluid mixture
over a continuous permeable surface. Across the x-
axis, the flow is taken into account. This is also
assumed along the semi-infinite surface, and the y-axis
is perpendicular to it. When the absorption coefficient
(o) meets the requirement o << 1, an optically thin fluid
is taken into consideration. According to Cheng [16],
the fourth power of temperature in the energy balance

equation roughly describes the radiative heat flux %.

According to boundary layer theory, the temperature
gradient normal to the surface is substantially greater
than the temperature gradient along the surface.

R L

1.e., 5 > o

For this reason, the thermophoretic velocity component
along the surface is ignorable with comparison to velocity
component normal to the surface. It is expected that the
free stream temperature T, is higher than the wall
temperature (T,,) (T, > T,,). With the help of all
presumptions expressed above and Boussinesq’s
approximation; the governing equations can be written as:

Rinary micropolar
w mixture Tuid
~\o

¥

Figure 1: Physical Model and coordinate system
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Here along the y-axis, a uniform transverse magnetic
field B, is placed. Additionally, the induced magnetic
field is disregarded, which reduces magnetic Reynolds.
Furthermore, electric field and the MHD Hall Effect is
ignored.
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Using the continuity equation (1), v can be viewed as
either a function of time or a constant. The velocity
component stated by Makinde [17] along the y-axis is
described as follows-

v=-c()” ©)
where ¢ > 0 is the suction parameter and ¢ < 0 is the
injection parameter. Following Qasim et al. [18], the
spin gradient viscosity and micro-inertia per unit mass
can be defined as follows:

* LA =t
y'=(u+3)) andj=-L (7)
The thermophoretic parameter was also included in
equation (4) by Tsai [19] as-
kTh a1

VT = = Trgf . 5 (8)

where K™ represents the thermophoretic coefficient.

Joseph Boussinesq examined buoyancy-driven flow in
1903; he looked into acceleration brought on by gravity
and density differences corresponding to buoyancy-
driven flow. The density model with a minimal
temperature differential between the free stream layer
and the wall is shown below-

P = Poll = B(T — To)] ©)

where g (p - p») is known as buoyancy term.
Applying the above approximation, the buoyancy term

is given by-
9Bpo (T - Te) (10)

The buoyancy force as well as pressure term is now
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]
expressed as — £ =ghp. (T
Boussinesq approximation for combined heat and mass

transfer convection can be expressed as follows:

— 2 = GBPo(T = T) + gB'peo(C = Coo) (1)
This idea is referred to as the Boussinesq
approximation. This approximation suggests that the
density variation is too small to be ignored, in
accordance with Boussinesq [20].

T.). Furthermore,

Then buoyancy model (11) can be modified as-

% GBpuTe —T) + g pe(Co =€) (12)

According to Animasaun and Anselm [21],
u(T) = 1'[L + b (Tw-T)] which is valid only for Ty, > T..
Then a modification was given to take the following form
- u(T) = 1 [1+b(T.-T)], where Ty < T (13)

The impact of temperature on both vortex and dynamic
viscosity of micropolar fluid is still being studied by fluid
dynamics experts using scientific findings. Using the
relations (12) and (13) in equation (2), we obtain-

td%u | TN

ou du _10 ( 0u) ——+-—+gB(T, —

Hay

ot ' ay pay pdy2 ' poy
2
T) cosy + gB*(Co — C)cosy — (”;0 u (14)

. . aT T\ _  9%T
(3) implies that, pC, (E + UE)_ Koz (15)
Using the equation (12), the equation (4) becomes-
ac ac , a a%c
§+Ua+5 [VT(Coo_C)]—Dmﬁ (16)

Using the equation (7), the equation (5) becomes-
T]0%N U, ou
a2 (ev+ %) an

N N _ [ﬂ(r)
ot ay p 2pl ay?

Equations (14) — (17) are subjected to the following
boundary conditions:
u@0)=0 Tx0)=T, Nx0O)=0 C»0) =C,

fort<0 (18)
u0,0)=0 T(0,0) = Tw N(0,1) :moz—? 0.9 =Cy

fort>0 (19)
u(00,t) > Uy T(00,f) > Ty, N(00,t) = 0 C(00,f) = Cy,
fort>0 (20)

The above boundary conditions are valid when
Tw < Tw and C,,< C. In Equation (19) when my =0,
we have N (0, t) = 0 which indicates no-spin condition.
Thus, it is impossible for the microelements in a
concentrated fluid that is close to the wall to spin.

We introduce the following dimensionless variables
into (14) - (17):

-2 . = ¢
n= =/

vtg_T . ,=C ny=U
0= o= N= )
e

Finally, we have the dimensionless non-linear ordinary
differential equations as follows:

A+E-0E+k)f" =80 f'+2(+)f" +
2k k' + G.¢6(1 — B)cosy + G.E(1 — @p)cosy —

Mf=0 (22)
0" +2Pr(n + )8’ =0 (23)
" +25:(m+ )’ —AS.(1—9)8" +
158" =0 4)
(1+&-68+2)n" + 201+ )’ +2h —

8L, 2L, ;L
1+6-6¢ h- 1+E-6¢ fr=0 (25)

The aforementioned problem also gives the following
dimensionless boundary conditions:

Sm=0, 6 =6y, (< D), h(n)=-§f (0, oM =ow (<1)

atn =0 (26)

fay =1, 0~ 1 hm -0 @) -1
asn—->o  (27)
where 7 is the similarity variable, Gr = 295 s the

0
thermal Grashof number, & = bT,, is the variable

viscosity parameter, k; = i is the micro-rotation

parameter, Gc = % is known as the solutal Grashof
0

number, Pr = % = % is the Prandtl number,

L, = k Uyt is defined as the time dependent micro-
«ThTeo .
is the

rotation parameter, A = —

VTyef

40B3L,

thermophoretic parameter, M = is the magnetic

pkr1Ug
field parameter, Sc = DL is the Schmidt number and y

is the inclined angle of permeable surface with y-axis,
f(n) is the dimensionless velocity function, 6(y) is the
dimensionless temperature function, ¢() is the
dimensionless concentration function, A(;) is the
dimensionless micro-rotation function.

3. NUMERICAL RESULTS AND
DISCUSSION

The effects of Lorentz force and inclined angle on
time-dependent  free-convective  thermal-material
transport by micropolar binary mixture of fluid passing
a continuous permeable surface have been investigated
in this research paper. Initially, using a modified
Boussinesq's approximation, the higher order nonlinear
partial differential equations (1) — (5) have been
converted into second order simultaneous linear
ordinary differential equations. Using the similarity
technique, it was also transformed into an initial value
problem. Finally, numerical solutions have been found
for the coupled nonlinear ordinary differential
equations (22) - (25) with boundary conditions (26) -
(27). Here, the shooting technique has been
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implemented using the “MATLAB ODE45” software.
The non-dimensional velocity, temperature, concentration,
and microrotation profiles are calculated against the
dimensionless coordinate n using the aforementioned
numerical method, with changes in various thermophysical
parameters influencing the fluid flow phenomenon.

Figures (2-3) show the numerical results. The
thermo-physical quantities of practical significance,
such as the Nusselt number, coefficient of skin friction,
and Sherwood number, are also calculated and
displayed in tables (1-2) to analyze the internal
characteristics of the fluid flow. We have included here
the parameters as magnetic parameter (M), and an
inclined angle (y). It should be noted that only the
variation of the selected parameter is performed while
the effect of that parameter on the field variables is
observed. We have considered the remaining
parameters to be constants. We have taken the fixed
values of parameters as: y = 45°, Pr=0.71,M=20, ¢
=0.5,L,=0.33,1=1.00, Sc =0.22, £=3.00, K; = 0.5,
Gr = 10.0, Gc = 10.0. Furthermore, the boundary
conditions at infinity have been supposed to apply at a
finite point of n = 5.0.
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Figure 2: (a) Velocity, and (b) micro-rotation profiles
for various values of magnetic parameter (M).
Effect of Lorentz Force

Figure 2 displays the influences of magnetic
parameter (M) on fluid velocity and micro-rotation of

fluid particles for several values of magnetic parameter
(M). As M gets higher values, the velocity fields get
smaller, as can be seen in figure 2(a). This is caused by
the Lorentz forces that are created by a transverse
magnetic field; these forces act to slow down the fluid
motion. Consequently, the fluid velocity gets smaller as
the values of M grow due to an increase in Lorentz force
or resistive force. It is also clear that the higher value of
M corresponds to a small increase of the micro-rotation
profiles in a closed proximity to the wall 0.0 <n <1.0
and thereafter they change the behavior and decrease
somewhat with increasing M and finally approach zero
asymptotically all together.

(o)

Figure 3: (a) Velocity, and (b) micro-rotation profiles
for various values of inclination angle (y).

3.1 Effect of Inclination

Figure 3 depicts the effects of inclination angle (y)
on the velocity and micro-rotation profiles. According
to figure 3(a), the velocity decreases for the uplifting
values of inclined angle (y). The impact of the
buoyancy force decreases as the values of y upgrade,
because of the multiplication factor cosy and
consequently, the velocity decreases rapidly for the
increasing value of y. For horizontal surface (y = 90°),
it is also seen that velocity profile is a strictly
monotonic increasing function of n and a symmetrical
shape is obtained for other inclined angles.
Nevertheless, the figure 3(b) shows an opposite
trend for increasing values of y. Because of the
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growing value of y, the angular momentum of
boundary layer increases, which enhances the micro-
rotation profile.

3.2 Skin friction, Nusselt number, Sherwood
number and surface couple stress

To further illustrate the internal characteristics
of the fluid flow, the thermophysical quantities like
Sherwood number (S%), Nusselt number (Nu), the
skin friction coefficient (f /(0)) and the surface
couple stress (#/(0)) of practical significance are
tabulated as follows:

Table 1: Values of skin friction coefficient, heat
and mass transfer rates, surface couple stress for
various values of magnetic parameter (M).

M | f'(0) | -6'(0) —¢'(0) h'(0)
1.0 | 7.092 1.300 0.825 -6.424
2.0 | 6.475 1.300 0.825 -5.735
3.0 | 6.028 1.300 0.825 -5.240
4.0 | 5.680 1.300 0.825 -4.861

The effects of the magnetic parameter (M) on
the coefficient of skin friction, Nusselt number,
Sherwood number, and surface couple stress are
shown in Table 1. From the tubulated data, it is clear
that the coefficient of skin-friction decreases and
surface couple stress enhances with the increase of
M(1.0 — 4.0) whereas heat and mass transfer rates
remain the same with variation of M(1.0 — 4.0). We
also notice that as M(1.0 — 4.0) increases, the skin-
friction coefficient decreases by about 20% while
the surface couple stress increases by about 24%.

Table 2: Values of skin friction coefficient, heat
and mass transfer rates, surface couple stress for
various values of inclined angle (y).

Y £ | =6'(0) | —¢'(0) | R(0)
’ 6.698 1.300 0.825 -5.934
15° | 6.475 1.300 0.825 -5.735
30" | 5.825 1.300 0.825 -5.149
45" | 4.790 1.300 0.825 -4.217
60° | 3.443 1.300 0.825 -3.003

Table 2 describes the impact of inclined angle (y)
on the coefficient of skin-friction, Nusselt number,
Sherwood number and surface couple stress. From
the table, it is seen that the coefficient of skin-
friction decreases and surface couple stress enhances
with the increase of y(0° — 60°) whereas heat and
mass transfer rates are unchanged with the change of
y(0° — 60°). We also notice that the skin-friction
coefficient reduces about 49% but the surface couple
stress upgrades about 44% in rising of y(0° — 60°).

4. CONCLUSION

This article analyzes the effects of the Lorentz
force and inclination angle on the time-dependent free-
convective thermal-material transport by a micropolar
binary fluid mixture through a continuous permeable
surface. We can deduce the following conclusions from
our numerical results:

e The Lorentz forces act to slow down the fluid
motion.

e Due to the impact of the buoyancy force, the
velocity drops rapidly for the rising value of
inclined angle (y); the micro-rotation profile, on
the other hand, shows an opposite trend.

e The skin friction coefficient falls by 49%, and
20% due to upturning values of inclined angle y
(0°-60°%), and Lorentz force M (1.0 - 4.0),
respectively.

e The surface couple stress is found to be
increased about 24%, and 44% with the
upturning values of M (1.0 - 4.0), and y (0°-60°),
respectively.
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