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Abstract

This research examines the combined influences of the magnetic field and Schmidt number
theoretically on the velocity, thermal, and mass slip flow of a micropolar fluid across a
stretching sheet. An appropriate similarity transformation with the boundary conditions was
used to alter the governing highly non-linear partial differential equations into non-linear
ordinary differential equations. The gained non-linear ordinary differential equations are then
solved numerically by the efficient method of shooting iteration coupled with an appropriate
order of the Runge-Kutta integration scheme. The impacts of the diverse active dimensionless
controlling parameters on the velocity, microrotation, temperature, and concentration profiles
are examined, discussed, and presented through graphs. Furthermore, the values of the skin-
friction, wall couple stress, Nusselt, and Sherwood numbers are calculated and offered using
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decreased, whereas the local surface deposition flux increased with increasing thermal slip
parameter. It is also depicted that with the increasing value of the velocity slip parameter, the
local skin-friction coefficient and the local surface deposition flux decreased. The present
solutions are compared with the previous related solutions in the literature in some limiting
cases, showing an excellent agreement.
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phenomena. Vanitha et al. [12] studied heat and mass transfer
of micropolar liquid flow due to porous stretching/shrinking
surface with ternary particles. Recently, a computation
analysis and application with heat and mass transfer for
micropolar fluid in ciliated microchannel were investigated by
Imran et al. [13]. Very recently, Barman et al. [14] explored

1. Introduction
Researchers have paid great attention to non-Newtonian fluids
due to their widespread use in practical and real-world
applications in numerous industrial processes. Various fluids,
such as liquid crystals, crude oil, body fluids, polymers, exotic

lubricants, paints, colloidal fluids, etc., are included in non-
Newtonian fluids. Based on diverse fluid characteristics, non-
Newtonian fluids have been formulated into different models,
e.g., Casson fluid, Maxwell fluid, Jeffery fluid, and
Micropolar fluids (Chen et al. [1]). During the last few
decades, the micropolar fluid model has been the most
popular model for non-Newtonian fluids. The theory of
micro-polar fluids was first formulated by Eringen [2].
Micropolar fluid has a large range of use in different branches
of science and engineering, like contaminated and clean
engine lubricant fluids, complex biological structures, thrust-
bearing technologies, cervical flows, radial diffusion paint
rheology, colloids, and polymeric solutions (Singh et al. [3]).
Many research workers ([4]-[11]) have reported their
solutions on micropolar fluid flow for various physical

the stability of micropolar fluid flow in a vertical channel in
the presence of thermal radiation and a transverse magnetic
field.

The slip condition occurs at the solid-fluid interface where the
standard no-slip condition does not hold. In the situation of
velocity slip, fluid slips at the surface; that is, velocity is non-
zero along the surface. Thermal slip refers to a discontinuity
of temperature at the solid-fluid interface, mass slip refers to a
discontinuity in the concentration of a species due to
molecular diffusion at the boundary. Fluid behaviour, heat
transfer, and mass transfer processes can be altered
significantly caused by slip flow. It is known from the
literature that slip boundary conditions are to be considered
for low-pressure fluid flow or the system of flow with small
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characteristic sizes for both stationary and moving boundaries
when a particulate fluid like suspensions, emulsions, polymer
solutions, and foams is used ([15]-[17], Wang [18]). The
importance of slip velocity effects in different flow types was
studied by researchers such as [19-23]. Mansour et al. [24]
discussed analytically the MHD flow of a micropolar fluid
due to heat and mass transfer through a porous medium
bounded by an infinite vertical porous plate in a transverse
magnetic field in a slip-flow regime. Recently, a two-
dimensional, unsteady, forced flow of an incompressible,
laminar micropolar nanofluid past a stretching sheet has been
investigated numerically considering zero mass flux, velocity
slip, and thermal slip boundary conditions by Rahman et al.
[25]. Very recently, Singh et al. [3] focused on the combined
impact of heat source/sink and chemical reaction on the slip
flow of micropolar fluid through a permeable wedge in the
existence of Hall and ion-slip currents.

The dimensionless parameter Schmidt number is frequently
employed to analyze the mass transfer process, like diffusion
and convection in a fluid flow system of heat and mass
transfer. It relates the kinematic viscosity to the mass
diffusivity of fluid. The amount to mix and spread and the
thickness of the concentration of the boundary layer of
micropolar fluids are determined by the Schmidt number. A
high Schmidt number results in slower mixing and a low
Schmidt number leads to faster diffusion. Numerous
applications due to the effect of the Schmidt number are noted
for mass transfer and fluid flow control in biomedical flows,
microfluidics, and chemical processes. Researchers have
gained valuable insights into how mass is transported within a
medium by studying the Schmidt number ([26], [27], [28]).
Recently, Srilatha et al. [29] found that concentration falls
with a fall of Schmidt number in the study of the influence of
MHD micropolar fluid flow over permeable stretching sheets
with slip phenomena. Very recently, the analysis of
hydromagnetic micropolar nanofluid over an inclined
stretching sheet performed by Walelign [30] showed that for a
value of the Schmidt number, the mass transfer grows.

Mass slip with zero-pressure gradient occurs when fluids
move very slowly in small spaces, like in tiny lab devices,
fine air or gas filters, or medical tools that handle fluids
carefully. In these cases, the pressure remains almost the
same. But in the case of a clear pressure difference, mass slip
with a pressure gradient happens. This is common in oil
recovery, where gas is used to push out oil, or in air cleaners
and high-quality filters, to use pressure changes to move air
and clean it. From the literature discussed above, we observed
that mass slip with pressure gradient condition, which plays a
significant role in fluid flow, has not been considered in any
previous research. The innovation of the present investigation
is to study the combined effects of transverse magnetic field,
Prandtl number, and Schmidt number on heat and mass
transfer in a convective micropolar fluid flow over a stretched
sheet under slip flow (velocity, thermal, and mass) conditions.
Numerical solutions of the governing equations of the flow
model have been found using the Nachtsheim-Swigert

iteration technique [31] along with the Runge-Kutta method
of order six. Parameters on flow characteristics are
represented by graphs drawn with the help of the plotting
software Tecplot 10, and they are studied and discussed from
a physical point of view. The results of our problem,
compared with the results of a previously published paper,
showed a significant level of consistency. To our knowledge,
the considered flow model has not been examined with the
process said above so far in the scientific literature available.
Industrial applications such as cleaning, heat exchanging,
polishing, and manufacturing processes could gain benefits
from this type of research.

2. Problem formulation and description
We consider an incompressible, laminar, electrically
conducting, viscous micropolar fluid flow of heat and mass
transfer over a flat stretching sheet in the presence of velocity,
thermal, and mass slip. It is also assumed that the constant

temperature of the surface of the sheet is T, and that of the
surrounding fluid is T, where T,> T_. A strong transverse

magnetic field B(X,t) of strength B, is applied

perpendicular to both the flow direction and the sheet surface.
The Schmidt number impact is also incorporated into the
problem. The x and y axes are taken along the stretching sheet
and normal to it, respectively. The velocity of the stretching
sheet is assumed to be linear, while the upstream velocity is
zero. The flow domain under consideration is confined to the
region y > 0. The flow model and geometry of the current
regular viscous problem are presented in Figure 1.

y
i H
I.C Boundary layer

kX
. v
i, 1,,Cy Stretching Sheet

Figure 1: Laminar, electncally conducting fluid flow

Under these assumptions and boundary layer approximations,
the governing equations and the corresponding boundary
conditions are taken as follows (Rahman et al. [25] and Abbas
et al. [32]):
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Here, U (velocity components along X -axis ), V (velocity
components along Y -axis), t (time), Kl(pressure gradient),
4 (coefficient of dynamic viscosity), 7], (vortex viscosity),

o (micropolar fluid density), Op (electrical conductivity),
N (microrotation component normal to Xy -plane), O (spin-
gradient viscosity), j (micro-inertia density), T (fluid
temperature), C, (specific heat at constant pressure), k
C (fluid

diffusivity),  Op

BO
JLI- At
P (x,t) =(P)o+/vA— Bt)* /a (velocity slip factor), V
E, (x,1) =(EoyvA-5b)° /&
(thermal slip factor), F, (x,t) =(F,),/v(1— B,t)°/a (mass

(P1)o (E1)0 and (Fl)O (constant velocity,

(thermal  conductivity), concentration), D

(molecular (stretching  constant),

B(x,t) = (transverse magnetic  field),

(kinematic  viscosity),

slip factor),
thermal, and mass slip factor), U, (x,t) =U,= (ax)/(1- ﬂot)
(surface fluid velocity varying with the coordinates X and t
), T,(xt)=T_ +(0x)/(1— B;t)* (surface fluid temperature

varying  with  the  coordinates X and t),

C, (x,t)=C, +(cx)/(L— B,t)* (surface fluid concentration

varying with the coordinatess X and t), COQ (fluid

a and £,
(positive constant having dimension per time), b and c
(constants with dimensions of temperature and concentration),
N (particle  concentration  difference), n=0 (no-spin
condition) (Peddieson [33]), n=0.5 (weak concentration )
(Ahmadi [34]), n=1 (turbulent flow) (Jena and Mathur [4]).

To simplify the field equations (1)-(6) we introduce the
dimensionless parameters:

concentration outside the boundary layer),

va a’

a _
n(yrt): V(l—ﬂot)y] l//(X| y,t)= (l—ﬂot)Xf(n)‘ N(X, y|t)_ V(l—ﬂot)Xh(n)’
b ¢ -1, c-c,
T O 4. o) =2 ol)=C
()

where 77(Y,1) (independent similarity variable), w(X 1)
(stream function), f(77) (dimensionless linear velocity),
h(77) (dimensionless microrotation), 9(77) (dimensionless
temperature), and (P(ﬂ) (dimensionless concentration). The

problem becomes steady with ﬂo =0
The obtained dimensionless system is as follows:
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Azﬂ(vortex viscosity parameter), a

where,

2
By

(unsteadiness parameter), M, =
PPy

(magnetic field

o

parameter), &=—(spin-gradient viscosity parameter),
H)

Ve v(1-pt)

ja

(micro-jnertia  density  parameter),

vpe, v
Pr= " (Prandtl number), SC:B (Schmidt number).

The equations of physical quantities for engineering interests
are derived as follows:

2(L+4) £(0)
Local skin-friction coefficient: CfX = (13
./Rex
2+A
Local wall couple stress coefficient: M, =% h'(O)

14)
Re, 9'(0) (15)
axC,_,

Sc./Re,

3. Method and study comparison
The set of highly non-linear and coupled differential equations
with boundary conditions expressed by (8)-(12) was
numerically solved by applying the Nachtsheim-Swigert
shooting iteration with the sixth-order Runge-Kutta method.
Initial guess values were assumed for the unspecified
boundary conditions. The Runge-Kutta method integrated the
equations step by step from the sheet surface to the fluid
domain, and the Nachtsheim-Swigert technique adjusted the
guessed values to satisfy the boundary conditions far away
from the surface. This process was repeated until the
difference between two consecutive steps became less than

Local Nusselt number: NU, =—

?'(0) (1)

Local Stanton number: Stx ==

L

®)
(10)
(11)

(12)

10_5, ensuring the convergence. The numerical technique
described above was implemented using a FORTRAN
program, which was executed on a computer to obtain the
desired numerical results.

The present numerical results of the dimensionless shear

stress f”(O) for various values of the velocity slip

parameter 5v with A=%=3-0, £=2.0, n=0.5, Pr=7.0,
M,=6;=V=01 u=10 K=6=00, sc=063

show a good agreement with those of Rahman et. Al. [25] as
shown in Table 1 below.

Table 1: Validation of the present results with the established

results
d, £"(0)
Rahman et. al. [25] Present results
0.1 0.0318 0.0315
0.5 0.0316 0.0313
1.0 0.0313 0.0310
15 0.0309 0.0306

3. Results and discussion
To find out the numerical solutions of the present problem of
velocity, thermal, and mass slip flow in
magnetohydrodynamic micropolar fluid over a stretching
sheet with Schmidt number, we fixed the parameter values

such as A=7,=30,
M,=0,=6;=0,=V=01

otherwise stated, and Sc=0.63 throughout the calculation

£=2.0, n=05, Pr=7.0,

U=1.0, K1= 0.0 unless

in the program code, except for the parameter whose effect
was investigated. The impact of different values of a definite
parameter is found in the velocity, microrotation, temperature,
and concentration, which consist of the numerical values
obtained from the solution.
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Effects of distinct values of Mn, ﬂo, A, and U on velocity
profiles are displayed in Figures 2(a)-(d), respectively. It is
seen from Figure 2(a) that the wvelocity decreases with
increasing magnetic field parameter Mn. A stronger
magnetic field (higher Mn) slows down the fluid due to the
opposing Lorentz force and thus reduces the hydrodynamic
boundary layer thickness. Figure 2(b) shows that the velocity

increases with higher stretching sheet parameter /10. As /10

rises, the sheet stretches more rapidly, enhancing the fluid
velocity near the surface. As a result, the boundary layer
becomes thicker. Velocity increases significantly with an

increase in the vortex viscosity parameter A as observed in

parameter U enhances the fluid velocity close to the
surface, whereas it decreases rapidly far away from the
surface, as depicted in Figure 2(d). This indicates a thinner
boundary layer with increasing U which is typical in
unsteady flow scenarios.

Figures 3(a)-(e) describe the influence of the parameters

V,n, & U,and A on microrotation profiles. Overall, it is

noticed that the microrotation profiles increase with higher
micro-inertia density V', microrotation parameter N, and

vortex viscosity parameter A indicating stronger

Figure 2(c). Increasing the value of the unsteadiness
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Figure 2: Effect of distinct values of (a) Mn (b) /10 (c) A, and (d) U velocity.
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Figure 5: Effect of distinct values of (a) SC, and (b) U on concentration.

Table 2: Values of local skin-friction coefficient, local wall couple stress coefficient, local

number for variation in 5T with zero pressure gradient.

Nusselt number, and local Stanton

5, () " (0) -0/(0) ~#'(0)
1.0 0.03340451 0.14651597 -5.83065221 -1.70871052
1.5 0.03340451 0.14651597 -5.83065017 -1.70871052
2.0 0.03340451 0.14651597 -5.83064623 -1.70871052
2.5 0.03340451 0.14651597 -5.83064051 -1.70871052

Table 3: Values of local skin-friction coefficient, local wall couple stress coefficient, local
number for variation in U with zero pressure gradient.

Nusselt number, and local Stanton

v f7(0) h'(0) ~0'(0) —¢'(0)
0.1 0.03340451 0.14651597 -5.83065074 -1.70871052
0.5 0.21160587 0.28155785 -6.22490577 -1.83823466
1.0 0.43276487 0.47059001 -6.68966191 -1.98861779

Table 4: Values of local skin-friction coefficient, local wall couple stress coefficient, local
number for variation in V' with zero pressure gradient.

Nusselt number, and local Stanton

v f7(0) h'(0) ~0'(0) —¢'(0)
0.1 0.43276487 0.47059001 -6.68966191 -1.98861779
0.2 0.43703504 0.55777367 -6.69019189 -1.98972958
0.3 0.43972903 0.62816036 -6.69057412 -1.99058265

Table 5: Values of local skin-friction coefficient, local wall couple stress coefficient, local
number for variation in Sc with zero pressure gradient.

Nusselt number, and local Stanton

sc £*(0) " (0) -0/(0) -4(0)
0.22 0.42967123 0.46812030 -6.68946779 -1.14517876
0.63 0.43703504 0.55777367 -6.68965937 -1.98972958
1.0 0.43876487 0.47059001 -6.69019189 -2.51719216

Table 6: Values of local skin-friction coefficient, local wall couple stress coefficient, local

number for variation in 5C with zero pressure gradient.

Nusselt number, and local Stanton
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5 *(0) v (0) ~0/(0) ~5(0)

1.0 0.43276487 0.47059001 -6.68965616 -1.98862705
1.5 0.43276487 0.47059001 -6.68965090 -1.98863658
2.0 0.43276487 0.47059001 -6.68964598 -1.98864614

Table 7: Values of local skin-friction coefficient, local wall couple stress coefficient, local

number for variation in pressure gradient Kl.

Nusselt number, and local Stanton

Kl *(0) (0) -0/(0) ~(0)

0.0 0.43276487 0.47059001 -6.68966191 -1.98861779
0.01 0.41444900 0.45523007 -6.68854357 -1.98750295
0.02 0.39658751 0.44026363 -6.68745272 -1.98641477

rotational effects. In contrast, increasing the spin-gradient
viscosity parameter &, and the unsteadiness parameter U

reduce microrotation profiles, showing a damping effect.
Thus, V, N, and A promote microrotation, making it
stronger, while £, and U suppress to weaken the

microrotation. Each parameter affects the magnitude and
distribution of rotational motion in distinct ways.

Figures 4(a)-(b) exhibit the effects of the Prandtl number Pr,
and the unsteadiness parameter U , respectively, on the
temperature profiles. From the figures, a decrease in the
temperature profiles is observed with higher values of both
Pr , and U , with the increase of the independent similarity
variable 77 . This is expected because increasing values of
these parameters enhance thermal diffusion, which causes
lower temperatures. This results in the boundary layer
becoming thinner. However, the contribution of the parameter
Pr on the temperature distribution is significantly more
pronounced than that of the parameter U . This effect is
useful for controlling heat in microfluidics, medical flows,
lubrication systems, cooling systems, and spacecraft under
slip conditions.

Figures 5(a) and (b), respectively, illustrate the variation of
the Schmidt number Sc and unsteadiness parameter U on
the concentration profiles. Figure 5(a) shows the
concentration profile against the independent similarity
variable 77 for different values of Sc. It is observed that

the concentration decreases more quickly with increasing
Sc. This is expected because a higher Schmidt indicates
lower mass diffusivity, resulting in a thinner concentration
boundary layer. It is observed from Figure 5(b) that the
concentration decreases slowly as U increases. This occurs
because higher values of U reduce solute diffusion from the
surface, resulting in a thinner concentration boundary layer.

Under zero pressure gradient, we observe varied behaviors
based on different parameters. In Tables 2 and 6, the local
skin-friction coefficient and local wall couple stress

coefficient remain unchanged throughout, while the local
Nusselt number increases, showing improved heat transfer
with thermal and mass slip, respectively. In Tables 3-5, the
local Nusselt and Stanton numbers consistently decrease with
increases in unsteadiness, micro-inertia density, and Schmidt
number, indicating reduced thermal  performance.
Additionally, local skin-friction coefficient increases in all
three cases, while local wall couple stress shows mixed
behavior, rising in Tables 3-4, first increasing and then
decreasing in Table 5.

Both the local skin-friction and the local wall couple stress
coefficients decrease, while the local Nusselt and Stanton
numbers increase with the increase in the values of pressure
gradient, as noted in Table 7. This reflects enhanced heat and
momentum transport under pressure-driven flow, contrasting
with the trends observed under zero pressure gradient
conditions.

4. Conclusions
The study numerically investigates the effects of various
physical parameters on velocity, microrotation, temperature,
and concentration in an MHD micropolar fluid with slip
conditions over a stretching sheet. Practitioners can take help
from the results to make decisions in practical flow situations
and industrial work. The key findings are as follows:

1. The velocity decreases with a stronger magnetic
field while it increases with vortex viscosity, higher
stretching rate, and unsteadiness near the surface.

2. With micro-inertia density, microrotation parameter,
and vortex viscosity, microrotation increases
whereas it decreases with spin-gradient viscosity
and unsteadiness.

3. Temperature and concentration profiles reduce with
increasing Prandtl number, Schmidt number, and
unsteadiness, resulting in thinner thermal and
concentration boundary layers.

4. Under zero pressure gradient, thermal and mass slip
enhance heat transfer (higher Nusselt number),
while unsteadiness, Schmidt number, and micro-
inertia density reduce thermal performance.
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Heat and mass transfer improve- local Nusselt and
Stanton numbers increase, and local skin-friction
and wall couple stress decrease, indicating more
efficient flow, in the presence of a pressure gradient.
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