Alio (il (gawass dey

PRI ¥ Vb0

ironooags ‘sl PRYIRded from hitps://iranpaper.ir

https://www.tarjomano.com

Journal of

PROCESS MECHANICAL
ENGINEERING

Institution of

(]
ENGINEERS

Original article

Proc IMechE Part E:
J Process Mechanical Engineering

Analysis of Arrhenius activation energy 15
. . © IMechE 2022
On magn eto hYd I’Odynam IC gyrotaCtIC Article reuse guidelines:

. . sagepub.com/journals-permissions
microorganism flow through porous DO 10.1177/09544089221 12878
medium over an inclined stretching sheet
with thermophoresis and Brownian motion

journals.sagepub.com/home/pie

®SAGE

Bhupendra Kumar Sharma' (©/, Umesh Khanduri',
Nidhish K Mishra? and Ali ] Chamkha?

Abstract

This paper aims to examine the combined effects of Arrhenius activation and microorganisms on unsteady flow through a
porous medium with thermophoresis and Brownian motion over an inclined stretching sheet. The governing partial dif-
ferential equations are transformed into a set of non-linear ordinary differential equations using similarity analysis. The
resultant non-linear coupled ordinary differential equations are solved numerically using the boundary value problem
solver in MATLAB. The effects of the physical parameter such as magnetic field parameter (M), thermal radiation param-
eter (R), permeability parameter (K), Eckert number (Ec), thermophoresis parameter (N;) and Brownian motion param-
eter (N,) on the velocity, temperature, concentration profiles, skin friction coefficient, Nusselt number, and the local
Sherwood number are presented and analysed graphically. The comparison has been made with previously published
work, and there is a good agreement. These results may be helpful in geothermal engineering, energy conversation
and disposal of nuclear waste material. Furthermore, scientists can employ this technique in medical fields such as
gene therapy and the synthesis of drug delivery systems.
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of flow with suction and blowing. For an engineering
application, the variable thickness is more related to the
physical problem than a thin flat plate. In the above-
mentioned studies, researchers only deal with a steady
flow. But, Ishak et al.” and Bhattacharyya® have analysed
the unsteady flow influenced by the stretching sheet
making it nearer to the circumstance in practical
application.

Introduction

The study of a viscous, incompressible fluid with heat
transfer over a stretching sheet has grown enormously
due to its vast application in industrial fields such as
polymer extrusion, glass blowing, electronic chips, and
spinning fibres. Crane' was the first to investigate and
report the fluid flow due to the stretching of the flat
surface. He considered the boundary layer flow over
steady, incompressible fluid that moves due to the stretch-
ing of a flat sheet. This study is essential as Crane
obtained the exact solution of the two-dimensional
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Navier—Strokes equations. Gupta and Gupta® investigated
the flow over the flat stretching sheet considering suction
and blowing effects and neglecting the viscous dissipa-
tion. Ali’ further extended the study of stretching
surface with power-law velocity and temperature varia-
tions for several values of injection parameters. Cortell*
investigated the fluid flow over a linearly stretching
surface and obtained the analytic solutions for this kind
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Magnetohydrodynamics (MHD) is currently going
through a period of significant expansion and differenti-
ation. Moving fluid interaction with magnetic field
makes the study of the topic of MHD fluid highly essential
due to its application in electrochemistry, chemical engin-
eering, geophysics, astrophysics, in electric power gener-
ation, purification of crude oil, glass manufacturing,
processing of food-stuffs, paper production, etc.
Sheikholeslami et al.” studied the effects of MHD on
free convection of nanofluids. Further, Kolsi et al.®
employed the Keller box methodology to study the
hybrid nanofluid over the stretching cylinder with stagna-
tion point flow. Sharma et al.” studied the effects of
viscous dissipation, radiation, and magnetic field on the
MHD slip flow of hybrid nanoparticles. According to
their research, the volumetric flow rate increases as vel-
ocity slips and the viscosity parameter increases. Several
other researchers'®'* studied the effect of heat and
mass transfer on the MHD flow.

Thermophoresis is a process in which suspended parti-
cles migrate from higher to lower regions due to tempera-
ture gradient. Its application can be seen in nuclear power
plants, in micro contamination, in the aerosol collector.
The aerosol is the suspended particles or water droplets
present in the air. The force that moves these aerosol par-
ticles due to temperature gradient is known as the thermo-
phoretic force. A typical example of this phenomenon is
the blackening of the glass globe of kerosene lantern;
the carbon particles get deposited on the glass globe due
to the temperature gradient generated between the flame
and glass globe. A theoretical model of aerosol particle
deposition by thermophoretic force over a stretching
sheet examined by Huang et al.'® Bai et al.'® perceived
the effects of Brownian motion and thermophoresis on
MHD Maxwell nanofluids past a stretching sheet.
Sharma et al.'” evaluated MHD blood flow via a stenosed
artery with the Soret and Dufour effect in the presence of
heat radiation. Their research found that increasing
thermal radiation absorption in patients receiving
thermal radiation therapy reduces resistance to blood
flow caused by magnetic fields and stenosis.

Viscous dissipation is an irreversible mechanism in
which fluid gets heated by taking energy from the move-
ment of the fluid and transforming it into the fluid’s
internal energy. Yazdi et al.'® numerically investigated
the effect of viscous dissipation with convective boundary
on the MHD flow past through a horizontal sheet. Das
et al."?examined the effects of viscous dissipation and
joule heating on MHD flow. Haile et al.*® employed the
Keller box methodology to investigate the impact of
viscous dissipation on MHD flow numerically. Mishra
et al.?! considered the MHD flow in a rotating channel
with the hall effect. They examined the influence of per-
tinent parameters like Hartmann number, suction param-
eter, and rotation parameter. Tripathi et al.** analysed
the two-phase blood flow on stenosis artery with variable
viscosity and joule heating. The inner layer has variable
viscosity in this two-phase flow, while the core region vis-
cosity depends on the hematocrit level.

The chemical reaction can be classified as either homo-
geneous or heterogeneous. This classification is deter-
mined by whether the reaction takes place in a single
phase or at the surface. Anjalidevi and Kandasamy?®’
used the numerical technique to analysed the flow along
with the semi-infinite plate and studied the effect of a
chemical reaction and species concentration. Afify**
reviewed an elastic sheet immersed in the porous
medium and studied chemically reactive species’ diffu-
sion. Reddy et al.>® analyse the effect of chemical reaction
on MHD flow past through an inclined stretching sheet.
Several other researchers®®~> studied the effect of chem-
ical reaction on the various types of flow past through the
stretching sheet.

Activation energy is the minimum energy required to
function atoms or molecules to flinch a chemical reaction.
Initially, it was considered that the reaction rates had a sig-
nificant temperature dependency. Later, it was discovered
that kinetic studies were more focused on assessing the
influence of reactant concentrations than temperature.
Arrhenius proposed the theory of electrolytic dissociation,
and his kinetic studies included the electrolyte and mea-
surements of the effects of neutral salts. The modified
Arrhenius law**° (IUPAC Goldbook definition of modi-
fied Arrhenius equation) is usually of the form
K,Z(é’ - (Nfoo)exp(;?” )(%)", where Ea is the activation
energy, K is the Boltzmann constant, » is the rate of
fitting constant that lies between (—1,1), and K? is a con-
stant chemical reaction. Bestman®® studied the effect of
natural convection and suction in a porous medium by
incorporating Arrhenius activation energy with binary
chemical reactions. Zeeshan et al.>’ analysed the impact
of activation energy by considering the analytic method
(HAM) on Couette-Poiseuille flow, while Khan et al.*®
discussed the entropy generation in MHD flow with the
combined effect of a chemical reaction and Arrhenius acti-
vation energy. Further, Khan et al.>* examined the MHD
flow of titanium alloy nanoparticles with activation
energy and binary chemical reaction. Motile microorgan-
isms generally flow upward due to the influence of mag-
netic field stimuli, gravity, chemical concentration, and
light. The presence of algae and bacteria in a base fluid
produces the process of bioconvection. Xu and pop*®
studied the mixed convection flow of nanoparticles and
gyrotactic microorganisms by assuming that the sus-
pended nanoparticles are in a diluted state. Naz et al.*!
studied the MHD flow of Williamson fluid over a stretch-
ing cylinder for the Newtonian and non-newtonian cases.
Mansour et al.** numerically investigated the MHD mixed
convection flow and inclination effect passed through the
square-filled cavity with gyrotactic microorganisms. In the
manufacturing industry, mineral oil is used as cutting
fluids for machinery. Depletion of mineral oil is driving
the industries to search for new renewable raw materials.
D’Addona et al.** explored this new renewable source
by using microorganisms as a lubricant component in
cutting fields. Several other researchers** " studied the
suspension of gyrotactic microorganisms and analysed
the natural bio-convection boundary layer nanofluids.
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In recent years, the study of porous media has attained
much attention due to its application in the solidification
process, nuclear fuel debris treatment, recovery of crude
oil from reservoir rocks. Meanwhile, due to the applica-
tions of MHD fluid in many systems, the researchers are
investigating the combined effect of MHD flow and
heat transfer in porous media. Kolsi et al.** studied the
convective hybrid nanofluid with a partial porous layer
and assessed the impact of the rotating cylinder. Krishna
et al.** advanced the study by including the MHD second-
grade fluid through the porous medium over a stretching
sheet. Nandkeolyar et al.>® considered the MHD three-
dimensional (3D) Casson fluid with Hall and radiation
effect through the porous medium. El-dabe and
Mostapha et al.’' studied the Walter-B fluid with throm-
bosis by employing the ‘regular perturbation method’
by considering the assumption of long wavelength and
low Reynold number. Krishna et al.>* obtained the ana-
lytic solution for unsteady MHD flow over the vertical
surface using the Laplace transformation. They observed
the increasing trend in the velocity profile for permeability
parameter (K). Zaib et al.> discussed the effect of thermal
and velocity slip parameters on the Casson fluid over the
vertical plate and observed the unique solution for assist-
ing flow whereas dual solution for opposing flow.
Sangeetha et al.”* examined the influence of viscous dis-
sipation and ohmic heating on nanofluid flow embedded
in a porous non-Darcian medium. Their research discov-
ered that the inertia coefficient and the porosity parameter
had a reducing effect on the velocity profile. Further,
Sharma et al.>® studied the effect of unsteady Couette
flow through porous medium.

In the present study, we have analysed the effect of
Arrhenius activation and microorganisms on unsteady
flow through porous medium. The flow is subjected to
uniform inclined magnetic field. Highly non-linear
momentum, energy, and concentration equations are
solved numerically using Matlab ‘Bvp4c’ solver
package. The combined effect of physical parameters
may be helpful to scientists to perceive their results. The
present problem can help scientists to employ this tech-
nique in building the metallic sheet around the thermo-
nuclear fusion-fission hybrid reactor, processing the
liquid metal from the mushy zone by solidification, and
in medical fields such as gene therapy and synthesizing
of drug delivery systems.

The novelty of the present work is:

e The combined effects of Arrhenius activation and
microorganisms on unsteady flow through a porous
medium have been studied with thermophoresis and
Brownian motion over an inclined stretching sheet.

e The uniform inclined magnetic field, Joule heating,
viscous dissipation and radiation are considered.

Mathematical formulation

Consider an unsteady, incompressible, two-dimensional
MHD flow over a stretching sheet, as shown in

Figure 1. The time-dependent permeable sheet inclined
at an angle « to vertical has been considered. The sheet
is initially at rest and starts to move along the x-axis
with velocity U (x, 1) = ey The surface has variable
temperature is T :; and variable concentration CW*,
whereas the ambient temperature 7', and ambient con-
centration of the fluid is Co. A uniform magnetic field
is applied perpendicular to the sheet, with an acute
angle £. The induced magnetic field is negligible as the
magnetic Reynold number is less than unity.

Assuming the fluid properties to be constant and using
Boussinesq approximation (see the literary works®??), the
continuity, momentum, energy, concentration equations,

and micro-organisms (see the literary works’®>7) are:
Continuity:
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Micro organisms boundary layer
Concentration boundary layer
4

,Them ral boundary layer

,/Momentum boundary layer

Figure 1. Physical sketch of the fluid flow through an inclined stretching sheet.

The associate boundary condtions are as follows:
e = U, + Hp%e, v, =V, T =T), + PL,
~ ~ % >~ ~ % N —
C=C,+J5 . N=N,+LZ atyj =0

Etf—>0,7~"—> Te, C— COO,ZV—>]V°0 asy — oo.

(6)

where, H = Hy(1 — bt)% represent the velocity slip factor,
P =Py — bt)% represent the thermal slip factor, J =
Jo(1 — bt)% represent the concentration slip factor, and
L=1Lyl— bt)% represent the microorganisms slip
factor. The stretching velocity U fv(x, t) , surface tempera-
ture T Z(x, t), the concentration C’:,(x, t) and the microor-
ganisms N Z(x, 7) are given as (see Ishak et al.”):

13

* _ _ax

w T 1=bt’

sk dx

T, =T+ 1%, -
o _C' 4o

w T ™ 1-bt>

VAR Y ex

w_N°°+17bi'

where, a, d, ¢, b and e are constant and satisfies the con-
dition d, b, ¢, ¢ > 0, a> 0, and bt < 1. In equation (6),

f/‘j represent the injection/suction velocity:

L
Vi =\ =), ®)
X

Here V| represent the velocity of mass trasfer at the
surface with 7, >0 represents injection and ¥ <0
represents the suction case. The expression /;(7) used in
the equation (2) represents the time-dependent permeabil-
ity and it satisfies the equation /;(#) = (1 — bt). Let us
now consider the magnetic field B(f) = By(1 — bt)fé and
chemical reaction parameter as K>(f) = I'o(1 — by~ L.
Here By represents the magnetic field at initial time, and
Iy as constant.

In equation (3), the radiative heat flux is approximated

by Rosseland mean approximation and it is simplified as
(also see Refs.?6%%):

~ 4

4o% 0T

= — . 9
4 3% Oy ©
Here o and k= are the Stefan-Boltzman constant and the
mean absorption coefficient, respectively. We assume the

temperature difference within the flow is sufficiently

. .. ~4 .
small. So, linearlizing the term 7 wusing taylor series

o
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about free steam function 7', and neglecting higher order
terms:

-37.. (10)

Now, introducing similarity transformations (see literary
works>"%):

0= a1 — bry 3y,
w = axr(l — bty 3f (),
o) = (T, TTW>, (11)

where, 7 is the independent similarity variable, y repre-
sents the stream function and it is defined as

ay v, = %, which identically satisfies equation

(1). Now, substitute equations (10) and (11) into
equations (2)—(5), to get differential equations as
follows:

f/// +ﬁﬂ/ —A(f/‘f‘%"[f//) — (f/)z + GrOcosa

1
+ Gegpcosa — Rby cosa — M*f' sinzﬁ—Ef’
=0, (12)

(1+R)

1
0" +16 —f60—4 <9 + 5’79/)
+ Ec(f”) + Ec s M(f')? sin® £ + N0 ¢
+ Ny(@)
=0, (13)

ot 18 1= a(04 300 ) =10
C

N, E
// _ l
+ (NS )9 y(1 4 65)" exp(1 +95)

=0, (14)

1 = Pe(l + )" — Pey'¢)
— Sb( ' + Ay + xf’ ){f)
=0. (15)

The associated boundary conditions are as follows:

f=58 [ =1+8/"0), 0=1+50(0),

¢=1+S.00), y=1+S,4(0) atn =0,
f—=0,0-0,¢—0 y—0 asy — oo.
(16)

The dimensionless velocity slip Sy, thermal slip S,
solutal slip S, and micro-organisms slip S, are
defined as follows:

Sf—H()/)\/CE St Pof S —Jof S _LO\/E

(17)

Here, prime denotes the differentiation with respect to
n. In equations (12)—(15), if 4 = 0, it will correspond-
ence that the problem reduce to the steady state flow.
Also, in equation (16), if §> 0, it indicates suction,
§ < 0 indicates injection. The dimensionless numbers
and parameter used in equations (12)—(15) are speci-
fied in Supplemental Table 1.

Quantities of physical interest

The quantities like heat transfer rate, skin friction coeffi-
cient, mass transfer and local density number of motile
microorganism are defined as follows:

_ Y(anrqr
Nue =752
Cf = 3*2 ’
rU,
2 (18)
— myXxX
Shy = pDH(C~Co)’
nux
Nny = o5 &

where the surface heat flux, wall shear stress, mass flux,
and motile microorganisms flux are given by Ram
Reddy et al.>® :

. . <aT) (aa,)
w = —K| = s Tw = H
ay y=0 ay y=0
aC oN
m,, = —pD7} (—) , ny = —pD, (—) .
b 6.)/ y=0 ay y=0

Use equation (19), to rewrite quantity (18) as follows:

Rex*Nuy = —(1 + R)W(0), ReiCr = 2/"(0),
. B : (20)
Rey*Sh, = —¢'(0), Rex’Nn, = —y'(0).

The quantity like Nusselt number Nu,, skin-friction
coefficientCy, Sherwood number Sh, and motile
microorganism density are dependent on the variation
of the factors —6'(0),7”(0), —¢'(0) and —y/'(0)
respectively.

Method of solution

The system of equations (12-15) with boundary condi-
tions (16) are solved numerically using BVP4C solver
in Matlab. These equations are first converted into a
system of the first-order IVP, which gives seven differen-
tial equations having seven unknowns. The value of  will
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vary from 2 to 30, according to physical parameters. Let
us assume that:

h=f h=f, h=f"

he =0, hs =0,

he =, h1 =4,

I, = Y (Say), @h
hg =y, ho =y,

Hy = ® (Say).

After employing the above variables in equations
(12-15), we get

B, = h,

hy = hs,

hg = h% — hihs + Ahy + 0.54Anhs — Grhy cos (a)
—Gchg cos a + Rbhg cos a + M? sin® Ehy + hy /K,

hy = hs,
hg. = li_rR[hzh“ — hihs + Ahy + 0.54Anhs — Ech%

—M?Ech3 sin® € — Nyhshy — Nih2],
Hy = hy, By = Sc[hahe — hihy + Ahe + 0.54nhy

+y exp(ljif(s)(l + Shy)' ] — % Y,

hg = ho,
hy = Sb[0.54nhg + Ahg + hghy — hohi]+ Pe(y + 0)®.
(22)
And, the boundary conditions now become:
h(0) =S, ha(0) =14 S¢h3(0), ho(c0) =0,
ha(0) = 1+ Sihs(0), ha(o0) =0, )

he(0) = 1 + Sch7(0), he(o0) = 0,
hg(0) = 1 + 8,ho(0), hg(co) = 0.

Result and discussion

In this section, the impacts of various pertinent para-
meters, such as M, Gr, Sc, v, R, Pr etc., on velocity,
concentration, and temperature profile have been
studied and presented graphically and in tabular form.
Moreover, the specific values of some parameters as
shown in table [1] are kept constant throughout the
study unless pointed out in the appropriate graphs.
Supplemental Figure 1 depicts the flow chart of the
mathematical model.

Validation

In this subsection, the results are compared with previ-
ously published work. Figure 2(a) and (b) are used for val-
idating the temperature and concentration profiles of
present work with the previous study done by Reddy
et al.>> Reddy et al. used the shooting method to solve
the dimensionless governing equations. Therefore, in
this comparison, the shooting method is employed for
the work of Anki Reddy et al.,*> and the BVP4C tech-
nique is used in the current study, which works on the col-
location method. The iterative process will terminate
when the error involved is < 1076, From these figures,
one observes that there is a good agreement between

our study for temperature and concentration with the pre-
vious research.

Dimensionless velocity profile

Figure 3 is potrayed to analyse the influence of different
pertinent parameters like magnetic field parameter M,
thermal Grashof number Gr, permeability parameter K,
velocity slip factor Sy, suction parameter S, inclination
angle a on the velocity profile. Figure 3(a) depicts the
effect of the magnetic field parameter with fluid velocity
f'(n). In a magnetic field, electrically conducting fluid
generates a retarding force, namely Lorentz force. As
M(0, 1,2, 3) increases, the fluid will experience this
retarding force, and its velocity decreases to zero with par-
ameter 7. The obtained result from the present study for M
show a similar trend as observed in the published work
(El-dabe and Mostapha et al.>!). Figure 3(b) shows the
variation of velocity profiles f”(1) versus # for different
values of Gr. Grashof number signifies the ratio of the
thermal resistive force to viscous force. The fluid attains
the maximum velocity near the wall, and then its speed
declines smoothly to zero. From the Figure 3(b), it can
be observed that the momentum of fluid increases as the
parameter Gr increases. From Figure 3(c), it can be con-
cluded that the fluid velocityf”() increases as the perme-
ability factor K(0.1, 0.3, 0.5) increases. Permeability is
the property of a porous medium that allows the fluid to
flow through its interconnecting voids. So, if the perme-
ability factor increases, the rate of fluid flow increases.
The findings of present study’s for parameters Gr and K
are in good agreement with the published work of
(Krishna et al.*?).

Figure 3(d) depicts the influence of the slip factor on
fluid velocity. When slip occurs, fluid velocity will no
longer be identical to the stretching wall. The wall trans-
mitted the partial pull to the fluid when the slip condition
existed. Thus, the momentum boundary layer decreases
with an increase in the slip factor.

The influence of suction on the velocity profile is
depicted in Figure 3(e). As suction parameter (S =
0.5, 1, 1.5) increases, the fluid velocity decreases due
to the retarding force encountered by the fluid. The influ-
ence of viscosity causes the fluid to experience high
buoyant force resulting in a decline in fluid velocity. In
Figure 3(f), an angle @ = 0 means that the sheet is verti-
cal while an angle @ = /2 implies that the sheet is hori-
zontal. From the Figure 3(f) , it can be seen that there is a
decline in the velocity profile if the inclination angle a
increases. This reduction in velocity profile happens
due to thermal diffusion, which reduces the buoyant
force’s effect on the fluid. Velocity decreases if the
inclination angle increases from 0 to z/4. But, there is
a large reduction in the velocity profile if the inclination
angle increases from z/4 to z/2. This large variation
occurs due to the vanishing of the term cos a at a equal
to z/2.

In Figure 3(g), an angle £ = 0 means no magnetic
field, while an angle & = /2 implies the transversal
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Table |. Default values of physical parameter used in the work.

Parameters Values Refrences Parameters Values Refrences
M 0-5 Bhattacharyya,® Gandhi et al.®® K 0.1-09  Baietal'®
Gr -5 Anki Reddy et al.® Pr 0.5-1.6  Baietal,' Tlili et al.*
R 0-5 Bhattacharyya,® Anki Reddy? Ec 0.5-1.6  Baietal,' Tlili et al,*® Khan et al.®®
N, 0.1-0.8  Alsaedi et al.,** Tlili et al.* Ns 0.1-1.3  Alsaedi et al,* Tlili et al.*
& 0-7/2 Anki Reddy® a 0-7/2 Anki Reddy®
¥ 0.2-45  Pal and Mondal*® Sc 0.5-2.5  Anjalidevi and Kandasamy,”® Anki Reddy?
Pe 0-3 Xu and Pop,*® Kotha et al.*¢ Sb 0-1.5 Tlili et al,*® Khan et al.*”
Se 05-1.5  Anki Reddy® S 0.5-1.5  Anki Reddy®
E 0-5 Khan et al.*® Rb 0.1-2 Alsaedi et al.**
S 0-1.5 Das et al,,'? Anki Reddy® Sr 0-1.5 Das et al.,'? Anki Reddy*
5 0-1.5 Khan et al 38 A 0-0.5 Anki Reddy et al.?®
0.25 0.7
Present Study Present Study
Results of Reddy et al.[25] 0.6 D Results of Reddy et al.[25]] |
0.2 E
\ 0.5 =
0.15 | o4l ]
5= —=-
0.1} E oS ]
o.2F G |
0.05 - q
0.1 R
o0 1 é ------- 3 4 ) ; 7777777 6 0O 1 2 3 - 7; ------- E; 6
n — 7 — -
(@) (b)
Figure 2. Comparison graphs for (a) non-dimensional temperature profile for radiation paramter R = |.5, (b) non-dimensional

concentration profile for Schmidt Number Sc = 0.78.

magnetic field. If the aligned angle & increases, f'(1)
decreases as depicted in the figure. This is the result of
the Lorentz force experienced by the fluid. As the
aligned angle increases, it causes to strengthen the mag-
netic field. Figure 3(h) shows the effect of the Rayleigh
number on the velocity profile. Increasing the parameter
Rb from 0 to 0.2 results in the decrease of fluid velocity
by 6.92%, while a 13.52% decline is observed by chan-
ging in Rb from 0 to 0.4.

Dimensionless temperature field

Figure 4(a) illustrates the relation between radiation and
temperature profile. As the radiation parameter increases,
heat produces in the fluid intensifies the thermal boundary
layer. This is in good agreement with the published work
of Zaib et al.>®), which shows the increment in tempera-
ture profile for increasing values of radiation parameter
R. Figure 4(b) depicts the effect of the Prandtl number
on the temperature profile.

Pr is the ratio of the kinematic viscosity to thermal dif-
fusivity, which shows the relative behaviour of momen-
tum and thermal boundary layer. It has been observed
that the temperature decreases with an increase in Pr.

For higher values of Pr, the thermal conductivity of the
fluid decreases, which results in slower heat diffusion
from the heated surface compared to the smaller values
of Pr. The results obtained from the present study for
Pr show a similar trend as observed in the published
work(Krishna et al.>).

The behaviour of the viscous dissipation parameter Ec
on temperature profile is shown in Figure 4(c). In our
case, E£c(0.5, 1, 1.5) has positive values that signify the
fluid heating. This indicates the case T tv > To, meaning
heat is being supplied across the wall into the fluid.
Enhancing the Ec number increases the Joule heating,
which adds energy to the fluid boundary layer due to
the work done against the drag force. So, the effect of
viscous dissipation improves the temperature profile.
From Figure 4(d), it can be observed that the increase in
the thermal slip causes a reduction in the temperature
profile. It happened because less heat is transferred from
an extended vessel to the fluid.

Dimensionless concentration field

Figure 5(a) elucidates the effect of chemical reaction param-
eter on concentration profile. As the chemical reaction

o
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Figure 3. Influence of (a) Magnetic field parameter (M), (b) Grashof Number (Gr), (c) Permeability parameter (K) , (d) Slip param-
eter(S), (e) Suction paramter (S), (f) Inclined stretching sheet parameter (a), (g) Inclined magnetic field paramter (£), (h) Rayleigh
number Rb on velocity profile.

parameter y increases, it causes the rise in solute molecules profile with an increase in solutal slip. Figure 5(c) demon-
and thus, diminishes the concentration boundary layer. strates that the concentration profile decreases by uplifting
Figure 5(b) displays the influence of solutal slip on the con- the Schmidt number. As the value of the Schmidt number

centration profile. It indicates a decline in concentration (Sc = 0.57, 0.99, 1.33, 1.50) increases, it causes a decrease
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Figure 4. Influence of (a) radiation parameter (R), (b) Prandtl Number Pr, (c) Eckert number Ec, (d) Thermal slip parameter S; on the

temperature profile.

in the diffusion coefficient. Thus, it results in a reduction of
the thickness of the solutal boundary layer. Figure 5(d)
exhibits the effect of activation energy £ on concentration
profile. The concentration profile increases with an increase
in activation energy. Initially, there is 2.88% increase in
concentration profile with an increase in activation energy
fromE = 0to £ = 0.5, while 1.39% increase in concentra-
tion profile is noted when activation energy increases from
E = 1to E = 1.5. And, it is noted that the effect of activa-
tion energy E becomes negligible on the concentration
profile after a certain stage. Figure 5(e) shows that the con-
centration profile increases with an increase in the thermo-
phoresis parameter. As N, increases, the thermophoretic
force will increase, leading the particle’s to move near the
wall and thus enhance the concentration boundary layer.
It is depicted in Figure 5(f) that the concentration profile
decelerated with a rise in the Brownian parameter.

Brownian motion represents the random movement
of particles in a zig-zag path. As N increases, it enhances
the particle’s kinetic energy; this results in a rise in
temperature profile and moves the particles away from
the concentration profile, leading to a decline in the con-
centration boundary layer.

Dimensionless microorganisms profiles

Figure 6(a) and —(b) depict the effect of Sh and Pe
on dimensionless microorganisms profile. From the

Figure 6(a), it can be noted that the motile density is the
decreasing function of Sh. As the parameter Sb increases
from 0.2 to 0.4, the change in motile density is —9.11%,
while —6.01% is noted when Sb increases from 0.6 to 0.8.
This behaviour shows that there is feeble diffusivity of
microorganisms. Figure 6(b) shows the dwindling effect
of Pe on motile density.

Peclet number Pe and microorganism’s diffusivity are
inversely proportional. So, as the Peclet number increases,
the microorganism’s diffusivity decreases. The findings of
current study are in good agreement with the published
work of (Ref.>%).

Skin-friction coefficient, Nusselt number, Sherwood
number and local Nusselt number of motile
microorganism

Figure 7(a) and (b) show the influence of Pr on Nusselt
number Nu, & Sherwood number S#,. It shows that Nu,
increases with the increase in parameter Pr, but the
reverse trend is observed with Sh,. Figure 7(c) shows
that the Sherwood number S%, increases with an increase
in the Brownian parameter V,. While Figure 7(d) depicts
that Sherwood number Sh, is a decreasing function of
thermophoresis parameter ;.

Supplemental Table 2 presents the numerical result for
skin friction, Nusselt number, Sherwood number and
local density number of motile microorganism for
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unsteady flow, i.e. 4 = 0.5. Supplemental Table 2 shows
that the Nusselt number increases with an increase in par-
ameter Gr, Gc, Pr, E, Pe, Sb while the decreasing trend is
observed for parameters M, Ec and R. The Sherwood
number increases with the parameters Ec, Pe, Sb, Gr, Gc
and R but decreases with Pr and M. Skin friction and
Local nusselt number of motile microorganisms decrease
with parameter M while a reverse trend is observed for
other parameters.

Figures (8 and 9) depict the surface plot to show the
effect of different parameters on non dimensional vel-
ocity, temperature, concentration and motile density
field. Figure 8(a) shows the 3D surface plot of motile
density with unsteady parameter 4. The motile density
decreases with an increase in parameter 4. For the
change of flow from steady (4 = 0) to unsteady flow

(4 =2), there is a 5.48% decrease in motile density.
Figure 8(b) and (c) display the temperature and concentra-
tion profile with unsteady parameter 4 and axial direction
n. From both the figure, it can be concluded that both the
parameter 4 and n have dwindling effects on temperature
and concentration profile, respectively.

Figure 9(a) is drawn to show the effect of activation
energy and n on motile microorganism profile. For a
fixed value of # = 0, the microorganism profile increases
by 5.93% if activation energy increases from 0 to 2. From
Figure 9(b), it can be concluded that the motile density
decreases with an increase in parameter Pe. The motile
density is higher for smaller values of Pe number, and it
decreases with an increase in axial direction #.
Figure 9(c) displays the 3D surface plot for motile
density with # and Sh. It shows a 52.03% decrease in

o
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motile density if the parameter Sb increases from one half
of the plane [0,1] to another half of the plane [1,2].

Conclusion

In this study, the effects of thermophoresis and Brownian
motion on MHD Newtonian fluid containing microorgan-
isms over an inclined stretching sheet through a porous
medium with radiation and Arrhenius activation energy

are studied numerically using BVP4C. The governing
equations (momentum, continuity, concentration,
energy, and micro-organisms equation) are transformed
into ordinary differential equations with the help of a simi-
larity transformation. The results are summarized below
as:

e Due to the Lorentz force, fluid experiences a retarding
force, resulting in a decrement in the velocity profile.
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e The fluid temperature rises with an increment in Eckert
number Ec. This happened due to increased kinetic
energy, which leads to collision and heat is dissipated,
causing an increase in the thermal boundary layer.

e The concentration profile rises with an increase in
the thermophoresis parameter »,. The higher value
of N; leads the particles to move in the reverse
direction of the concentration gradient. Due to this
non-uniform distribution, the concentration profile
increases.

e The concentration profile decreases with an increment
in Brownian motion parameter N,. Due to this force,
the movement of molecules is in the reverse direction,
leading to fluid more homogenous.

e The motile density of microorganisms decreases with
an increase in Pe and Sh, while the reverse trend is
observed with the local Nusselt number of motile
microorganisms.

It is anticipated that the present study can be treated as the
basis for several engineering and industrial applications.
The present article focuses on thermophoresis and
Brownian motion effect on MHD flow with Arrhenius
activation energy, which can be used in the industrial
field for isotope separation, MHD generators, nuclear
reactors, and filtration in gas cleaning, and polymer
extrusion.
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specific heat at constant pressure (unit: J/kg-K)
ambient concentration (unit: mol/m?)
Brownian coefficient

thermal diffusion coefficient

activation energy (unit: J)

Eckert number

acceleration due to gravity (unit: m/s?)
solutal Grashof number

Grashof number

permeability parameter

magnetic field parameter

Brownian motion parameter

local Nusselt number of microorganism
thermophoresis parameter

local Nusselt number

Prandtl number

radiation parameter

Schmidt number

Sherwood number

fluid temperature (unit: K)

ambient temperature (unit: K)

velocity in x-direction and y-direction (unit: m/s)
inclination angle (unit: Radians)
coefficient of thermal expansion (unit: K1)
coefficient of thermal expansion with
concentration (unit: K1)

chemical reaction parameter

fluid number

non-dimension temperature parameter
thermal conductivity (unit: W/(m - K))
kinematic viscosity (unit: m?/s)
non-dimension concentration parameter
density of the fluid (unit: kg/m?)
electrical conductivity (unit: S/m)
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