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The goal of this study is to investigate the rotating Maxwell nanoliquid flow incorporating gyrotactic
microbes with Newtonian heating and irregular heat source sink. The motion of the flow is induced
due to linearly unidirectional elongated surface. The uniqueness of the flow is enhanced by the inclusion
of additional phenomenon of higher order chemical reaction incorporated with Darcy Forchheimer flow,
Fourier and Fick law. Numerical solution of the formulated problem is developed via bvp4c function in
MATLAB. The influence of the embroiled parameters on the flow distribution is demonstrated through
various graphs and tables. It is noticed that fluid velocity declines on incrementing the rotation param-
eter. An upsurge in thermal field is portrayed on augmenting the Newtonian heating. Comparative anal-
ysis of the results of the proposed model with previous published research is included which confirms the

Rotating flow
Gyrotactic microorganisms
Higher order chemical reaction

validity of the current model.
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1. Introduction

Boundary layer flow over a deforming surface is immensely
acknowledged by the scholars owing to its vast applications such
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as the, metallurgical process, glass blowing, production of rubber
and plastic sheets aerodynamics, and extrusion, etc. Fluid flow
on a deforming sheet was instigated by Crane (1970). Sreedevi
and Reddy (2020) illustrated the behavior of chemical reaction
with thermal radiation on a three-dimensional 3D Maxwell
nanofluid past a deforming surface. It is observed in this inves-
tigation that by increasing the Deborah number the fluid velocity
diminishes. On a Magnetohydrodynamic (MHD) Maxwell gra-
phene nanofluid flow, the outcome of thermal radiation past a
horizontal deforming surface is scrutinized by Hussain et al.
(2020) in the presence of thermal slip condition. Ali et al.
(2019) numerically examined Maxwell nano liquid flow on an
exponential deforming surface. The impact of chemical reaction
incorporated with thermal radiation is investigated by
Prabhavathi et al. (2018) on a Maxwell nano liquid flow. On
Maxwell nanoliquid flow Kundu et al. (2018) analyzed Cattaneo
Christov (CC) model with slip effects past a nonlinear elongated
surface (Table 1).

Non-Newtonian fluid flow on a stretching surface in a rotat-
ing frame has enormously been emphasized by the researchers
due to its vast applications in geophysical processes and engi-
neering and such as food treatments, disk cleaners, rotor sys-
tems, and gas turbines. Aziz et al. (2019) analytically
investigated the behavior of homogeneous-heterogeneous reac-
tions and Darcy Forchheimer on a 3D nanofluid in a rotating
flow on a stretchable sheet. Shah et al. (2019) presented an ana-
lytical solution for 3D nanofluid with Cattaneo-Christov (CC)
model in a rotating frame past a linearly elongated surface. It
is found that by amplifying the nanoparticle fraction the fluid
velocity upsurges, whereas, temperature field decays. Alzahrani
et al. (2019) has discussed the impact of Darcy Forchheimer with
heat generation/absorption on micropolar nano liquid between
two parallel rotating plates. They found twofold flow behavior
in the fluid velocity by escalating the inertia coefficient and
rotating parameter. Recent studies on a Darcy Forchheimer nano
liquid in a rotating outline can be seen in (Ullah et al., 2020;
Hayat et al., 2019; Shafiq et al., 2020; Ramaiah et al., 2020;
Hayat et al., 2020).

Non-uniform heat source and sink has broad range of applica-
tions which includes unrefined oil extraction, cooling of metal
sheets and radial diffusers. The impact of irregular heat source/
sink, Joule dissipation is explored by Thumma and Mishra (2020)
on a 3D Eyring-Powell nanofluid on a deformable surface. Jakati
et al. (2019) illustrated the effect of irregular heat on a 2D Maxwell
nanofluid on a linear stretchable surface. On a micropolar fluid
flow second order velocity slip amalgamated with irregular heat
source sink is investigated by Kumar et al. (2019) past an elongated
sheet. Khan et al. (2018) studied the impact of Darcy Forchheimer
on a micropolar nanofluid in a rotating flow between two parallel
plates.

A minuscule organism is considered as microscopic organisms
(microorganisms) as it can be perceived via an optical microscope.
They are found everywhere like in water, air, soil, rocks, plants, ani-
mals, and even in the human body. Cholera, meningitis, anthrax,
citrus canker, and tuberculosis are a few diseases caused by
microorganisms. Gyrotactic microorganisms are those organisms
that move in stagnant water against gravity and depend on the
type of species. Due to the random movement of microorganisms,
the phenomenon of bio-convection arises. This micro-organisms
characteristic is used in biotechnology, sedimentary basin, bioreac-
tors, biosensors, separation of non-living and living cells. Abbasi
et al. (2020) numerically analyzed Brownian motion, ther-
mophoresis effect, and impact of bio-convection on Maxwell nano-
fluid past a linear deforming sheet. The effect of gyrotactic
microorganisms with thermal radiation is analytically addressed
by Ahmad et al. (2020) on a three-dimensional (3D) Maxwell nano-
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Table 1
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Depicts a comparison of the contemporary studies in the same domain for the uniqueness of the existing model.

Authors 3D flow Variable heat source/sink Darcy Forchheimer flow Gyrotactic microorganisms Rotating frame Newtonian heating
Hayat et al. (2019) Yes No Yes No Yes No
Shafiq et al. (2020) Yes No Yes No Yes No
Sohail et al. (2020) Yes No No Yes No No
Ramzan (2015) Yes No No No No Yes
Present Yes Yes Yes Yes Yes Yes

fluid on an oscillatory deforming surface. Khan and Nadeem (2020)
exhibited the aftermath of the magnetic field with viscous dissipa-
tion and chemical reaction on Maxwell nano liquid past an expo-
nentially extending surface with variable slip conditions. Sohail
et al. (2020) focused on gyrotactic microorganisms with homoge-
neous - heterogeneous reactions on a Maxwell nano liquid over
a stretchable sheet incorporated with heat generation/absorption
effects.

Transmission of heat and mass incorporated with chemical
reaction has widespread applications such as food processing,
destruction of harvests due to freezing, paper manufacturing and
ceramics. Narender et al. (2020) numerically illustrated viscous
dissipation on an incompressible 2D nanofluid flow on a linear
elongated surface with chemical reaction. Ibrahim and Negera
(2020) numerically inspected the impact of stagnation point flow
on a Magnetohydrodynamic (MHD) upper convected Maxwell fluid
with chemical reaction along a deforming surface. On an unsteady
chemically reactive viscous flow Ijaz et al. (2020) addressed Joule
heating and activation energy in a rotating frame on a stretchable
sheet. On a chemically reactive Maxwell nanoliquid flow Khan
et al. (2019) numerically examined the behavior of Cattaneo-
Christov model over a deformable sheet.

Great amount of research is done on a rotating flow past a linear
extending surface. The study of MHD Maxwell nanofluid influ-
enced by gyrotactic microorganisms and higher-order chemical
reaction in a rotating flow is still scarce and yet not discussed in
the literature. The uniqueness of the problem is exacerbated by
the combined effect of Newtonian heating and variable heat
source/sink. MATLAB built-in function bvp4c is used to solve the
specified mathematical problem. The influence of the pertinent
parameters on the present analysis is illustrated graphically. The
following questions are the aim of the research.

i. What is the influence of augmenting the fluid relaxation and
rotation parameter on the fluid velocity?
ii. What effect does the conjugate parameter have on the ther-
mal field?
iii. What is the aftermath of order of chemical reaction on the
fluid concentration?
iv. Impact of Peclet number on the motile density profile?

2. Problem formulation

3D Darcy Forchheimer rotating flow of MHD Maxwell nanoliq-
uid is examined on a stretchable linear surface with Newtonian
heating. The sheet deforms in the x — direction. The surface is asso-
ciated in the xy — planeand the fluid is considered at z > 0 (Fig. 1).
The fluid spins about the z — axiswith constant angular velocity Q.
The effect of higher order chemical reaction, gyrotactic microbes
incorporated with variable heat source and sink are additional phe-
nomenon to enhance the uniqueness of the flow. The characteris-
tics of Fourier and Fick law are inspected.

The innovative model is regulated by the following system of
equations (Shafiq et al., 2020; Ramaiah et al., 2020):

U+ v+ d,w=0, (1)

T, w1 =F,
5

Magnetic field ® Nanoparticles

Microorganisms
Fig. 1. Flow configuration of the model.
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Udy 1+ 00y 1+ WO, 1 :Dnazzﬁ(”"VON(azﬁazhﬁauE),
CW—QO>

(6)
in equation (4) g* is variable heat source/sink (Alghamdi et al.,
2021)

. kuy D%mu S~
I ‘W( i, +”(T—T°o>) @

with boundary conditions
u=dx, v=0, w=0, 827N":fh57i, E:Ew, n=n,atz=0

u—>0,I/—>0,%—>%@O,E—>Cx,ﬁ—>1~1xasz—>oo (8)

Using appropriate transformation (Aziz et al., 2019; Sohail et al.,
2020; Ramzan and Yousaf, 2015):

=dxf'(0), v = dxj(0),w 7(dv)1/2f(5
T.0(0) +Tw, C= (Ew —C. >

T
)

By utilizing the above transformation equation (1) is trivially
equated. However, equations
(2) - (6) and (8) take the form:

3 2 § ¥
fesg- 0 r(l) 2 -t g ) -7y
—(Ha* +7) &

+Ha?Eff" = 0,

. . 2 . .
2y g om(() ) - a(f+8) ) - (e )

By f 44+ HaEf 4

(10)

7Fr.] :()7

(11)

iﬂj fd9+N d9d¢+N< )2—1( de fdfde

e g tdg dg T \de ! dc dt

df
+D gz +HO=0, (12)

) 1 d% o dg df do

az " f’N_bd_Cz_sc@ gt r ci/:2 +de a)) =
(13)

d’R d¢ dR d dR

d—éz—Pe<d—¢d—€+(R+6) df) +1bf G =0, (14)

and

AtL=0f(0)=0,F=1,j) =0, %=—A(1+0(),
)

p()=1, R =1
¥ 0,j(0) =0, 0(0) — 0, (1) — 0,

As { — x -0, R({)—0

(15)

The mathematical forms of surface drag force, temperature gra-
dient are specified as:
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TWX
=,
T = {(1 + E)dzul,_, (16)
_ Twy
pug,
Ty = H(1+ )01, (17)
Nux = %
k(T —T..)
Q. = ko, T By (18)

By utilizing equation (9), equation (16) - (18) are transmuted

as:
2
Cr(Rey)* = (1 +E)Zéf (19)
Cy(Re,)** = (1 +E)ZJC (20)
o5 do
Nuy(Re,)*° = &, (21)

3. Numerical solution

Numerous analytical, exact and numerical techniques (Xia et al.,
2021; Wakif et al., 2021; Rasool and Wakif, 2021; Wakif et al,,
2021; Wakif et al., 2020; Alghamdi et al., 2021; Thumma et al.,
2020; Shaheen et al., 2021; Wakif and Sehaqui, 2020; Chen et al.,
2021) can be used to solve the system of ODEs. The exact solution
of highly nonlinear coupled system of ODEs (10)-(14), with the
boundary conditions (15) is not possible. Numerical solution of
the flow model is computed via bvp4c function in MATLAB. The
numerical procedure is given below:

f=Y0f =Yo f =Ys,f" =Yy =YY1,j=Y4,j =Y5,j = Y5 =YYy,

YY, = [ Yi.Ys+ (1 +F)Y2 —2(0Ys — EY.Ys + EY1.Y,.Y3) + (Ha + y)yz],

( EYZ)
“2(EY1YaYs + 0 E(Y] - Y1.¥s) - (Y2 + EY))
—Y1.Ys +Y,.Ys + (Ha+ y)Ys +F,.Y2
0="Y5,0 =Y7,0" =Y, =YY3,¢ =Yg,¢' = Yo,¢" = Yg =YYy,
Y3 = ety [4%(\(1 Y7+ Np.Y7.Ye +N.Y2 — Ky Yy ,yz,y7) _DY, - H.ys} i

Ve = sl [(=N)-¥Y3 + Sc(0(Ys)' = V1Yo + KoY Y2 Yo) .

R=Yi0,R =Y11,R" =Y}, =YY5,
YYs = Pe[¢'R + (R+0)¢"] —Lbf R
and the boundary conditions are
At {=0Y(0)=0,Y,(0) =1,Y4(0) = 0,Y7(0) = —A.(1 + Y5(0)),Ys(0) = 1,Y10(0) = 1
As { — o0 Yz(00) — 0,Y4(00) — 0,Yg(c0) — 0,Ys(c0) — 0,Y10(c0) — 0

(22)

4. Graphical analysis

The main focus of this section is to explore the impact of various
physical factors on involved profiles. For the graphical analysis of
the non-dimensional parameters following numerical values are
taken
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0.1 <E<0.6,0.1 <Ha<0.5,02<7y<04,01<F, <05,
01<2<03,01<K; <0.5,

0.1 <N,<03,01<N,<03,01<D<03,01<H<03,
0.1<K,<05,05<S <12,

03<5<0.7,0.1<A<0.3,1<5<3,0.5<Pe<0.9,0.1<5<0.5,

0.6<Lb<1.

Figs. 2 & 3 depicts the behavior of x — component velocity
f'(0)and y — componentof velocity j({). The behavior of numerous
values of non-dimensional fluid relaxation time Eon f'(¢) and j({)
is illustrated in Figs. 2(a) and 2(b). Fig. 2(a) percepts that as Ehas
direct proportionate to fluid moderation time I';. By augmenting
E, fluid moderation time boosts which halts the fluid flow. Eventu-
ally, it is perceived thatf’(¢)drops. Fig. 2(b) shows that on incre-
menting the fluid relaxation time j({)increases adjacent to the
wall, while it decreases in magnitude away from the wall. Negative
values of j({) exhibits that flow due to rotational effect is only in
the direction of y’ - axis. The impact of rotation parameter o on
the velocity field is deliberated in Figs. 3(a) and 3(b). Since o =%,
so by augmenting o angular velocity increases. The fluid is rotating
and flowing. By enlarging othe rotation rate increases in contrast to
the stretching rate. Therefore, f'(¢) decreases as the motion of the
fluid slow down. Fig. 3(a) shows that f'(¢)is dwindling function of
. Fig. 3(b) exhibits an oscillatory configuration for escalating val-
ues of «. The rotation parameter plays a major role in accelerating
the flow iny—direction. It is seen that j({) descends and the fluid
accelerates in the y-direction.

The impression of conjugate parameter A on thermal field 0(¢) is
portrayed in Fig. 4. The rate of heat transmission is accelerated on
augmentingA. This is due to the transfer of heat from the heated

04

-0.005
-0.01 ;
-0.015 | '} .
©0.02 1'% ’

< -0.025 |
-0.03 x @
-0.035 | =
0.04 | E=0.1, 0.3, 0.5, 0.7

-0.045

0 1 2 g»3 4 5 6

Fig. 2b. Impact of fluid relaxation time on j({).
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Fig. 3b. Behavior of rotation parameter on j({).

surface to the cold fluid. This elevates 0(¢). The outcome of variable
source and sink parameter on 60(()is sketched in Figs. 5(a)-5(d).
Growing values of D&H i.eD > 0,H > Ocorresponds to irregular
heat source implying that more heat is generated. Thus, an upsurge
is noticed in 0({). Influence of irregular heat sinki.e D < 0,H <0 is
shown in Figs. 5(c) & 5 (d) corresponds to absorption of heat.
Therefore, thermal field deteriorates. Fig. 6 portrays the effect of
growing values of higher-order reaction s on ¢({). By upsurging s,
the rate of mass transfer is enhanced. Hence, ¢({)rises. Variation
of Peclet number on motile density profile is portrayed in Fig. 7.

0.8
0.7t

0.6 |

Fig. 4. Behavior of conjugate heat parameter on 0(().
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4(¢)

4 5 6

Fig. 5a. Impact of variable space dependent source parameter D > 0 on 6({).

0.8

4 5 6

Fig. 5b. Impact of variable temperature dependent source parameter H > 0 on 6(().
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01 D=-0.1, -0.14, -0.18, -0.22

0.05

0 1 2 3 4 5 6

Fig. 5¢. Impact of variable space dependent sink parameter D < 0 on 0(¢).

On incrementing Peclet number diffusion of microorganisms
decreases. Hence, motile density of fluid diminishes. The impact
of A,K;,Eon local Nusselt number is described in Table 2. It is
noticed that by increasing A and K; the rate of heat transfer
enhances. However, NuyRe, *>decays for larger values of E. Table 3
shows an outstanding correlation of the current outcome for the
rotation parameter with Nazar et al. (2004), Wang (1988), and
Ali et al. (2020).
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0.5

(¢

Fig. 5d. Impact of variable temperature dependent sink parameter H < 0 on 0({).

é(q
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Fig. 6. Outcome of higher order reaction on ¢({).
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R(¢)

0.4
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0.2 1
0 .
0 1 2 ¢ 3 4 5
Fig. 7. Outcome of Peclet number on R({).
Table 2
Computational values of NuXRe;O'5 against different estimation of A, K;, E.
A Ky E NuyRe;%°
0.1 0.1241273
0.2 0.2962659
0.3 0.5595729
0.6 0.1297434
0.7 0.12980309
0.8 0.12986562
0.5 0.13087804
0.6 0.1295171
0.7 0.1264253




Yu-Ming Chu, M. Ramzan, N. Shaheen et al.

Journal of King Saud University — Science 33 (2021) 101645

Table 3

An outstanding correlation of the current outcome for the rotation parameter o with Nazar (2004), Wang (1988) and Ali (2020).
o Nazar (2004) Wang (1988) Ali (2020) Present

-1'(0) /(0) -1'(0) '(0) -I'(0) /'(0) -1'(0) /')

0 1 0 1 0 1 0 1 0
0.5 1.1384 0.5128 1.1384 0.5128 1.13844 0.51283 1.13848 0.51268
1 1.3250 0.8371 1.3250 0.8371 1.32501 0.83715 1.32501 0.83712
2 1.6523 1.2873 1.6523 1.2873 1.65232 1.28732 1.65235 1.28726
5 - - - - 2.39026 2.15024 2.39014 2.15053

5. Concluding remarks

Numerical solution for MHD Maxwell nanofluid with gyrotactic
microorganisms, a higher-order chemical reaction in the presence
of variable source/sink, and Newtonian heating is investigated in a
rotating flow on a deformable surface. The flow is analyzed with
additional effect of Darcy Forchheimer flow amalgamated with
modified Fourier and Fick laws. Numerical solution of the flow
model is computed via bvp4c function in MATLAB. The following
are the notable outcomes of the current investigation:

e Fluid velocity deteriorates on incrementing the rotation
parameter.

e On escalating fluid relaxation time f'({) declines, whereas, for
Jj(¢) opposite outcome is observed.

¢ By augmenting the conjugate heat parameter 0({) amplifies.

o For larger values of higher order chemical reaction solutal field
escalates.

e For higher estimation of Peclet number, the motile density
deteriorates.

e On incrementing the conjugate heat parameter and thermal
relaxation time rate of heat transfer augments.

e The rate of heat transfer decreases on varying the fluid relax-
ation time.
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