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ARTICLE INFO ABSTRACT
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Owing to the dyanamic applications of nanoparticles in various bio-medical and engineering apllications like
cancertheropy, microelectronics, energy storage devices, cooling and heating processes, the researchers have
intended their focus toward this topic. On this end, the motivating objective of current communication is to
investigate the Falkner-Skan bioconvection flow of cross nanofluid conformist with melting phenomenon over a
moving wedge. The impact of activation energy and nonlinear thermal radiation are also addresed. The famous
Buongiorno model is utilized for thermophoretic and Brownian asesment analysis. The governing equations for
time dependent Falkner-skin flow of cross fluid mathematical models are simplified into a dimensionless coupled
system of ordinary differential expressions by applying adequate similarity transformation. The developed
subsequent differential system is solved numerically through engaged shooting solver in computational software
MATLAB. The graphical analysis against flow parameters has been performed against velocity, nanofluid tem-
perature, conctration profile and gytoractic microorganisms.

Cross nanofluid

Nonlinear thermal radiation
Activation energy
Numerical scheme

1. Introduction lower thermal conductivity. By implanting nanoparticles into normal

fluids, their thermal constitutionality can be significantly enhanced. The

The dilute suspension of metallic nano-sized particles with base
materials are reffered to the nano-materials and has become attractive
research area for dynamic scientists. The composites made of nano-
particles have changed the physical characteristics of the fluid when
compared to ordinary liquids. In all these aspects, the thermal conduc-
tivity and other flow feature are an extremely physical consequences.
The renewable and novel applications of nanofluid include heat transfer
devices, material, medical sciences, electronic, catalysis, optics, smart
computers, development, renewable and many other applications. From
a convenient application point of analysis, nanofluid is used in powered
engines, pharmaceutical processes, micro electrons and hybrid fuel cells.
It is currently important for the industry to use electronic devices and
nanoboards. In addition, nanofluid is a new type of energy transfer fluid
that is the suspension of base fluids and nanoparticles. Natural heat
transfer fluids cannot be used for cooling requirements due to their

first publication introducing the concept of nanofluid is generally
accepted by Choi [1]. Buongiorno [2] described the two important
strategies known as thermophoresis force and Brownian motion, which
are important factors in improving the ability of ordinary fluids to
transport heat.Selimefendigilet et al. [3] studied the Hydrothermal of
nonmaterial’s transporting across a porous compound cavity using two
temperature and heat transformation models under the magnetic field
consequence. Rashid et al. [4] researched the stagnation point boundary
layer movement of copper-water based nanoliquids that are relevant to
the magnetic field. The joint impact of the magnetic field as well as the
Marangoni convection vs the thin layer diesel fuel oil based carbon
nanotubes nanoparticles by Gul et al. [5] has been scrutinized. Siddiqui
et al. [6] explored the thermo magneto hydrodynamic impacts over
nanoliquid flow in a porous circular annular area formed by two moving
cylinders in the absence of a steady radial magnetic field although
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Fig. 1. Physical view of flow.

variable heat conductivity. Chen et al. [7] investigated Viscosity char-
acteristics of graphite / engine oil nanofluid are experimentally tested.
Ansariet et al. [8] described the flow process of Jeffrey nanofluid flow to
the Riga board, incorporating viscous dissipation effects, erratic heat
source/sink, Brownian motion and thermophoresis energy. Xian et al.
[9] described Stable hybrid nanofluid have been developed by
dispersing grapheme nanoplatelets (GnPs) and titanium dioxide (TiO2)
in a mixture of purified water and ethylene glycol (DW / EG) using a
two-step process. Alharbi et al. [10] show Wall slips impacts and wall
temperature increases as thermal energy is passed to hybrid nanofluid.
Khan et al. [11] examined the effectiveness of three-dimensional in-
clined MHD Carreau nanofluid flow past Human stagnation point with
Darcy-Forchheimer and chemical reactive species. Nguyen et al. [12]
used numerical methods to analyze the significant impacts of MHD flow
and nanoparticles migration within permeable volume, including two
temperature simulations. Rabbi et al. [13] developed the magneto-
hydrodynamic thermal conduction in a square tub of Cu-H20 nonma-
terial is examined for the various configurations of the thermostat-sink
in which the Artificial Neural Network (ANN) method was used as an
effective predictive method. Many researchers [14-16] addressed the
significance of thermophoresis, as well as Brownian motion, with
different physical features.

Activation energy is the smallest energy production required to
conduct a chemical process.The term of activation energy is first time
introduced bySvante Arrhenius in1889.He calculated the energy to be
eradicated from chemical reactions named activation.The minimum
energy required to start some chemical reaction is often recognized as
activation energy.There are Numerous applications in mass trans-
formation phenomena followed by chemical reactions through activa-
tion energy involve geothermal reservoirs, mechanical engineering,
food manufacturing, oil and water emulsion technology, respectively.In
general the Activation energy is represented by E, Bestman [17]
investigated the activation-energy impact in fluid. Shah et al. [18]
explored the Radiative Magneto hydrodynamic Casson nanoliquid flow
including activation energy and chemical processes by Entropy gener-
ation through past nonlinear stretched surfaces. Muhammad et al. [19]
determined fully established Darcy-Forchheimer mixed convective flux
via curved surface including activation energy. A 3-dimensional math-
ematical study of Eyring-Powell Nanoliquid Nonlinear thermal energy
with improved heat and mass fluxes is analyzed Muhammadet al. [20].
Khan et al. [21] examined the activation energy characteristics of
magnetic material Cross nanofluid applied to cylindrical surface. Bhatti
et al. [22] researched deals by the swimming of motile microorganisms
in a nanoliquid over a stretching surface.

The macroscopic acceleration of the fluid due to the gradient of
density created by the continuous swimming of motile microorganisms
is known as bioconvection. Gyrotactic microorganisms are inserted in
nanofluid to facilitate fluid mixing as these organisms are responsible for
the bioconvection cycle. Such organisms are smaller than water and
usually move in the opposite direction of the gravity. Bioconvection is a

natural process created by the spontaneous movement of microorgan-
isms in individual cells or in a cell-form community. Platt (1961) first
invented the word “bioconvection” in his research, stating the patterns
of flow found in the culture of free-swimming species [23]. In the
Tetrahymena history, he found movable polygonal structures that were
identical to the Benard cells. However, extensive works can be found in
refs [24-28]. Shamshuddin et al. [29] analyzed analytically three
dimensional viscous time-dependent bioconvection in the spinning
nanofluid flow through the rotating disc. Nadeem et al. [30] researched
focus on the unsteady three dimensional forced bioconvection move-
ment of a viscous liquid. Bioconvection Nanofluid (MHD) flow of
nanofluid against a stretching sheet through velocity slip and viscous
dissipation is observed by Ayodeji et al. [31]. Ahmed et al. [32]
addressed a revised structure for the unsteady mixed micro-
bioconvection flow in the horizontal channel including its upward
plate extending. A mathematical structure for the bioconvection flow of
Williamson nanoliquid via stretching cylinder with variable heat con-
ductivity, activation energy as well as second-order slip are investigated
by Abdelmalek et al. [33]. Bioconvection aspects in magnetized couple
stress nanoliquidinvolving activation energy and second order slip was
described by Khan et al. [34]. Waqas et al. [35] examined the bio-
convection flow of nanoliquid is subject of concern in recent years as it
includes a range of physical importance in biotechnology.Abdelmalek
et al. [36] scrutinized the bioconvection process through the use of
nonmaterial in fluid.Maxwell nanofluid including swimming microor-
ganism and activation energy is describedby Wagqas et al. [37].

Current work deals with the bioconvection Falkner-Skan flow of
cross nanofluid induced by a wedge under the interesintg influence of
melting heat transfer. The additional impact of thermal radiation and
activation energy are also taken into account. The flow equations are
altered into dimensionless forms which are numerically treated via
shooting technique. The flow pattern is observed with help of different
graphs and physical explanations.

2. Mathematical discruption

Consider a time-dependent Falkner-skin bioconvection flow of cross
nanofluid induced by stretching wedge with angle Y = fr, free stream
U, = f’T"’:t and streating velocity U, = % which a, b, ¢ are constant as
shown in Fig. 1. The aspects of activation energy and nonlinear thermal
radiation are taken into account. When wedge is stretching, it satisfy
Uy(x,t) > 0 while U,(x,t) < 0 denotes the case of contracting. The
ambient temperature is reflected by Tp, while ambient concentration
and microorganism are denoted by C;;, and Ny, respectively. Under the
above attention boundary layer governing equations for Cross nanofluid
with melting phenomenon are:

u+v, =0 (€8]
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The relation for melting heat conditions is
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Let us introduce the variable to attain the dimensionless form of
given equations
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Replacing the above conversion parameters into the governing sys-
tem of Falkner-Skin cross mathematical model, Eq. (1) is inevitably
fulfilled while remaining equations are reduce to following system:

DB 1)) (1 (Wef")")
— )" + a6 —Nrgp — Ney) =0,

B (Wef")" + 1)’ — (A(f +0.5¢" —
+(1 = (n = D(Wef")")(1
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10
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=0,
an
K1+ Lbfy —Pe(¢1(x+Q)+x9") =0, (12
with
J=2,00) = 1,Nbg () + Ni6f (0) = 0,4(¢) = 1 ar{ =0, 13)
f=1,000)~0,0-0,x(0)=0 as {—~oo.
futher dimensionless form of melting conditions:
MO+Prf =0 at {=0. a4
In the above equations, We? = ™1 V% the local Weissenberg
number, the Wedge angle parameter is denoted bys = 2%, infinite

o g = Mstand for mixed con-
Mo (m+1)U?

vection parameter, buoyancy ratio parameter is expressed asNr =

shear rate viscosity isf =
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is the bioconvection Rayleigh

PrlinTolthe thermophoresis parameter, ra-
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simplified as Pr =

diation parameter is denoted by Rd = is temperature ratio

Ds(Cn-Cs) the Brownian motion parameter heat sink/

Qo(1—ct)
e (m+1)ax"‘ T

parameter, Nb =

source parameter isQ = Lewis number is represented byLe =

p.» chemical reaction parameter isc = tempreature dlfference

ax’" axn-1>
, activation enegy is E =

parameter is read as w = TnTe bio-
-

K T 4
convection Lewis number is read as, Pe = ”Dﬁ the Peclet number, mi-
m
.o N . .
isQ = e, velocity ratio

&p(Tm—Teo)
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The physical quantities of interest are drag force, local Nusselt
number and local microorganism density number, which are described
as

croorganisms difference parameter

. b . —
parameter is 4 = ;and melting parameter isM =

Twly—o X
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3. Numerical approach

In this section, the transformed nonlinear differential dimensionless
system (9-12) with boundries constraints (13-14) are numerically in-
tegrated by using shootinscheme knows as bvp4c solver with Lobatto-
Illa formula aid the commercial software Matlab. First the higher
order system is tranformed into first order initial values problem by
utilizing some new variables such as.

Let

, o
f:r7f:rl7f”:r27f =T,
0=r,0 =r,0 =r,,

. P 18)
p=rs,p =rs,p =5,
X = 77«,)(, =) = ’;r
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2= ,,_ - B . J
(B (Wera)' +1)*+ (1= (n=1) (Wers) ) (1-5) )
19
r =2 at{ =0, (20)
ri—1 as{—oo.
r; _ —Prrry + PrAlry — PrNbryrg — PrNtrﬁ — PrQry @1

(1+Rd(1+ (6, — )rs ))
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4. Discusson

The physical exploration for characteristics of various parameters
like local Weissenberg number We, melting parameter M, mixed con-
vection parameter @, bioconvection Rayleigh number Nc, buoyancy ratio
parameter Nr, wedge angle parameter 5, Prandtl number Pr, Brownian
motion parameter Nb, thermophoresis parameter Nt, Lewis number Le,
temperature ratio parameter 6,,, bioconvection Lewis number Lb and
Peclet number Pe is disclosed in this section. Since this work is theo-
retical therefore, all the parameters have assigned some fixed artibrary
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values [38-40]. The performances of wedge angle parameter f against
velocity field fof Falkner-Skan cross nanofluid for static and moving
wedge are depicted in Fig. 2. This figure manifest that the variations of
velocity profilef increases by improving the magnitudes of wedge angle
parameter ffor both situations static and moving wedge. Fig. 3 is drawn
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to investigate the feature of velocity field fagainst melting parameterM
for both cases. It is perceived that velocity of Falkner-Skan cross fluid
fincreases for larger melting parameterM. The characteristics of velocity
field f'versus larger Weissenberg number Weis depicted in Fig. 4. Here,
velocity of fluid fdwindles with higherWeissenberg numberWe. The
outcomes of velocity profile fwith larger infinite shear rate viscosity
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parameter$* are presented in Fig. 5. Here flow of fluidf declines for
infinite shear rate viscosity parameters*. Fig. 6 is captured to examine
the effect of power law-indexn on velocity fieldf for static and moving
wedge. It is witnessed that velocity of fluid fenhanced for larger power
law-indexn. Fig. 7 represents the impacts of mixed convection parame-
tera on flow of Falkner-Skan cross nanofluid fover a Wedge, for both

— =00
---1=0.3

¢ =1.5,1.6,1.7,1.8

w E

Fig. 12. Aspects of @viad,,



H. Wagqas et al.

0.2 T T r
0 3
0.2
041 M=0.0,0.5,1.0,1.5 1
-0.6 4
-0.8 - - -
0 1 2 3 4
¢
Fig. 13. Aspects of ¢viaM.
0.2 T T T
() -
—A=0.0
0.2} ---)1=0.3| |
Q.
mad | Le=1.0,1.4,1.7,2.0 1
-0.6 4
-0.8 - - -
0 1 2 3 4
¢
Fig. 14. Aspects of ¢viaLe.
0.1 T T T T T
0
—A=0.0
-0.1 ---)=0.3|
Q.
-0.2 Nb=0.1,0.2,0.3,0.4 1
-0.3 4
0.4 A . A L A
0 0.5 1 L5 2 2.5 3

Fig. 15. Aspects of ¢viaNb.

cases 1 = 0.0 and1 = 0.3. It is clear that by increasing the magnitudes of
mixed convection parametera the velocity fieldf raises. Fig. 8 is drawn
to check out the behavior of buoyancy ratio parameterNr on velocity of
cross nanofluid fthrough a wedge. It is found that velocity fieldf de-
preciates by improving the estimations of buoyancy ratio parameterNr
accordingly to the both cases static and moving wedge. Fig. 9 is sketched
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to illustrate the inspiration of bioconvection Rayleigh numberNc on flow
of Falkner-Skan cross modelf over static 1 = 0.0and move 1 = 0.3wedge
situations. From this picture, it is noticeable velocity of fluid
fdiminishes for larger magnitudes of bioconvection Rayleigh num-
berNc. Consequence of melting parameter Mfor temperatured is por-
trayed through Fig. 10. It is interesting to notice that temperature field
6of Falkner-Skan cross nanofluid reduces for larger magnitudes of
melting parameterM. The inspiration of Prandtl number Prversus ther-
mal profile of species@ is shown in Fig. 11. It is cleared that thermal field
6depressed by enhancing the values of Prandtl numberPr. Fig. 12 depicts
the variation of temperature field of speciesé for different magnitudes of
temperature ratio parameter6,,. It is clearly examines that temperature
field of speciesf exaggerates with an increase in temperature ratio
parameterd,,. Figs. 13 and 14 are plotted to scrutinize the behavior of
melting parameter Mand Lewis numberLe on solutal field of species¢. It
is analyzed that an enhancement in both parameters melting parameter
Mand Lewis numberLe depresses the solutal profile of nanomaterialsg.
Fig. 15 examines the behavior of Brownian motion parameterNbon
solutal field of nanoparticles¢. It is analyzed that solutal field of species¢
dwindle when Brownian motionNb is improved. Fig. 16 displays the
impacts of thermophoresis parameterNt on volumetric concentration of
nanoparticles¢. Here, it in noted that concentration field of species¢
enhanced by increasing the values of thermophoresis parameterNt.
Fig. 17 is developing to illustrate the inspiration of Prandtl parameterPr
versus solutal field of nanoparticles¢. Here solutal field¢ decreases by
growing the estimation of Prandtl parameterPr.
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Fig. 18 reports the impact of melting parameterM against microor-
ganism field yfor both situations staticA = 0.0 and moving4 = 0.3 wedge.
Clearly from the picture, it is found that microorganism’s field yof
Falkner-Skan nanofluid becomes decreased for growing the melting
parameterM. Features of Peclet number Pevia microorganism fieldy is
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Table 1
Numerical estimation of local skin friction coefficient against different param-
eters values.

Parameters —f'(0)

We a Nr Nc M
0.1 0.1 0.1 0.1 2.0 1.1318
0.2 1.1314
0.4 1.1310
0.3 0.2 0.1 0.1 2.0 1.1189
0.3 1.1045
0.4 1.0901
0.3 0.1 0.5 0.1 2.0 1.1282
1.0 1.1218
1.5 1.1156
0.3 0.1 0.1 0.5 2.0 1.1469
1.0 1.1639
1.5 1.1156
0.3 0.1 0.1 0.1 2.5 1.2335
3.0 1.3243
3.5 1.4101

Table 2

Numerical estimation of local Nusselt number against different parameters
values.

Parameters —6'(0)
Pr a Nr Nc M Rd Nb Nt Bi

2.5 0.1 0.1 0.1 2.0 0.4 0.5 0.3 2.0 1.0435

3.0 1.1135

3.5 1.1771

2.0 0.2 0.1 0.1 2.0 0.4 0.5 0.3 2.0 0.8687

0.3 0.8681

0.4 0.8674

2.0 0.1 0.5 0.1 2.0 0.4 0.5 0.3 2.0 0.8692

1.0 0.8690

1.5 0.8688

2.0 0.1 0.1 0.5 2.0 0.4 0.5 0.3 2.0 0.8700

1.0 0.8708

1.5 0.8718

2.0 0.1 0.1 0.1 2.5 0.4 0.5 0.3 2.0 0.8738

3.0 0.8777

3.5 0.8811

2.0 0.1 0.1 0.1 2.0 0.5 0.5 0.3 2.0 0.8539

1.0 0.7909

1.5 0.7434

2.0 0.1 0.1 0.1 2.0 0.4 0.1 0.3 2.0 0.8102

0.2 0.8294

0.3 0.8615

2.0 0.1 0.1 0.1 2.0 0.4 0.5 0.1 2.0 0.9721

0.4 0.8476

0.7 0.7993

2.0 0.1 0.1 0.1 2.0 0.4 0.5 0.3 2.5 0.9481

3.0 1.0085

3.5 1.0562

reported through Fig. 19. It is seen from Fig. 20, as arising Peclet number
Pedeclines the microorganism fieldy for both conditions static wedge
and moving wedge. Fig. 21 examines the effects of bioconvection Lewis
numberLb against microorganism fieldy of nanofluid across Wedge for
both situations static and moving wedge. Here microorganism fieldy
decreased with larger bioconvection Lewis numberLb.

The numerical result of local skin friction coefficient, local Nusselt
number, local Sherwood number and local micrdoorganisms density
number against different magnitudes parameters are calculated nu-
merical. Table 1 depicts that local skin friction reduces for larger awhile
it improve for M. Table 2 conveys the change in local Nusselt number
which claim that it enhance for higher values of Pr and Nb. The local
Sherwood number increase with Nc and M and shown in Table 3. Table 4
results the change in local microorganism density number which report
that it increases with Peand Lb.
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Table 3
Numerical estimation of local Sherwood number against different parameters
values.

Parameters —¢'(0)

Pr a Nr Nc M Nb Nt Le
2.5 0.1 0.1 0.1 2.0 0.5 0.3 1.0 2.6185
3.0 2.8547
3.5 3.0742
2.0 0.2 0.1 0.1 2.0 0.5 0.3 1.0 1.7065
0.3 1.7047
0.4 1.7028
2.0 0.1 0.5 0.1 2.0 0.5 0.3 1.0 1.7078
1.0 1.7071
1.5 1.7065
2.0 0.1 0.1 0.5 2.0 0.5 0.3 1.0 1.7102
1.0 1.7125
1.5 1.7148
2.0 0.1 0.1 0.1 2.5 0.5 0.3 1.0 1.7211
3.0 1.7223
3.5 1.7424
2.0 0.1 0.1 0.1 2.0 0.1 0.3 1.0 1.7509
0.2 1.5014
0.3 1.6975
2.0 0.1 0.1 0.1 2.0 0.5 0.1 1.0 3.7633
0.4 1.5448
0.7 1.4887
2.0 0.1 0.1 0.1 2.0 0.5 0.3 2.0 2.0384
3.0 2.3070
4.0 2.5390

Table 4

Numerical estimation of local microorganism density number against different
parameters values.

Parameters - (0)
We a Nr Nc M Lb Pe

0.1 0.1 0.1 0.1 2.0 2.0 0.1 1.0331

0.2 1.0354

0.4 1.0394

0.3 0.2 0.1 0.1 2.0 2.0 0.1 1.0322

0.3 1.0308

0.4 1.0295

0.3 0.1 0.5 0.1 2.0 2.0 0.1 1.0332

1.0 1.0328

1.5 1.0325

0.3 0.1 0.1 0.5 2.0 2.0 0.1 1.0350

1.0 1.0369

1.5 1.0388

0.3 0.1 0.1 0.1 2.5 2.0 0.1 1.0429

3.0 1.0519

3.5 1.0594

0.3 0.1 0.1 0.1 2.0 3.0 0.1 1.1995

4.0 1.3366

5.0 1.4556

0.3 0.1 0.1 0.1 2.0 2.0 0.2 1.1813

0.3 1.3309

0.4 1.4820

5. Conclusions

A numerical interpretation of Falkner-Skan flow of cross nanofluid
flow across a wedge under the static and moving conditions is examined
in this work. The manifestation of gyrotactic motile microorganisms,
activation energy, Brownian and thermophoresis diffusion and melting
heat transfer are taken into acount. Main outcomes are listed via
following points:

e The velocity profile enhanced for improving values of wedge angle
parameter for both cases static and moving wedge.
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The infinite shear rate viscosity, bioconvection Rayleigh number and
buoyancy ratio parameter declined the velocity of Falkner-Skan
nanofluid.

Velocity for melting parameter and mixed convection parameter is
boosted up.

For larger melting parameter and Prandtl number the thermal field is
declined while raised with thermophoresis parameter.

Solutel field of nanoparticles were depressed for Brownian motion
parameter and Lewis number.

The microorganism field was decreased with the augmentation of
melting parameter, peclet number and bioconvection Lewis number.
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