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1 | INTRODUCTION

Useless energy shows the weak performance of liquids in thermal systems. Heat transfer and friction dissipation create the
irreversibility of fluids in such conditions. So, entropy generation is a hot debate for the researchers. Bejan [1] worked for
the first time on entropy generation. Sahoo and Nandkeolyar [2] provided the explanatory note on entropy generation of
unsteady three-dimensional MHD flow of Casson nanofluid with Brownian motion, thermophoresis, mixed convection,
heat generation, viscous dissipation, and Ohmic heating using the spectral quasi-linearization method. Abbas et al. [3] con-
sidered the entropy optimized Darcy-Forchheimer electrically conducting MHD flow of the nanoparticles Molybdenum
disulfide and silicon dioxide with Propylene glycol as a continuous phase fluid. Alsaadi et al. [4] examined the entropy
generation in electrically conducting second grade nanofluid flow past a convectively heated surface with dissipation,
Joule heating, heat source/sink, thermophoresis, and Brownian motion. Khan et al. [5] discussed the homogeneous-
heterogeneous chemical reactions and entropy generation in MHD nanoparticles TiO,-GO flow between two stretchable
rotating disks subject to viscous dissipation, Joule heating, and thermal radiation. Some studies on entropy generation
can be seen in the references [6-14].
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In chemistry, manufacturing, non-Newtonian fluids have very important role. Alaidrous and Eid [15] investigated the
mth-order reactions on the MHD flow of hyperbolic tangent nanofluid through extending surface in a porous material
with thermal radiation, viscous dissipation, and Joule heating. They found that the order of the chemical reaction m =2
is dominant in concentration as well as mass transfer in chemical reactions. Shehzad et al. [16] demonstrated the Casson-
Maxwell fluids past stretchable rotating disk with Buongiorno nanofluid model and Cattaneo-Christov heat and mass
flux theory in the presence of variable thermal conductivity. Kolsi et al. [17] analyzed the forced convection in power
law nanofluid for a backward-facing flow system in the presence of double rotating cylinders with different solid volume
fractions of alumina at 20 nm in diameter. Ramesh and Ojjela [18] presented the entropy generation of radiative viscoelastic
second grade nanofluid in a porous channel confined between two parallel plates whose boundaries are maintained at
distinct temperatures and concentrations while the fluid is being sucked and injected periodically through the upper
and lower plates. Yin et al. [19] investigated the effects of nonlinear thermal radiation, variable thermal conductivity,
nonuniform heat source/sink, and chemical reaction on bioconvection flow of magneto-Sisko fluid along a stretching
cylinder with motile microorganisms using the Buongiorno nanofluid model. Khan et al. [20] reported the role of mixed
convection and chemical reaction in Eyring Powel nanofluid using no slip condition in which a parabolic curve fitting
way of communication is implemented to show the effects of Brownian motion and thermophoresis. Hayat et al. [21]
studied the incompressible hyperbolic tangent liquid with convective condition using series solution. Hamid et al. [22]
investigated the two-dimensional stagnation-point flow of Williamson nanofluid taking into account the effects of velocity
slip, chemical reaction, and thermal radiation. Muntazir et al. [23] examined boundary layer flow of Carreau nanofluid
keeping in view of magnetic dipole. They used the bvp4c technique through MATLAB-based shooting method. More
studies on fluids and analytical solutions are presented in the references [24-33].

Nanofluid is a modern class of the fluid that possesses higher thermo-physical properties, that is, viscosity, thermal
diffusivity, convective heat process coefficient and thermal conductivity as compare to the common traditional fluids.
Therefore, nanofluids possess several industrial applications, that is, micro channel heat sources/sinks, heat exchang-
ers, coolants and lubricants, and so forth. Ali et al. [34] examined the Stefan blowing bioconvection flow of water-based
nanofluid with Cattaneo—Christov heat and mass flux theory by implementing the finite element method. Vasu et al. [35]
investigated the MHD bioconvection nanofluid flow of Casson thin film with uniform thickness using the Buongiorno
nanofluid model. Jiang et al. [36] studied the Stefan blowing effect on hybrid nanfluid in connection with Cattaneo-
Christov heat and mass flux theory as well as gyrotactic microorganisms through bvp4c approach. Ali et al. [37] inspected
a mathematical model of MHD nanofluid flow considering Cattaneo-Christov heat flux in which Cattaneo-Christov heat
flux model has proved the enhanced results. Ilias et al. [38] worked on the unsteady aligned MHD boundary layer nanofluid
flow with water and kerosene based fluids and Fe;0, as well as Al,O; nanoparticles. Zeeshan et al. [39] applied the
homotopy analysis method (HAM) to evaluate the solution of a problem of thin film nanofluid in three dimensions past
a stretchable inclined surface. Goqo et al. [40] implemented the bivariate spectral quasi-linearization technique to study
the nanofluid flow past a non-isothermal wedge. Hosseinzadeh et al. [41] examined the ethylene glycol-based carbon
nanotubes with thermal radiation, porosity, and entropy generation. The references [42-57] provide few other studies on
nanofluid subject.

The present study furnishes the development of Cattaneo—Christov heat and mass flux model of leading edge accre-
tion or ablation with entropy generation in bioconvection Casson nanofluid flow. The series solution is found through
analytical technique HAM [58-66].

2 | MATHEMATICAL FORMULATION

An incompressible time-dependent bioconvection Casson nanofluid flow is investigated with Cattaneo-Christov heat and
mass flux in the presence of entropy generation. Magnetic field B is applied perpendicularly to the flow. The physical form
is shown in Figure 1.

The problem has the following governing equations for Casson nanofluid as in Refs. [34-37]
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with boundary conditions used as [34-37]
D,, aC

u=1uy, =AU, u=—1_”éw5, N=N, T=T, C=C, at y=0, (6)
u=u,=U,, N->N,, T->Ty, C—>Cq, as Yy — oo, (7

where u, v are the velocity components in X, y directions. U, is the free stream velocity, § is the Casson fluid parame-
ter, y; is the thermal relaxation time parameter, y, is the concentration time relaxation parameter. Dy, Dg, D,, are the
thermophoretic diffusion, Brownian diffusion, and gyrotactic microorganisms diffusion coefficient, respectively. o is the

electrical conductivity and 7 = (ec)p

is the ratio of heat capacity of nanoparticles to heat capacity of nanofluid. b is the

chemotaxis constant and W, is the maximum cell swimming speed. The subscript fdenotes the nanofluid while i, o, k¢,
and (pcp)y are, respectively, the dynamic viscosity, density, thermal conductivity, and heat capacity of Casson nanofluid.
u, is the external velocity and A is used for stretching/shrinking parameter. (T, Cy,, N,) and (T, Co, N,) are the Cas-
son nanofluid temperature, nanoparticles concentration, gyrotactic microorganisms concentration at surface and infinity,
respectively. g, is the radiative heat flux and is defined through Rosseland approximation [26] as

40'1 6T4

qr = ~3k, oy ®)
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where o; and k; are the Stefan-Boltzmann constant and the mean absorption coefficient, respectively. Assuming that the
differences in temperature within the flow are such that T* can be written as a linear combination of the temperature and
through the Taylor’s theorem about T, and neglecting the higher order terms, it provides

T* = 4T3, T — 3T%,. ©)
So

6q, _ 16T, 6°T

3y 3k, 9y (10)

Introducing the similarity transformations for f; ¢, 6, ¢, and y as the nondimensional quantities of velocity, variable,
temperature, nanoparticles concentration, and gyrotactic microorganisms concentration, respectively, as

e}
P(x,y,t)=U vftcosy+(vfx/Uoo)s1nyf(§’) z,b =u, — 626 v,

~ Ty, _C-Cq N =Ny
To—T.’ ¢(§)——Cw_cw, x@) = N—N )

¢ = y/\/vft cosy +(vyx/Ug)siny, 6() =

where 3 is the stream function. v, is used for the kinematic viscosity. y is the leading edge accretion/ablation parameter
where (¢ cosyv; + siny(vyx/U,,)) must be higher than zero [34, 36].

The continuity Equation (1) is satisfied through Equation (11).

Using Equation (11), the governing Equations (2-7) are simplified to the following equations:

1
(1 + E) "+ %g’f”(cosy) + %ff"(SinJ/) -Mf" =0, (12)
%e" = [(fGsiny) +¢(cosy)) 8/ + yssiny (3£1'6" +¢f6")] + Ecf"* + Mf'* + Nbe'¢/ + Nt¢'* =0, (13)
174 1 : / : ¥y 1 Nt 124
$" + SPrlLe [(f(siny) +¢(cosy)) @' +yasiny (3Ff'¢" +¢f")] + m@ =0, (14)
1
¥+ EPrLb [(f(siny) +¢(cosy)) X' —Pe (x¢" + x'¢') =0, (15)
2 / ! _ —_ — — —
f= LePrsmyfw¢ fl=2, 6=1, ¢=1, x=1, at {=0, (16)
=1, 6=0, ¢=0, =0, at ¢ = oo, 17)
2 (vetcosy + (vrx/Uy)siny) oyB?
where (') is the derivative with respect to (. M = ( f 4 fM / }/) il is the magnetic field parameter,
;
Dr(T, —T Dy(C,—C
Nt = % is the thermophoresis parameter, Nb = W is the Brownian motion parameter, Pe =
[+ f
. . . (Uy)? vy I c,-C
¢ is the bioconvection Peclet number. Pr = Fc=——2  _le=—,Lb=—,and f, = ——2
D 5 @) Ty —To) ™ Dy o fu = g

are the Prandtl, Eckert, Lewis, bioconvection Lewis numbers, and suction/injection parameter, respectively. Also, y3 =
3

16T 0,
J/IUOCM Ya= J/zUoo, and Rd =

Kk are the nondimensional thermal relaxation, solutal relaxation, and thermal radiation
1%f

parameters, respectively.
When the Casson parameter 8 tends to oo, the fluid turns into a Newtonian fluid. For, y; = 0 and y; = 0, the classical
Fourier’s law and Fick model are recovered.
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3 | ENTROPY GENERATION

An equation representing the entropy generation [12] is

g _ 9T, K (16T (9T, B () 1Y (), [au]" B, [5¢) kD
gn oyl 12 T2 | 3k dy Te B) \ 9y 0y| Too |0y]| Co

dC3T  3CIT|RD , [N]°RD [N ST | GNAT|RD . 0B’
et |t | — |t —+ , (18)
dxox Jdydy| T 0y | Ny 0x dx 0y dy| T T
where R is the ideal gas constant while D is the diffusivity.
The characteristic entropy generation rate is
ki (T, —To)?
By =Yl (19)
TS
The nondimensional entropy generation N({) is obtained with the help of Equation (11) as
"
gen
Ng(©) = T (20)
0
So
4 ReBr ReBr 1 ¢’
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where Re = —— is the Reynolds number, 8,, = ———— is the temperature difference parameter,
vetcosy + (vix/Uy)siny T
HeUG . o . I . .
Br= T is the Brinkman number, y5 = k is the diffusion constant parameter due to nanoparticles concentration,
s f
RDNoo . . . . . . . Cw - Coo .
Ye=—% is the diffusion constant parameter due to gyrotactic microorganisms concentration, ¢,, = —c_ s the
f o
nanoparticles concentration difference parameter, and y,, = —N_ s the gyrotactic microorganisms concentration
[So]

difference parameter.

4 | SOLUTION OF THE PROBLEM

Implementing HAM [58], choosing the initial approximations as

exp(—¢)(LePr — exp({)LePr + exp({)LePr{) — ALePr + A exp({)LePr¢) — 2exp($) f, cosy
fO(g) = LePr s

60($) = exp(=¢), ¢o(§) = exp(={), xo($) = exp(=¢). (22)

Now by following HAM, the zeroth and mth order deformation problems [58] are evaluated and hence the solution.

5 | RESULTS AND DISCUSSION

HAM [58] is used to solve the nondimensional equations. Figure 2 depicts the influence of Casson nanofluid parameter
B on velocity f/($). It is seen that the rising values of Casson nanofluid parameter leads to increase the velocity f/(¢).
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Figure 3 demonstrates that due to the increasing values of magnetic field parameter M, the Casson nanofluid motion
retards. The existence of magnetic field creates a resistive force, called the Lorentz force, which is responsible for the
resistivity of flow of Casson nanofluid. The effect of suction/injection or Stefan blowing parameter f, on velocity f/({) in
Figure 4 shows that the boundary layer gets thinning. The buoyancy forces decelerate the nanofluid flow. From Figure 5,
it is observed that stretching/shrinking parameter A has influenciable role in the dynamic of present system. The velocity
f(¢) increases for the stretching case, that is, for 2 = 0.10, 0.20, 0.30, 0.40.

Figure 6 shows that the magnetic field parameter M has the characteristic to boost the Ohmic heating and hence the
Casson nanofluid temperature 6({) within boundary layer. The decreasing behavior of heat transfer 6(¢) due to the effect
of Prandtl number Pr is observed in Figure 7. It is noted in Figure 8 that on account of high values of thermal radiation
parameter Rd, the temperature 6(¢) is high. Figure 9 reveals that heat transfer 6(¢) is intensified through the greater
values of Stefan blowing parameter f,,. The nanofluid addition via boundary energizes species diffusion in the system
so the heat transfer is enhanced. Figure 10 displays the effect of Eckert number Ec on temperature distribution. The
reason is that nanofluid particles collide more frequently as a result, the temperature rises. It is indicated by Figure 11
that heat transfer 6(¢) is increased with the thermophoresis parameter Nt. The thermophoretic phenomena supports the
heat expansion in the system. The enhanced values of Brownian motion parameter Nb cause rise in the temperature as
plotted in Figure 12. Physically, through nanoparticles injection, the thermal conduction is improved. Figure 13 exhibits
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that stretching/shrinking parameter 1 increases the temperature profile 6(¢). The present case shows the investigations
on stretching case for the values 4 = 1.00, 2.00, 3.00, 4.00.

Figure 14 shows the behavior of solutal relaxation parameter y, and nanoparticles concentration profile ¢({). The
nanoparticles concentration is increased since due to the effect of y,, less time is consumed in transporting the nanopar-
ticles from one place to another one. The influence of Lewis number Le on nanoparticles concentration profile ¢(¢) is
elaborated in Figure 15. Since Le is related to thermal diffusivity to mass diffusivity so by the greater values of Le, nanopar-
ticles concentration profile ¢(¢) is reduced initially and then increases gradually. The effect of suction/injection or Stefan
blowing parameter f,, on nanoparticles concentration profile ¢(¢) is shown in Figure 16. The injection of nanoparticles to
the Casson fluid provides more diffusion and so the ¢(¢) is enhanced. Figure 17 is sketched to show the role of Brownian
motion parameter Nb and nanoparticles concentration ¢(¢). Due to the Brownian motion of nanoparticles, the concen-
tration is reduced. The effect of thermophoresis parameter Nt in Figure 18 represents that ¢(¢) is enhanced for the various
values of Nt. Through the stretching values of 4, the nanoparticles concentration ¢(¢) is minimum as shown by Figure 19.

The decreasing effects of Lewis and bioconvection Lewis numbers for gyrotactic microorganisms concentration y(¢) are,
respectively, shown in Figures 20 and 21. The higher estimates of bioconvection Peclet number also reduce the gyrotactic
microorganisms concentration y(¢) as shown in Figure 22. The larger values of suction/injection or Stefan blowing param-
eter f,, indicate in Figure 23 that gyrotactic microorganisms concentration y(¢) is increased as more space is generated
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nanofluid parameter 8 on entropy generation
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through f,. Figure 24 is drawn to realize the effect of Prandtl number Pron gyrotactic microorganisms concentration y(¢).
The gyrotactic microorganisms concentration is reduced for the rising values of Pr. The outcomes of stretching/shrinking
parameter A and gyrotactic microorganisms concentration y(¢) are depicted in Figure 25, which shows that gyrotactic
microorganisms concentration is minimum for the greater values of 1.

Entropy generation rate Ng(¢) is reduced when the Casson nanofluid parameter 3 is increased for the higher values of
B. This phenomena is clearly shown by Figure 26. The effect of Reynolds number Re on entropy generation rate is shown
in Figure 27. Entropy of the system is maximum for the high values of Re. Figure 28 highlightens the effect of magnetic
field parameter M on entropy generation rate Ng(¢). It is noted that entropy generation rate approaches to its maximum
value for the integral values of M. Similarly, increasing behaviors are seen in Figures 29 and 30 for the Brinkman number
Br and thermal radiation parameter Rd, respectively, to show the effects on entropy generation rate Ng(¢).

6 | CONCLUSIONS

The leading edge accretion (or ablation) problem is modeled with Cattaneo-Christov heat and mass flux in the presence
of entropy generation, thermal radiation, magnetic field, and gyrotactic microorganisms. HAM is used to get the solution
of the problem. Effects of all the parameters on the different profiles are provided.
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