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Dynamics of heat and mass
transfer. Ree-Eyring nanofluid
flow over a Riga plate with
bioconvention and thermal
radiation
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Mathematical Sciences, College of Sciences, Princess Nourah Bint Abdulrahman University, Riyadh,
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Following improvements in devices used in biomedical engineering, cancer
treatments, and thermal extrusion systems, this report explores the dynamics of
Ree-Eyring nanofluid when subject to free convection, bioconvection, heat
source, and thermal radiation over a convection-heated Riga plate.
Bioconvection is assessed in light of the movement of the motile
microorganisms that stabilize the dispersion of nanoparticles in the fluid.
The impact of thermophoresis and Brownian motion, critical in the flow of
heat and mass is also considered, together with the convective boundary
condition. In many manufacturing sectors, non-Newtonian nanofluid flow is
a crucial cooling component. Based on these factors, partial differential
equations—the governing equations that model the transportation
phenomena—are converted into nonlinear ordinary differential equations
using the relevant relations. Finally, the nonlinear differential equations are
solved using the homotopy analysis method (HAM), and the solutions are
displayed in graphs representing distinct fluid flow parameters. It is
conclusively found that the skin friction coefficient increases as the mixed
convection parameter value rises, while the opposite effect is seen as the
bioconvection Rayleigh number grows.

KEYWORDS

Ree-Eyring nanomaterial, Riga plate, bioconvection, thermal radiation, homotopy
analysis method

Introduction

The term “nano liquid” was coined by Choi [1] and refers to the suspension of
nanoparticles in standard fluid-like ethylene glycol, oil, and water. Nanomaterials have
various consequences for heat transfer, such as in hybrid energy engines, microprocessors,
energy engines, and in temperature diminution. Buongiorno [2] introduced two new
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features to the mathematical formulation, namely Brownian
motion and thermophoretic force. Then Islam et al. [3],
deliberated on the MHD flow of micropolar nanofluids using
a thermal mechanism between two surfaces. Alempour et al. [4]
described an elliptical cross-section of spinning wall tubes to
explain the behavior of a nano liquid. Entropy analysis of the
Darcy-Forchheimer flow of a nanoliquid past the nonlinear sheet
was conducted by Rasool et al. [5]. Numerical investigation of the
slip effect of Ree-Eyring nanofluid under peristaltic flow over a
curved surface was conducted by Tanvir and Malik [6]. The heat
transfer enhancement accompanying nano liquid flow was
scrutinized by Wang et al. [7]. Many researchers have
described nano liquid flow in terms of thermal conductivity
and heat transfer [8-12]. The Hall effect and impact of a chemical
reaction on the physical properties of a hybrid nanofluid were
discussed by Mkhatshwaet et al. [13]. Tlili et al. [14] explained the
3-D flow of Eyring-Powell nano liquid in the Darcy-Forchheimer
[15] over a porous medium. The effect of Lorentz force on Ree-
Eyring nanoliquid past a paraboloid surface was studied by Khan
and co-workers [7]. Khan et al. [16] explored the thermal slip in
the magnetized axi-symmetric flow of Oldroyd-B fluid
configured by infinite stretchable disks.

Non-Newtonian flows are more efficient, due to their
practical application in industrial, physiological, and
technological processes. The properties of all non-Newtonian
fluids are diverse, and the behaviors of all types of such fluids are
depicted by a single relation. Hence different flows are given the
significance of non-Newtonian liquids. Ree-Eyring fluids
elucidate such behaviors with more advantages than other
fluids. While the power-law model is the prominent flow
model, demonstrating the shear-thinning as well as the
thickening behaviors of fluids, the Ree-Eyring liquid flow is
more effective in that it can be decreased to a Newtonian
fluid flow [17-20]. Shao et al. [21] thus represented the
thermal analysis of hydrodynamic lubrication on the Ree-
Eyring fluid model, while Hayat et al. [22] scrutinized the
influence of Ree-Erying flow on peristaltic transport past a
rotating disk, and Ijaz et al. [23] explored the MHD flow of
Ree-Eyring peristaltic propulsion. Hayat et al. [24] explained the
homogenous-heterogeneous influence on the peristaltic MHD
flow of Ree-Eyring fluid under chemical reactions, while the
influence of a chemical reaction through Dacy-Forchheimer flow
on Ree-Eyring fluid over an inclined surface was assessed by Rao
et al. [25]. Some of the latest literature related to non-Newtonian
models is given in References [20, 26-31].

Bioconvection is the phenomenon that occurs when up-
swimming microorganisms form a smaller area denser than
water. The higher portion of the surface is suspended and
becomes denser due to the collection of the microorganisms.
The behavior of the microorganisms in the dispersion of
their
microsystems, biodiesel fuels, biosensors, biotechnology, and

nanoparticles explains remarkable applications in

microsystems. The work of bioconvection was initiated by
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Wager [32] and Platt [33]. Self-thrusting microorganisms are
denser than cell fluids and are inherently destabilizing, either
The
strength of viscosity and the

inducing or enhancing bioconvection.

the
gravitational capacity of bottom-heavy microorganisms to

Gyrotactic

microorganism has

move away from the vertical. The premier contribution
related to bio-convention with nanoparticles under motile
microorganisms is an investigation by Kuznetsov [34]. Uddin
and co-workers [35] inspected the mixed convection flow of
thermal slip nano liquid with microorganisms over a permeable
medium. The flow of Sisko nanoparticles under microorganisms
with mixed convection was then examined by Farooq et al. [36].
Exploration of the unsteady flow of nanoparticles, along with
microorganisms in conjunction with nanoparticles, was carried
out by Wagqas et al. [37]. A study of the bioconvection flow of
nanoparticles around a cone was conducted by Khan et al. [38].
The significance of Stefan flow on the bioconvection flow of
nanofluids was studied by [39, 40], while the effect of viscous
dissipation with the thermal radiative bioconvection flow of
Casson nanofluids past a suction/injection is discussed by
Kiari et al. [41]. The influence of oxytactic microorganisms in
a porous medium is presented by Shaw et al [42].

The ever-increasing population expansion and the industrial
revolution of the twenty-first century have led to a growing
energy demand in the modern world, which is a source of
concern. Traditional energy sources are to be largely replaced
with clean and sustainable renewable sources, such as solar, wind,
hydropower, and biogas, to meet current and future global energy
needs without causing harmful environmental impacts such as
pollution. Because of its affordability, its non-conventional
character, and environmental friendliness, solar energy is the
most pleasing renewable energy source (non-polluting). Solar
energy can be transformed into heat, water, and electricity when
it is acquired from nature in the form of solar radiation. Because
the size of nanoparticles is less than the de Broglie wavelength,
they allow deep absorption in the base fluid by scattering incident
solar light. By adjusting nanoparticle size and shape to the needs
of a given application, absorption efficiency can be improved. As
a result, nanoparticles improve a fluid’s radiative characteristics,
increasing the heat transfer rate and direct absorption efficiency
of solar collectors (which may be employed in commercial and
household water heating applications). Furthermore, the
nanofluid’s solar energy absorption capability is aided by
nonlinear thermal radiation. As a result, using nanofluids and
including nonlinear thermal radiation increases solar energy
absorption, while also increasing heat transfer rates.
Furthermore, entropy reduction increases the heat transfer
rate, resulting in heat transfer intensification. Combining these
processes results in an increase in heat transfer rate from the
sheet, and hence significantly more cooling, thereby meeting the
various requirements of today’s industrial world, where the
quality/properties of the end products are highly dependent
on the rate of cooling used in the manufacturing process (for

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.974562

Loganathan et al.

g Micoorganisms

10.3389/fphy.2022.974562

=
- o,
@ Nanoparticles S
o=
/ >
U { ‘ |
S\ /'y
X
% o 29 Vel 5 R A
S NAAL}ps N/ &
Microorganism
- . )
Nanoparticles /// 1 ® Microorganism Boundary Laye
y-axis a ® e ® ®
' ® Concentration Boundary Layer
. . e E—————
€ ® ®
® ® Thermal Boundary Layer
€
) €
® P
®
(3 3 .\ F o
3 o -4
©.®
x-axis
0

FIGURE 1
Physical sketch of the flow problem.

Riga Plate

example, the drawing of continuous filaments through quiescent
fluids, the annealing and tinning of copper wires, etc.).

While the
numerous articles in the area of bioconvection, bioconvection

aforementioned literature review reveals

using Ree-Eyring nanofluid is rarely researched. This gap led to
the of the
microorganisms affect the flow of Ree-Eyring fluid across a

present thorough analysis way gyrotactic
Riga plate, as well as how the heat convective condition of the
surface is controlled. On surfaces like stretching plates, Riga
plates, and surfaces with variable thickness, nanofluids have
better wetting, dispersion, and separation capabilities. The
addition of the right nanoparticles to the working fluid has a
significant impact on improving the thermal conductivity of the
base working fluid. Such studies are important for medical,
and cancer thermal treatment

aerospace, microelectronic,

applications. The current study concentrates on the thermal
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properties of Ree-Eyring nanofluid based on a mathematical
model created using partial differential equations stemming from
these applications. These equations are converted to ordinary
differential equations by performing the proper similarity
transformations, and the resulting system of equations is then
solved using HAM.

Flow analysis

A steady 2-D incompressible mixed convective Ree-Eyring
liquid flow along a Riga plate is considered. The flow pattern is
depicted in Figure 1. The significance of the heat transportation is
explored using the heat generation/absorption and convective
boundary condition. The flow produced considers surface heat,
wall concentration, and wall motile density as T > Cw, andy,,
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respectively, with respective ambient temperature T, ambient
concentration Cq,, and ambient microorganisms y_ .The stress
tensor for the Ree-Eyring nanofluid model is defined as

s Lt (A
Tij = [y+ﬁASmh (e)]BR

where A= 1/0.5Tr (Bg)?. The governing equations assume the

following form when these assumptions and the boundary layer
approximation are included in the mathematical model:

ou ov

i = 1

ax+8y 0 )
uaj+vaj—i +i ﬁ_'_z@_'.&
ox 9y Py # Pe J\0xdy  0x* 0y?

. niqo M exp<—£ ) + 1 [
Spf ai y Pf
% (1- C)pag (T - To)
(P, =1)9(C~C0) = (X~ Xe0)9¥(Ps = )]

(2)
a_T+ a_T_LaZ_T_'—T D a_ca_T +& a_T ’
“ox Vay_pCP oy? P\oy oy )  Tw \0y
Q 160*T% 0*T
=0 r_T e 7
+PCP( 00) + 309G,k 0y 3
aC aC o’C Dr\ [T
M$+V$—DB<8—)/Z>+<K><a—yz>—’(r(c—coo) (4)
oy Oy W, o ( oC\ %
u$+va—+b7(cw_coo) a(){@) —Dma—y2 (5)

When a non-destructive layer is on a Riga plate, the dynamics
of such a layer are affected, due to its movement at a specified
stretching rate. Since the wall is convectively heated, the suitable
boundary conditions are

oT
u=u,(x),v= O,—ka = h(Tf - T),Cw = Coos X = Koo ALY

=0,

u—0,T =Ty, C— Cux, Y = o aty = 00 (6)
If one introduces the following transformations,

_|a 3 , _ B T-Ty
1= \ge = axf (1) v = —VaS (0,0 = 50

:C_COO)N:X_XOO (7)

Cy—Co Xo = Xoo

Eqs 2-5, under transformation (7), take the following form:

(1+We)f + ff - 2 +Qe( +1(6 - Nrg — RbN) = 0

(8)

(1+Rd)6 +Pr(¢ONb+ f6 + Nt6") ~Pred=0  (9)
. . Nt .

¢ +f¢Sc+m¢ —Sck¢p =0 (10)
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N+ fNLb-Pe(N¢ +¢ (Q+N)) =0 (11)

The subject to the boundary condition is as follows:

f£(0)=0, f'(0) =1,0'(0) = -Bi + Bi(6(0)), $(0) = 1, N (0)
=1, f'(co0) = 0,6(00) =0, ¢(c0) =0, N (co) = 0.

(12)
The non-dimensional variables:
1- T,-T 1 D
)L:“g( Cooz)( w 00),W€=—,Nb=T B(Cw Coo)) Nt
a’x upPe v
— sl
= M) Sc = l’ Pe = b’lUc’ Rd 4o Too) Lb
v D D,, ki k*
- Nw - Noo
o M) N
D,, (Ty=Teo) (1= Colp,
- Cy—Cqy
_ (o =py)C ),Bizﬁ\/iprzi,g
(Tf=Te)(1-Co)pja’ Kk \a o
X
(o~ Xeo)

Cy, Nu, Sh, and Nh are given by

_ 21, B Xquw _ XMy,
L= N = KTy - Ty T Dy G-y
_ Xqw
Dm (Xw - Xoo)

(13)

Shear stress, heat, mass, and motile density microorganism

(T k[
ayy=°’q“’_ ay )™M= 75, > G

(14)

are given by

e3)
w=|H /36
%
""(@)

and are changed as follows:
Re**Cf, =2(1+We)f (0), Re;*Nu,
= —(1 + Rd)0 (0), Re,"*Sh, = —¢ (0), Re;*’Nh,

=-N(0)
(15)
Solution methodology
Numerous numerical methods are appropriate for
addressing nonlinearity difficulties. However, the most

effective semi-analytical strategy for making use of these very
nonlinear equations is the HAM technique. Liao [43, 44]
designed the HAM technique and later changed the auxiliary
parameter to have a non-zero value. The approximation rate of
this solution is calculated using these variables. Additionally, the
user may choose the initial premises of the solution.
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TABLE 1 Convergence table for HAM.

A 3 Order of m —-£""(0) -0 —¢© -N©
S -5
- —— 25th order 1 0.431973 0.241666 1.219230 0.885050
=i —— oithiorder 150 ordex 5 0.433558 0.248552 1.400270 0.919057
—— 40th order g - . .
7151 T — 00 10 0.434237 0.248180 1.400350 0.948990
7 T 5. ‘ 15 0.434296 0.248154 1.400160 0.944370
20 0.434257 0.248152 1.400173 0.944358
€ i D, 25 0.434250 0.248154 1.400172 0.944355
5 15th order ——— 15th order 30 0.434250 0.248154 1.400172 0.944355
30th order 3 —— 30th order
= 0 = 0 35 0.434250 0.248154 1.400172 0.944355
3 -5 Z -5 40 0.434250 0.248154 1.400172 0.944355
—-10 -10
-15 =15
-1.0 =05 0.0 -10 -05 0.0
z v
F(n,0) 1fo(n) 0% - —0((;7) $(n, 0)21# (1 uanN(ln O)N (n)} (29)
FIGURE 2 Fp1)=f (), 6(51) = 0(n), (1) = ¢(n). N (1) = N ()
A) 7 for f' (n); (B) 7 for0(n); (C) g fi ; . . . .
ED)) ;,[NCELVrieof;r(/:/?)(ﬂ()i) o curve for bln): (Chhy cuve for g (1) Considering the Taylor series expansion, one has
fna)=foln)+ )" fuln)d"
0(1.9) =60 (n)+ ).~ Ou(n)q"
& - (25)
$(na) =y (M) + ).~ 1¢ (n)q
N(:9)=No(n)+ Y N (m)q"
By applying this function, we can write 0, ¢, and N in the Fu(n) = iamf(’% q) 0, (1) = iame(’ﬁ q) 8, (1)
subsequent forms: mlonm | mloonm | "
0 oo 1 0"¢(n; 1 0"N
fm(n) = znzozkzoafmnk exp (-n1) (16) - _'M ,¢,, (1) = M }
m n" =0 on™ =0
[eS) [eS) q q
61 (1) = 2,20 Dot exp (=) a7 26)
(1) = ¢l exp(—n (18)
¢ (’1) Z’ZOZ’;O 'l p( }1) We ensure that hf, hg, hg,and hy are chosen correctly, such
N (1) = anozkzod]:n,nnk exp (—nn) (20) that Eq. 25 converges at g = 1. Then we have
where af , bk . ¢k and d  are the magnitude. The linear f(n)=foln)+ zro: L fn (1), 6(n) = 6o (n) + ZZ:1 6 (1)
operators, including initial guesses, are o(n) = ¢, (1) + z ¢, (1), N(17) = No(n) + zm:I N..(%)
27
Sl =10 = 2 g, () =Ny () = € } o @7)
L) =f"-f L) =0"-0L(¢)=¢"- L) =N"-N The general solutions can be explained as
The above auxiliary linear operators and initial guesses are fum(m) = £, (1) = C1 + Crexp(n) + Cs exp (1)

O (1) = 0,, (1) = Ca exp (17) + Cs exp (1)
L(f) (Cl + Czeiﬂ + C3ei}7) =0, L(e) ((:43’7 + Cseiv) =0 ¢m (11) ¢:n ( ) C6 eXP(ﬂ) + C7 eXp( 11) (28)
L($)(Coe" + Cre™) = 0,L(N) (Cse" + Coe™) = 0 N, (17) = N,,, (1) = Cs exp (1) + Co exp (~1)
(22) *
where f,, 0, , ¢, , and N, are the special solutions.
where C; = (i = 1 - 9) are coefficient constants.
4 9 f(n9) @fna)_(3f (na))’
Nylf(n (1+We) “ Py () =Y — Qe+ .
ol o 0”0 (751 Convergence of homotopy solution
A(6(r:q) = Nr¢ (7 q) - RbN (1 q))
. ( ) 39(n %) 3¢('1 D, pne(P0DY by i
M [o0] = 00k +Prb P Nr( oy ) Prebna) 23) The study of auxiliary variables h 7, hg, hy, and hy depends on
No[dna)] = W EED s 0.9 ) (" q) () . ga(: 949019 adjusting and controlling convergence. The acceptable range of
N[N a)] =2 1\;(;1 9 4 14 7 )aN(’? D _p, (Wa‘;@g{q) W2 “’a;” ‘”(Qm(,, q)) convergence values are used to draw the h-graphs. Figures 2A-D
show that the appropriate values of h s hg, h¢, and hy are
The non-zero auxiliary parameters hf, ho, h¢, and hy -1.5< hf <0.1,-
are ge[0,1] 15 < hy< 0.1,-1.3 < hy< 0.1,-1.2 < hy < 0.1, Table 1
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FIGURE 3
Alteration of We, Rb, Nr, A, and Q with velocity profile f' ().

evaluates the convergence of the series solution when =-0.65,
hg= hy = =0.55, hy = —0.7

Result and discussion

The significance of numerous physical variables is elucidated
in Figures 3-11. These physical parameters are sketched for
concentration,

velocity, and microorganism

profiles for several magnitudes of variables. Table 2 compares

temperature,

present findings with past outcomes under certain conditions.
We noted a good agreement.

Figures 3A-E show the impact of the parameters
We, Rb, Nr,A,and Q on the velocity field f '(11). Enhancement
in We results f' (1) and momentum layer thickness is also
enhanced. Physically, a greater velocity minimizes the viscous
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force, due to this velocity shows increment. Figure 3B shows
there is no development when exceeding the value of the
bioconvection Rayleigh number. Figure 3C exhibits the impact
of the buoyancy ratio parameter N, leading to reduction in the
velocity profile. The varied effect of the mixed convection A
variable on the velocity profile is shown in Figure 3D. From the
figure, it is clear that the augmented magnitude of A depreciates
the velocity profile. Physically, an uplift in A obtains a higher
thermal bounce force, due to the increment in the velocity of the
fluid. The impact of the modified Hartman number Q on velocity
distribution is illustrated in Figure 3E. Velocity distribution
displays behavior of increased magnitude. With additional
momentum, boundary layer thickness is also enhanced.

The performance of the thermal layer 6 (#) against the values
of the variables We, Nb, Nt, Rd, Bi, and Pr is shown in Figures
4A-F. From Figure 4B, it can be observed that temperature
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FIGURE 4
Alteration of We, Nb, Nt, Rd, Bi, and Pr with temperature profile (z).
profiles increase the function of We. The temperature profile enhancement of the thermal layer and boundary layer thickness.
improves when the Brownian motion Nb is increased, as shown The Biot is described as the proportion of conductive resistance
in Figure 4B. The value of Nb grows as the thermal layer and inside the surface over the conductive resistance outside the
boundary layer thickness increases. As the value of Nb rises, the surface. The impact of the Prandtl number Pr on the temperature
intensity of this hectic movement increases, increasing the kinetic profile is shown in Figure 4F. The temperature profile and the
energy of the nanoparticles and therefore improving the thickness of the thermal boundary layer are both reduced as the
temperature field. Figure 4C reveals that when the Prandtl number is increased. Thermal diffusivity reduces when
thermophoresis parameter increases, the concentration field the Prandtl number rises, resulting in a drop in temperature
and solutal boundary layer thickness accelerate. For greater profile.
levels, both the temperature and the thickness of the thermal A view of the impact of ¢(#) against the fluctuation of
boundary layer display distinct behaviors. Thermophoresis is a We, Nb,Nt, k, and Sc is given in Figures 5A-E. The
process by which heated particles are drawn away from a hot concentration profile decays with larger We values, as shown
surface into a cool area. C thermal radiation is shown in in Figure 5A. For modest levels of the Brownian motion
Figure 4D. The raising values of Rd uplifts the thermal layer. parameter, the leading behavior of the concentration profile is
The escalated value of Rd obtains inside heat that is the reason for shown in Figure 5B. The collision of the fluid particles increases,
the acceleration. The estimation of the Bi effect on 0(n) is and the concentration profile falls when the Brownian motion
revealed in Figure 4E. An increment in the value of Bi causes parameter Nb is increased. Figure 5C illustrates the effect of the
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thermophoresis parameter Nt on the concentration field. It is
discovered that when the thermophoresis parameter increases,
the concentration field and solutal boundary layer thickness
accelerate. For larger levels, both the temperature and the
thickness of the thermal boundary layer have distinct
behaviors. Thermophoresis is a process by which heated
particles are drawn away from a hot surface and into a cool
area. The impact of x and Sc on ¢ (1) has been plotted in Figures
5D,E. Increasing value of x and Sc reduces the concentration
profile (7). A large value for the parameter x reduces the mass
transfer rate due to this concentration profile reduction. It is clear
from the figure that the magnitude of Sc affects the proportion of
thermal diffusivity vis-a-vis mass diffusivity.

Figures 6A-D are plotted to display We, Lb, Q, and Pe
against the microorganism density profiles. The larger We
microorganism density profile reductions can be seen in
Figure 6A. From Figure 6B, we notice the impact of Pe on
microorganism density profile (7). The Peclet number has
dominant influence when examining the swimming strength
of microorganisms in the diffusion of microorganisms.
Diffusion is the phenomenon that accelerates movement from
a larger concentration to a lower concentration. It is noticed that
diffusion of microorganism density reduces in face of the
mounting value of Pe. Increased depreciation in the motile
density N (7) can be seen in Figure 6B. Figure 6C elucidates
the consequences of the Bioconvection Schmidt number Lb on

1.0R
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0.0
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FIGURE 6
Alteration of We, Lb, Q, and Pe with N (z).
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Yusuf et al. [45] Abel et al. [46] Present results

1 1.00000000 1.000174 1.000000
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1.4 SN, the motile microorganisms (7). From Figure 6D, it can be seen
1.2 —-""'-—1 ] that an augmentation in Lb causes a depreciation in the
diffusivity of microorganisms due to this reduction in the

1.0 1.5 20 25 30 35 4.0 motile microorganism profile.

Figures 7-10 exhibit variations of We and A on f.. From

Sc Figure 7it is noted that larger values of We and A are
FIGURE 9 maximized in f, . Figure 8 studies the influence of Nu, on
Alteration of « with Sherwood number. ¢ against Rd. The larger values of Rd and ¢ reduce the Nusselt

number. Figure 9 gives the impact of « and Sc on Shy. It is
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observed that the rate of mass transport is enhanced by
increasing the value of x and Sc. The impact of Pe and Q
on Nh, can be viewed in Figure 10, where it is seen that the
Nh, surges for the given value of Pe and Q.

The streamlines are tangent curves to the local instantaneous
velocity field. The formation of an inner mixing bolus within a
fluid surrounded by streamlines is referred to as trapping. Finally,
Figures 11A,B present the streamlines and isotherm pattern. It is
noted that the lines increase when We = 1.5. The streamlined
patterns are simple curves and close to the surface. Figure 11B
shows that isotherm line for a value of = 0.5.

Conclusion

This study explored the dynamics of Ree-Eyring nanofluid
subject to free convection, bioconvection, heat source, and
thermal radiation over a convectively heated Riga plate, with
emphasis on the attributes of heat and mass transfer. The
interesting significance of thermal radiative and chemical
reactions are also studied in terms of temperature and
concentration profiles. The method
(HAM) is used to obtain the series solution of the transport

homotopy analysis
phenomenon.

> Fluid velocity accelerates when elevating the values of the

Weissenberg number, and it deteriorates when
strengthening the mixed convection parameter.

> Fluid temperature surges upward when enhancing the
radiation parameter and Biot number, while the
opposite impact is found for higher Brownian moment
and the thermophoretic parameters.

> Brownian moment and the thermophoretic parameters
lead to decrepitude in the nanoparticle concentration

> The motile microorganisms fall downwards when the
Weissenberg number and Peclet number rise.

> The skin friction coefficient improves when enhancing the
values of mixed convection parameters, and the opposite

occurs when increasing the bioconvection Rayleigh number.
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Nomenclature

We Weissenberg number, Dimensionless

A Mixed convection parameter, Dimensionless

Nb Brownian motion parameter, Dimensionless

Nt Thermophoresis parameter, Dimensionless

Nr Buoncy ratio parameter, Dimensionless

Pr Prandtl number, Dimensionless

Rd Radiation parameter, Dimensionless

Rb Bioconvection Rayleigh number, Dimensionless
Sc Schmidt number, Dimensionless

Lb Bioconvection Schmidt number, Dimensionless
Pe Bioconvection Peclet number, Dimensionless

% Chemical reaction parameter, Dimensionless

& Heat source/sink parameter, Dimensionless

Cf . Skin friction coefficient, Dimensionless

Nu, Nusselt number, Dimensionless

Sh, Sherwood number, Dimensionless

Nh, Microorganism density number, Dimensionless
f Dimensionless velocity profile, Dimensionless

0 Dimensionless temperature profile, Dimensionless
¢ Dimensionless concentration profile, Dimensionless
N Dimensionless microorganism profile, Dimensionless

0 Microorganism concentration difference parameter,

Dimensionless

n Similarity variable, Dimensionless
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u,v Components of velocity along x, y direction ms™!

T Ratio of the effective heat capacity, Dimensionless
v Kinematic viscosity, m?* s~}

a Stretching rate, st

p Density, kgm™!

py Density of nanofluid, kgm™>

p, Density of nanoparticles, kgm™

p,, Density of microorganism’s particles, kgm ™
C, Specific heat, Jkg™* K™!

Djg Brownian diffusion coefficient, m? s

Dr Thermophoretic diffusion coefficient, m? s~

D,, Microorganism’s diffusion coefficient, m? s!

C Concentration, kgm™

C,, Ambient concentration, kgrrf3

C,, Surface concentration of nanoparticles, kgm™

k Thermal conductivity, mkgs K™

T Temperature, K

T Ambient temperature, K

Ty Surface heat, K

h(t) Coefficient of heat transfer W, m 2K~

X Microorganism’s profile, Dimensionless

X,, Surface concentration of microorganisms, kgm
Xo, Ambient concentration of microorganisms, kgm™
W, Maximum cell swimming speed, ms™
x,y Cartesian coordinates, m

u,, Velocity of the sheet, ms™!
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