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ARTICLE INFO ABSTRACT
Keywords: In this study, the computational analysis of entropy generation optimization for synthetic cilia
Ternary hybrid nanofluid regulated ternary hybrid Jeffery nanofluid (Ag-Au-TiO,/PVA) flow through a peristaltic vertical

Synthetic Cilia
Brownian motion
Entropy generation optimization

channel with swimming motile Gyrotactic microorganisms is investigated. Understanding the
intricate interaction of multiple physical phenomena in biomedical applications is essential for
Thermophoresis optimizing entropy generation and advancing microfluidic systems. The characteristics of nano-
Motile Gyrotactic microorganisms fluid are explored for the electroosmotic MHD fluid flow in the presence of thermophoresis and
Electroosmosis Brownian motion, viscous dissipation, Ohmic heating and chemical reaction. Using the appro-
priate transformations, a set of ordinary differential equations are created from the governing
partial differential equations. The resulting ODEs are numerically solved using the shooting
technique using BVP5C in MATLAB after applying the long-wavelength and low Reynolds number
approximation. The velocity, temperature, concentration, electroosmosis, and microorganism
density profiles are analyzed graphically for different emerging parameters. Graphical investi-
gation of engineering interest quantities like heat transfer rate, mass transfer rate, skin friction
coefficient, and entropy generation optimization are also presented. It is observed that the rate of
mass transfer increases for increasing thermophoretic parameter, while reverse effect is noted for
Brownian motion parameter, Schmidt number, and chemical reaction number. The outcomes of
present study can be pertinent in studying Cilia properties of respiratory tract, reproductive
system, and brain ventricles.

1. Introduction

Nanofluids are a type of liquid that contains suspended nanoparticles with at least one dimension between 1 and 100 nm. The
nanoparticles may be metal, non-metal, or a combination of both and are typically disseminated in a base liquid like oil, water, or
ethylene glycol. With an emphasis on applications for renewable energy, Li et al. [1] examine entropy generation in a hybrid nanofluid
with Marangoni convective flow. Gowda et al. [2] examine the 3-D non-Newtonian MHD flow caused by surface stretching and
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Nomenclature

Subscripts

f Fluid

hnf Hybrid nanofluid

nf Nanofluid

thnf Ternary hybrid nanofluid
Symbols

c Wave speed (m/s)

PVA Polyvinyl alcohol

(X*,Y*) Fixed frame (in cartesian coordinates)
+H Upper Cilia wall (m)

(U*,w*) Velocity of HNF in (X*, Y*) direction (m/s)

k* Absorption coefficient (m 1)

t Time (s)

P Pressure (Pa)

F Time-average flow rate (m>/s)

T Temperature (K)

C Concentration (kg/rn3)

N Microorganism density (kg/m>)

S Stress tensor (Pa)

G Non-uniform parameter

y Kinematic viscosity (m?/s)

z Charge balance (C)

g Gravitational acceleration (m/s?)

By Strength of magnetic field (T)

(To,T1) Temperature at walls (K)

(Cp,C1) Concentration at walls (kg/m3)

(No,N1) Microorganism density at walls (kg/m>)
kq Permeability of the porous channel (m?
ky Boltzmann constant

Dg Brownian motion coefficient (m?/s)

Dr Diffusion coefficient of Thermophoretic (m?/s)
Dy Diffusion coefficient of Microorganisms (mz/s)
q, Thermal heat flux (W/m?2)

b Chemotaxis constant (m?2/s)

W, Maximum cell swimming speed (m/s)
k. Chemical reaction constant (s 1)

E, Electrokinetic body force (N/m>)

d Channel half width (m)

a;(s) Wave amplitudes (m)

(u,w) Velocity of HNF in (x,y) direction (m/s)
m Bulk concentration (kg/m>)

Tave Average temperature (K)

- H Lower Cilia wall (m)

(x,y) Wave frame (in cartesian coordinates)
L Cilia length parameter (m)

bi(s) Physical parameters of geometry

e Electronic charge (C)

Greeks

Pe Electric charge density (C/m%)

H Dynamic viscosity (kg/(ms))

c Electrical conductivity (S/m)

p Density (kg/m>)

B, Volumetric thermal coefficient (K1)

M Ratio of relaxation to retardation times
B. Volumetric concentration coefficient (m3/kg)

A2 Retardation time (s)
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¢ Specific heat (J/(kg K))

Y Volumetric microorganism density coefficient (m®/kg)
Py Density of nanoparticles (kg/m>)

P Density of microorganisms (kg/m?>)

T Effective heat capacity (J/(kg K)

74 Stream function (m?/s)

A Wavelength (m)

] Wavenumber (m™1)

c* Stefan - Boltzmann constant (W/(m?K*))
€ Permittivity of medium (F/m)

&) Permittivity of free space (F/m)

k Thermal conductivity (W/m K)

4 Zeta potential (V)

b4 Shear rate (s ™)

chemical interactions. Belo et al. [3] examine the effects of aggregations in magnetohydrodynamic CNT-water nanofluid convection
occurring naturally. Madhukesh et al. [4] investigate the thermal behavior of permeable inclined cylinder/plate ternary hybrid
nanofluid flow. Sarada et al. [5] analyze internal heat generation’s effect on a water-based ternary hybrid nanofluid flow using a
non-Fourier heat flux model. Jyothi et al. [6] research the impact of Stefan blowing effect on Casson nanofluid flow and heat transfer
over a moving thin needle. Alhadhrami et al. [7] analyze how the nanofluid Glauert wall jet slip flow is affected by thermophoretic
particle deposition. Wang et al. [8] investigate the impact of on nanofluid flow between a disc and the gap of a cone, radiation and
aggregation of nanoparticles. Alsulami et al. [9] examine the modified Maxwell-Bruggeman and Krieger-Dougherty models for 3-D
swirling flow of nanofluid that includes dynamics of nanoparticle aggregation. Alsulamiet al. [10] examine heat transmission in
non-Newtonian nanofluid flow through porous media under local thermal non-equilibrium circumstances. Using a Buongiorno model,
Alsulami et al. [11] investigate bioconvection in radiative Glauert wall nanofluid jet flow. A numerical examination of heat transfer
processes in the flow of ferromagnetic hybrid nanofluid via a stretched cylinder is done by Sreenivasa et al. [12].

Unlike conventional fluids, nanofluids show enhanced heat conduction due to the improved thermal conductivity conferred by the
nanoparticles dispersed within the fluid. Second-grade magnetic nanomaterial entropy creation was simulated by Jamshed et al. [13]
in expanding surface flow with viscidity dissipative flux. Elboughdiri et al. [14] passive control strategy is suggested for simulating
thermally increased Jeffery nanofluid flows close to an impermeable barrier that has been suctioned. Wang et al. [15] investigate
hybrid nanoparticle suspension in MHD mixed convective Falkner-Skan flow for water thermal increase in a porous medium. MHD
nanofluid flow in a Darcy-Forchheimer medium is numerically treated by Rasool et al. [16] while taking radiative heat and mass
transport laws into account. Sharma et al. [17] has done comparative analysis for Newtonian and non-Newtonian base fluids explore
the influence of solutes on the heat sensitivity of nanofluids. An EMHD dissipative stagnation point flow model is created by
Elboughdiri et al. [18] for radiating copper-based ethylene glycol nanofluids. Maxwell nanofluids that are radiating are studied by
Wakif et al. [19] in 2-D MHD mixed bioconvective flows close to a vertical surface that is being heated convectively. Rasool et al.’s [20]
investigation of EMHD-driven nanofluid flow through convective Riga surface for submissive control of alumina nanoparticles in
aquatic medium. Wakif et al.’s [21] analysis highlights the significance of heat generation variability that is exponentially decreasing
on chemically reactive nanofluid flows that are exposed to a radial magnetic field.

The surface of almost every mammalian cell, including those in the kidneys, lungs, esophagus, and respiratory system, is covered in
minute string-like structures called cilia. These structures, which have a regular pounding action, are present in many significant
human traits and essential functioning components. Nanofluid synthetic cilia have many applications and are under research. Syn-
thetic cilia mimic natural cilia, improving fluid-based systems and enabling new biomedical, environmental, and materials science
applications. Sharma et al. [22] utilized analyzing micropolar blood flow having ternary hybrid nanofluid with reactions using
Bayesian regularization networks, optimizing entropy generation in a comprehensive study. Sharma et al. [23] employed an artificial
neural network approach to investigate Darcy-Forchheimer hybrid nanofluid flow over a rotating Riga disk with chemical reactions,
providing insights into fluid dynamics using advanced computational techniques. Tripathi et al. [24] numerically simulated elec-
troosmosis and double-diffusive convection during micropolar nanofluid peristaltic transport on an asymmetric microchannel.
Nanofluids have several potential applications in various fields, like energy conversion [25], heat transfer [26], environmental en-
gineering [27], materials science [28], biomedical engineering [29], and thermal management [30]. While nanofluids have several
potential benefits and applications, there are also several challenges and limitations that must be addressed before they can be widely
adopted and commercialized.

The problem of MHD nanofluid peristaltic transport in an inclined channel with a porous medium has a numerical solution given by
Abd-Alla et al. [31]. Chamkha et al. [32] studied laminar MHD mixed convection flow with both symmetric and asymmetric wall
heating conditions in a vertical channel. Chamkha et al. [33] investigate fully developed free convection of a micropolar fluid in a
vertical channel. Heat transport in a horizontal channel and unstable two-fluid flow are analyzed by Umavathi et al. [34]. Unsteady
MHD laminar fluid-particle flow and heat transport in circular pipelines and channels are studied by Chamkha [35]. The fully
developed free-convective flow of viscous and micropolar fluids in a vertical channel is studied by Kumar et al. [36]. A thorough
analysis of mixed convection of nanofluids in a variety of enclosure forms is given by Izadi et al. [37]. The effects of induced magnetic
field having thermal radiation on the convection flow of a dissipative fluid are described by Kumar et al. [38]. The radiative MHD
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Fig. 1. Geometrical description of the Cilia regulated physical model.

Casson hybrid nanofluid flow across an infinite vertical porous surface is studied by Krishna et al. [39]. This study does not consider the
ion slip and Hall effects. The neglection can be justified based on the specific conditions and scope of the research. For instance, studies
done by Krishna et al. [40] and Krishna et al. [41] emphasize the significance of Hall and ion slip effects in rotating flows and specific
biomedical applications. The current study does not involve rotating flows or similar biomedical contexts; hence these effects are less
relevant here. Additionally, research done by Krishna et al. [42] and Chamkha et al. [43] focus on Hall effects in specific flow ge-
ometries, such as squeezing flows and vertical plates in thermally stratified porous media. The study under consideration does not
involve such geometries or focuses on different physical phenomena.

Considering the preceding insightful literature review, the authors believe that there is no published research work on cilia
regulated ternary hybrid nanofluid (Ag—Au-TiO, with PVA as the base fluid) with the effects of electroosmotic MHD, Joule heating,
viscous dissipation, thermophoresis, Brownian motion, thermal radiation and chemical reaction, and entropy generation in a vertical
channel. In this regard, a theoretical investigation is conducted to examine the mathematical characteristics of a study concerning the
metachronal waves generated by the continuous beating of cilia in a vertical channel containing a nanofluid consisting of PVA as the
base fluid and ternary hybrid nanofluid. This study introduces a novel paradigm by synergizing electroosmotic MHD effects, ternary
hybrid Jeffery nanofluids, and gyrotactic microorganisms in ciliated vertical channels. The unprecedented entropy generation opti-
mization potential of this intricate system promises advancements in energy efficiency and bio transport understanding. The intro-
duction of new nanoparticles introduces a dynamic shift in the fundamental equations governing fluid flow and heat transfer. These
nanoparticles, when integrated into the ternary hybrid Jeffery nanofluid, interact with the complex interplay of electroosmotic and
magnetohydrodynamic effects. The main objective of the present research is to examine the effects of heat transfer coefficient, entropy
generation, Bejan number, and microorganisms on flow characteristics. The study of electroosmosis, MHD, and cilia-induced flow in a
Jeffery nanofluid helps to understand the transport and manipulation of gyrotactic microorganisms in fluid flows. These effects can be
leveraged to control the behavior of microorganisms in applications like bioreactors and water treatment. The concentration and type
of nanoparticles in the Jeffery nanofluid impact its viscosity, thermal conductivity, and other properties, influencing fluid flow and
microorganism movement. More nanoparticles generally lead to higher viscosity, affecting the flow and microorganism motion. Cilia-
induced flow results from the coordinated beating of cilia, hair-like structures on cell surfaces, creating a directed fluid flow. This

Table 1
Thermo-physical properties of ternary hybrid nanofluid.
Properties Notation Nanoparticles Base fluid
Ag Au TiO, PVA
Specific heat (J/kg K) Cp 235 128 6012 2000
Density (kg/m3) P 10500 19300 4175 1020
Thermal conductivity (W/m K) k 429 328 8.4 0.2




N.K. Mishra et al. Heliyon 10 (2024) e25102

mechanism plays a vital role in physiological processes such as mucus transport in respiratory systems and egg transport in repro-
ductive tracts. In microfluidic devices and bioreactors, it can enhance fluid mixing, nutrient distribution, and control of
microorganisms.

The current paper is organized as follows: formulation of the mathematical model is presented in Section 2, numerical implication
is introduced in Section 3, validation of results is provided in Section 4, Results with necessary discussion is presented in section 5, and
conclusions with applications are given in Section 6.

2. Problem formulation

Considered a two dimensional symmetric laminar viscous incompressible, thermally and electrically conducting Ag — Au — TiO, —
PVA ternary hybrid Jeffery nanofluid passing through a vertical channel. Cartesian coordinates are considered, and the flow is assumed
two-dimensional peristaltic flow. The medium between the Cilia walls is assumed porous, having k; as the permeability constant. The
medium contains microorganisms around the Cilia walls, having a density p,,. An external uniform magnetic field of strength By is
applied perpendicular to the flow. It is assumed that inner Cilia walls are covered with positive electric charges, and the outer walls are
covered with negative electric charges. The flow is considered under the influence of Ohmic heating and viscous dissipation. The
physical model of the problem to be studied is shown in Fig. 1. The Jeffery fluid is a specific non-Newtonian fluid model that in-
corporates both the Rivlin-Ericksen tensor and the Cauchy stress tensor. The Jeffery fluid model is often used to describe the behavior
of viscoelastic fluids, such as those that exhibit shear-thinning or shear-thickening properties. In the Jeffery fluid model, the Rivlin-
Ericksen tensor is used to describe the material’s response to deformation, and the Cauchy stress tensor represents the stress distri-
bution within the fluid. These tensors play a crucial role in characterizing the complex behavior of the fluid under different flow
conditions. The Jeffrey fluid constitutive equation is given by Ref. [31]:

T=-pl+S,

Ky . Ldy
= p
S=1+4 (7 M 2dt*>

The variables T, S, 7, 4; (relaxation to retardation time ratio), 4; (retardation time), and Hy (viscosity) represent the Cauchy stress

tensor, extra-stress tensor, and first Rivlin-Erickson tensor, respectively.
Egs. (1) and (2) governs the top and lower Ciliated walls [32]:

+H=d+ (X" —ct")G +L{a1 sin {%‘ x - ct*)} +a, sin {% x— ct*)} +aj; sin {bf X - ct*)} }, )

b b b
-H=—-d—-(X"—c")G— L{al sin {71 x - ct*)} +a, sin {72 X - ct*)} +a; sin {73 x - ct*)} } 2)
The diverging regime is denoted by G > 0 and the convergence regime by the non-uniform parameter G < 0. The requirement that
must be met for both Cilia walls is as follows: d < a; + a» + as. Under the above stated assumptions, the governing equations of this

fluid are expressed as follows (Eq. (3) to Eq. (9)) [44-50]:

2.1. Continuity equation

au*  ow*
AN 3
x o 3
2.2. Momentum Equations
Ut oUt U P . ) ) . 0Sh,.
Priws {?+ U tW 0Y*} =~ +8B,(1 = Co)(T" = To) — (p, — py)8B.(C" = Co) — (P, — ;) &Y (N* — No) — Ouy BRU™ + aXXf
. 0Sy-ys
 Ditng E
U
4
oW oW oWl 0P 0Sh,. M.  OSp.y.
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2.3. Energy equation

or 0T OT* ;T T . [oU* ow* . oW oU
(Pr)ny | g+ U + W aT} =K (aT+ awz) * {Sx* 5 <07+a7> v G T Sex 57]

or* 9c* 9T aC*\ Dy [ (0T*\* [oT*\? , o 0q,  0q,
+T(pcﬂ)z/mf Dy (dx* X+ +6Y* ay*> +T() { (ax»;) + (ay;;) + O ByU +ax* + Y+
(6)
2.4. Concentration equation
ac* doC*  _ IC* oct &Fc\  Dp (FT IT* s
5 TU G T Wiy =Ds <ax*2 + dY*2> 7 <ax*2 +ay*2> —k2(C* = Cy) @)
2.5. Microorganisms Equation
ON* N uV +WpN* b N +¢}2N* bW, 9 (9 N 9 (9C ®
or ox* av=~ "M\ax2 T oy2) T (€, —Cy) |ox=\" ax+) Tov- " or-
2.6. Poisson-Boltzmann equation
02 % 62 *
L o9 Pe 9)

ox2 " oye g

Where, py,, is the density, oy is the electrical conductivity, p, is the dynamic viscosity, ki is the thermal conductivity, and (Cp) gy
is the specific heat of the ternary hybrid nanofluid, respectively. The system of governing equations describes the hybrid nanofluid flow
through a ciliated vertical channel with gyrotactic microorganisms. The continuity equation ensures the conservation of mass by
balancing the flow velocities across the channel cross-section. In momentum equation, the fourth, fifth, and sixth terms of RHS
represent the effects of buoyancy due to the temperature and concentration variations. Seventh term due to the magnetic field. Eighth
term represents the porous medium, and the last term shows the electroosmosis effect. In energy equation, the second term of RHS
represents the viscous dissipation. The third term represents the Brownian motion effect. The fourth term shows the thermophoresis
effect. Fifth term comes for the Joule heating. The last terms show thermal radiation. In concentration equation, the first term from
RHS shows the Brownian motion. The second term shows the thermophoresis effect. Last term represents the rates of chemical re-
action. In microorganisms’ equation, the first equation shows the microorganisms diffusion effect, and the second term shows rep-
resents the Chemotaxis effect. The Poisson-Boltzmann equation characterizes the electrostatic potential distribution within the
nanofluid due to charged nanoparticles. The importance of the above equations in the study is discussed below:

a) Continuity Equation (3): Describes the conservation of mass in the fluid flow, accounting for variations in fluid density.

b) Momentum Equations (4) and (5): These equations capture the balance of forces that govern fluid motion, considering pressure,
viscous effects, electromagnetic forces, and body forces.

c) Energy Equation (6): Represents the energy conservation in the system, incorporating heat conduction, fluid work, and the effects
of electromagnetic fields.

d) Concentration Equation (7): Portrays the transport of particles or substances within the fluid, considering diffusion and
convection.

e) Microorganisms Equation (8): Models the dynamics of gyrotactic microorganisms in the flow, accounting for their transport and
interaction with the fluid.

f) Poisson-Boltzmann Equation (9): This equation describes the electrostatic potential and distribution of ions in a fluid, consid-
ering the influence of charges and their interactions.

The thermophysical characteristics of the current ternary hybrid nanofluid are presented in Table 1, and their mathematical ex-
pressions are defined by Eq. (10) [51]:
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In order to change the fluid flow problem from fixed frame—a time-dependent state—to wave frame—a time-independent
state—the following transformations are applied:

X=x"—c" Y =y U =u"+c,W =w P X, Y1) =pK",y),T =T,

C*=C,N' =N (€ND)
Now, to convert the dimensional PDEs into dimensionless PDEs, the following transformations are used:
x* y* u* w* ct* H d d*p* ., ch S*d
=~ y=tu=—w=—f=—h=—0=—p=—— A =2 S ="
x ly du c'w c’ A d lp capy > d cpy
(12)
i b; " T — T " — N* — N, T, — T, C -C N
ri:&7qi:_7l//:w_7(p:ﬁ7€: 079:C COvX: ng: 1 071_[: l Ovr: .
d C ¢ T —Top G -G Ny — N Ty Co Ny — N

Where p is the pressure, ¢ is the electroosmotic potential, § is the dimensionless temperature, © is the dimensionless concentration, y is
the dimensionless microorganism density, I1 is the concentration ratio, Q is the temperature ratio, and I is the microorganism density
ratio. Using Rosseland estimation, g, is expressed as follows [52]:

4 ¢*
S v
q 3k

The term T can be represented as a linear temperature function in the Taylor series about T, and by ignoring the higher ex-
pressions and assuming that the temperature diffusion inside the flow is sufficiently modest, we obtain:

T~ — 3T, +4T°T;

After solving the Nernst-Planck equation and using the long wavelength, low Reynolds number, and low zeta potential, the electric
charge density p, is defined as [53]:

_ 2mg(e2)’y
pe - khTave

After using the transformations defined by equations 11 and 12, the governing equations (4)-(9) reduced as follows:

ou w ou op 0S.c  0S,, ,  As N
ARed | (1 —t—=—|=—=—4+0— ~+A;Grf — Gc® — Rby — | AsM~+— | (1 UysK 13
e {( +M)())c 66y} 0x+ Ox + dy tAon “ X ( ? +Da)( +u) + UnsKog as
ow wow dp oS, asS,, w
AReF |(1+u)—+——|= ——+ =2+ =2 — A6 — 14
e {( +u)()x—‘ré ay} 0y+ ox + dy **Da a4



N.K. Mishra et al. Heliyon 10 (2024) e25102

AsRed [(1 L %} 4s TR (52ﬁ ﬁ) + Ec {5&% +Su (a” + 56—W> +o5, 2

—+M*(1+u)*| +Nb( &
sy pr \Caw o %3 "oy T (+”)}+ (

w00 00
Ox ox  dy dy

20 00
2 J—
+ Nt|o (0x> +(0y> },
(15)
00 woe| [ ,00 02 ,0°0 aza
dy wady 262;( oy ,0y 00 dy 00 2626) aC)
LbR -2 L4 d) _pe|fL =+ 24 (T — = 1
beé{(lJr) +53y} ( 6x2+0y2 66x6x+0y6+( +X)5az+az a7
5M+£7K2 (18)
o0x2  0y? ¢

Where, A;_4 symbolize the ratios of the thermophysical characteristics of ternary hybrid nanofluids to those of the base fluid and are
described as:

O thnf

Py A _ My A= A47(/)C/7)rhnf A Ky

A JAs =
Ty H o (o), 7 ke

The non-dimensional parameters included in Egs. 13-18 are as follows:
Pr8Pe(1—Co)(T—To)d*
ﬂfc

W Re (Reynolds number) = , M (Magnetic number) = \/":fBod, Da (Darcy number) = 5—;, Ec (Eckert number) =

(Pp—Py)8B(C* —Co)d

, Gc (Solutal Grashof number) = e

Gr (Thermal Grashof number) = , Rb (Rayeigh number) =

C2
(cp)f(T1=To)

(Thermophoresis parameter) = % K (Electroosmotlc parameter) = dze, /kﬂi%’ Ups (Helmholtz-Smoluchowski velocity) = —

D (C1—C
D5 (C1 0),Nt

Rd (Radiation parameter) = %6 (,ii", Pr (Prandtl number) = % “f"f Nb (Brownian motion parameter) = W

EX““ = PrEc, Le (Lewis number) = %fco, Lb (Bio-convection Lewis

, Kry (Chemical reaction parameter) =

number) = D—N, Pe (Peclet number) = bDWN < Sc (Schmidt number) = I;—;.

The Thermal Grashof number (Gr) measures the significance of buoyancy forces due to temperature differences relative to viscous
forces in the fluid, while the Solutal Grashof number (Gc) does the same for concentration differences. The Rayleigh number (Rb)
combines the effects of both temperature and concentration differences. The Reynolds number (Re) quantifies the importance of in-
ertial forces compared to viscous forces in fluid flow. The Magnetic number (M) represents the influence of an applied magnetic field
on the flow. The Darcy number (Da) indicates the ease of fluid flow through a porous medium. The Eckert number (Ec) represents the
ratio of kinetic energy to enthalpy differences, indicating the significance of viscous dissipation. The Radiation parameter (Rd)
measures the importance of thermal radiation in heat transfer. The Prandtl number (Pr) indicates the relative effectiveness of mo-
mentum transport compared to heat transport in the fluid. The Brownian motion parameter (Nb) quantifies the influence of Brownian
motion on nanoparticle motion, while the Thermophoresis parameter (Nt) measures the influence of temperature gradients on
nanoparticle motion. The Electroosmotic parameter (K) measures the strength of electroosmotic flow induced by an electric field, and
the Helmholtz—Smoluchowski velocity (Uys) represents the velocity induced by electroosmosis. The Chemical reaction parameter (Kr;)
measures the significance of chemical reactions on fluid flow. The Brinkman number (Br) quantifies the significance of viscous heating
in the energy equation. The Lewis number (Le) indicates the relative effectiveness of heat transport compared to mass transport, while
the Bio-convection Lewis number (Lb) represents the relative effectiveness of nutrient transport compared to viscous dissipation. The
Peclet number (Pe) measures the importance of convective transport relative to diffusive transport, and the Schmidt number (Sc)
indicates the relative effectiveness of momentum transport compared to mass transport.

Now, we would use the stream function y and the velocity fields described below:

oy

u=— andw = 7561//
dy Ox

The components of stress are represented by the following form:

S — 25 1+/12c5 dy 0 oy 9 0 61//
T4+ A d \dy dx Ox dy 0y 0x
2 2
Sy L |18 (00t 0)) (P iy
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o L 2 [, sy 0 oy 0\] 0 (%
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Eq. 13-18 becomes: by using the low Reynolds number (Re —0) and long wavelength (1 »c0 = § —0) approximations to the stress
components and dimensionless governing equations.

dp 1 631// 2 Ay oy )

af (Az +m) ()y3 +A;Gr — Gc® — Rby — | AsM~ + Da 1 -‘rg + UpsK @ 19

%:0 (20)

(A +Rd)a2—0+B A Fy 2+M2 1+a—"’ e 22 % L pye (% —o (21)
> o oy dy dy 9y )

9’0 Nt 0%0

a—szrma—nyKrlSc@—O (22)

oy {a;( 00 PaC) }

& —Pe|Z—+(T+y =0 (23)

Pl m T

02

=K 24)

From Eq. (19), the pressure gradient w.r.t x is eliminated by cross-difference. The resulting governing equation is obtained as
follows:

1 oty Py 00 00 oy 0
A, AM? +-=) 2+ AGr——Gc— —Rb UpsK*=-=0 25
< +l+i>6y <3 +Da>62+ oy U Mg T UmRy (25)
With the following boundary conditions mentioned in Eq. (26) [54]:
F oy 1
=t = 0=00=0,=0¢p=C,aty=—h
27dy 1 —L[rq cos(qix) 4 raqa cos(gax) + 13g3 cos(gzx)]’ o ¢ =Cunaty 26)
F o 1
y=— 0=10=1y=19=_0_.aty=+h

270y 1 - L[rg cos(qix) + raqa cos(q2x) + r3g3 cos(qzx)]

The physical significances of the boundary conditions are:

1) Stream Function: The stream function’s value is constant along the cilia walls, representing the absence of relative motion be-
tween the fluid and the solid surface. This condition ensures that the fluid adheres to the cilia walls, preventing slip and maintaining
accurate flow patterns.

2) Temperature: The dimensionless temperature profile varying from O to 1 indicates a transition from a baseline temperature to a
potentially higher temperature. This gradient reflects a controlled thermal environment that could impact fluid-cilia interactions
and microorganism behavior, influencing transport processes and energy exchange.

3) Concentration: The dimensionless concentration profile shifting from 0 to 1 suggests a transition from lower to higher concen-
tration levels. This represents a gradient conducive to effective substance transport, diffusion, or chemical reactions near the cilia
walls, playing a role in biological processes and transport phenomena.

4) Microorganism Concentration: The dimensionless microorganism concentration profile changing from 0 to 1 signifies a
controlled density variation. This gradient could influence the distribution, alignment, and interaction of microorganisms with the
fluid, affecting their transport behavior and potential biological effects.

5) Zeta Potential: The variation of zeta potential along the walls indicates changing electrokinetic properties. Zeta potential in-
fluences particle mobility, aggregation, and adhesion. A gradient in zeta potential could influence the electrical interactions be-
tween microorganisms, nanoparticles, and the fluid, thereby affecting their movement and behavior.

2.7. Physical quantities of interests

Physical characteristics including the mass transfer rate, heat transfer rate, and shear stress coefficient are now being examined in
this work. The following are the mathematical formulae for the skin friction coefficient, Sherwood number, and Nusselt number as in
Eq. (27) [55,56]:

d(qw +9:) T dm,,

Nu=2IwF ) o T g DM
k(T —To) ' pye psDs(C1 — Co)

(27)

Where, (g, +¢:) is the heat flux, 7, is the axial stress, and m,, is the mass flux and defined as in Eq. (28):
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In terms of the similarity variable, the skin friction coefficient, the Sherwood number and the Nusselt number are all stated as
follows in their non-dimensional versions as in Eq. (29):

Nu= — (As +Rd)0(0), CyRe = A,u (0), Sh= — ©/(0) (29)
2.8. Entropy generation

The development of entropy in a process caused by convection-radiation-based heat transfer, Ohmic heating, and viscous dissi-
pation is defined mathematically by the second law of thermodynamics as Eq. (30) [57,58]:

x 2 2,k 2 2 o\ 2
. Hipns oy Hipns 1 % Gy By oy Dy w2 Ds o
T*)? = 2(vr
(v sl () e () () + P (e )+ pmve )+ 2wy

1 166*(T, — Tp)’
Senzi k n, - A1«
“T { (T

(30)

The following Eq. (31) may be obtained using the total entropy generation number formula, lubrication approximations, and the
characteristic entropy using Egs. (11) and (12) in Eq. (30):

Rd\ (00\*> Br(dyw\>  Br( 1 Pu\T  BME( op\® (T10®\> I (60O
vo=(0+7) (3) +a(&) 3 () )+ (+3) +@5) * a3 5) e
—_— —
Nr Ny Np Ny Ny
Table 2
Various cases and values of parameters.

Parameter Case-1 Case-2 Case-3
Gr 0.5 1.5 2.5
M 1 4 7

Da 0.01 0.03 0.05
Uns 1 2 3

Pr 3 5 7

Br 0.5 0.6 0.7
Rd 0.6 0.8 1.0
F 0.1 0.2 0.3
Nb 0.5 0.6 0.7
Nt 0.5 0.6 0.7
Kry 1 6 12

r 0.1 0.5 1.0
Pe 0.1 0.2 0.3
Sc 1 5 10

& 0.020 0.025 0.030
K 2 3 4
Pag 0.01 0.05 0.10
Onu 0.01 0.05 0.10

10
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In this case, the irreversibility’s N; for ohmic heating, Ny, for mass transfer, Ny for viscous, Ny for fluid friction, and Ny for thermal

irreversibility are all present. The Bejan number, Be, indicates the ratio of irreversibility due to heat transfer to overall irreversibility
induced. In mathematical notation, it is defined as in Eq. (32):

2
(=)
Be= - (32)

- 2 2 2 2
rase (o) (1%) v (38)

2
2 2

3. Numerical solution

The Shooting procedure is a method for solving a boundary value problem (BVP) in computational analysis by transforming it into
an initial value problem (IVP) of a first order differential equation. It involves locating solutions to the IVP for various initial conditions
until a solution is found that also satisfies the BVP’s boundary conditions. The differential equations 21-25 and the boundary con-
ditions (26) are solved by convenient shooting method numerically. Initially, the higher-order differential equations are transformed
into first-order equations using new transformations. The substitutions used for this are as follows in Eq. (33):

Yi=y.,Y, :%,y3 :%‘é’, f :%’,n =0,Ys :g—i,n =0,Y; :%e,yg =xYi :‘;—);,y“ =, Y :%”,Y’6 =&Y =6 (33)
Ninefirst-orderdifferentialequationscomprisetheinitialvalueissuethatarisesfromthesesubstitutions
Y, =Y,
Y, =Y,
Y; =Yy,
’ (A3M2 + 1%) Y; — A1GrYs + GeYg + RbY 1o — UpsK* Y1
Y, = 1
(4 27)
Y, = Y,
y B [A5(Y3)? + M?(1 + Y3)*] — PrNbYYs — PrNt(Y)? (34)
g (As + Rd) ’
Y, =Yy,
Y, = 7%51 + K1 ScYs,
Yi; =Yy,
Yo = PelYsYio + (0 + Yo)&,],
Y, =Yn,
Y,, = K*Y),
With the following boundary conditions:
V() =2 0a(h) = 1 V() = 05 Y5 (—h) = 0 Vo(—h) = 0 ¥ia () = £ ¥ (+) = 5 Va(bh) = —15 ¥s(bh) = 13 Vo ()

= 1;Yo(+h) = 1; Y1 (+h) = +{,
(35)
The numerical results for Eq. (34) with the boundary conditions of Eq. (35), obtained using MATLAB’s BVP5C.
4. Validation of model
To validate the current methodology, the existing model is derived from a previously published study by Alla et al. [31] after
removing the new terms considered in the current study. Fig. 2a and b represent the validation of the present model with Alla et al. [31]

for u and O, respectively. Some terms in the set of governing differential equations are nullified and matched with their governing
equations. From the figures, it is observed that the present study has good agreement with the earlier published work.

11
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Table 3
References and ranges of parameters.
Parameter Range Default References
Gr [0-5] 0.5 [63]
Gc [0-5] 0.5 [63]
Rb [0-5] 0.5 [63]
M [0-10] 2 [67]
Da [0-1] 0.03 [64]
Pr [0-20] 7.743 [61]
Br [0-5] 0.5 [60]
Rd [0-10] 0.5 [59]
K [0-5] 2 [65]
Uns [0-5] 5 [65]
Nb [0-0.5] 0.3 [66]
Nt [0-0.5] 0.2 [66]
Kry [0-15] 0.5 [67]
A [0-5] 1 [31]
r [0-1] 1 [67]
Pe [0-1] 0.3 [63]
Sc [0-10] 0.3 [67]
¢ [-1,1] 0.025 [49]
F [0-1] 0.05 [49]
¢ [0-1] 0.1 [62]

Governing Equations (PDEs)

Transformations

Dimensionless Equations (ODEs)

Velocity, Temperature, Concentration, Microorganism Density, Electroosmosis

¥

Results Validation

Solution Using BVP5C

Nusselt number, Sherwood number, Skin friction Coeff, Entropy Generation

5. Results and discussions

Fig. 3. Model simulation.

To get physical insight into the problem, a combined effect of viscous dissipation, Ohmic heating, uniform magnetic field, elec-
troosmotic, thermophoresis, Brownian motion, thermal radiation, and chemical reaction is investigated in this section. Different
graphs of velocity, temperature, concentration, electroosmosis, and microorganism density profiles are plotted for a combination of
dimensionless parameters. The different cases and default values with range of parameters are shown in Table-2 and Table-3,
respectively. Fig. 3 shows the simulation process of the current model.

5.1. Velocity profiles

Fig. 4 shows the axial velocity profiles for the effects of the thermal Grashof number, Darcy number, magnetic number, and

12
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Fig. 4. Velocity profiles.

Helmholtz-Smoluchowski velocity number. Fig. 4a shows how increasing the thermal Grashof number (Gr) affects fluid velocity. On
increasing Gr, the velocities decreased for the first half, around zero, then in the second half, it increased. Gr expresses the relationship
between buoyancy and viscous forces. Gr values above one indicates that buoyant forces are stronger than viscous forces. With a higher
Gr value, the temperature gradient rises, and the buoyancy contribution near the right wall becomes larger, increasing velocity there.
In contrast, the opposite occurs near the left side wall. Fig. 4b shows the effect of Darcy number (Da) on velocity profiles. On increasing
the Da, the velocity increases as higher Da implies more space for the nanofluid to circulate freely, hence a faster speed and recir-
culation. Fig. 4c reveals the effect of magnetic number (M) on the velocity. It is observed that increasing M reduces the velocity
profiles. The applied magnetic field intensity increases when M increases, and Lorentz forces become more strongly resistive. The
speed of nanoparticles is reduced because of the increased resistance to fluid flow caused by Lorentz forces. Fig. 4d communicates that
increasing the Helmholtz-Smoluchowski number (Uys) increases the velocity for the first half, then decreases for the second half.
When Uys is increased, viscoelastic effects are dampened, and the velocity increases dramatically close to the left wall, whereas the
opposite is true for the right wall.

5.2. Temperature profiles

Fig. 5 exhibits the effect on temperature for magnetic number, Darcy number, Brinkman number, Radiation number, Average time
flow rate number, and concentration of gold. Fig. 5a shows the temperature profiles for magnetic numbers (M). It is observed that by
increasing the magnetic number, the temperature profiles increased drastically. The fluid’s temperature is an increasing function of M.
When M is boosted, Lorentz forces are amplified. As a result, more heat will be produced as more energy is lost to maintain the
necessary fluid movement. Fig. 5b conveys the temperature profiles for Darcy number (Da). From the figure it is noticed that by
increasing Da, the temperature of fluid increases. When Da grows, the porosity of the medium does as well, slowing the mobility of the
liquid and increasing the frictional heating significantly. Fig. 5c gives us the temperature profiles for Brinkman number (Br). It shows
that on increasing Br, the temperature profiles increase. Increases in Br increase the viscous force and, hence, the likelihood of a
kinematic collision. As the Br value increases, the irreversibility of viscous dissipation becomes greater than that of heat transfer. The
Br is the ratio of the heat lost or gained due to viscous dispersion and the heat supplied by molecules of the liquid. As a result, increased
Br indicates that more heat is generated via viscous dispersion than is transmitted via molecular conduction. Fig. 5d indicates the effect

13
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Fig. 5. Temperature profiles.

of radiation number (Rd) on the temperature profiles. As Rd increases, the temperature of fluid also rises. Increases in Rd lead to higher
liquid temperatures and densities in their thermal boundary layers. This is because the nanofluids’ temperature profile and thermal
boundary layer width increase noticeably with an increase in Rd. Radiation emission is amplified using a more physically nuanced
estimate of Rd, increasing the collision between fluid particles. Fig. 5e depicts the average time flow rate number (F) temperature
profiles. It can be seen from the figure that on increasing F, the temperature of fluid decreases. Fig. 5f shows the effect of the con-
centration of gold on temperature. The temperature drops, on improving the concentration of gold by 1 %, 5 %, and 10 %.
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Fig. 6. Concentration profiles.

5.3. Concentration profiles

Fig. 6 shows the effect on concentration profile for Prandtl number, Brownian morion number, thermophoresis number, chemical
reaction number, Schmidt number, and concentration of silver nanoparticles. Fig. 6a reveals the concentration profiles for the different
values of Prandtl number (Pr). It is noticed that by increasing Pr, the concentration profile drops. This is because Pr depends on the
diffusivity and Higher Pr corresponds to weaker diffusivity, which tends to lower the concentration and thinner boundary layer
thickness. Fig. 6b shows the fluid’s concentration for Brownian motion number (Nb). On enhancing Nb, the concentration profiles
increase. The Brownian motion refers to the random motion of nanoparticles in the base fluid. The rapid motion of the fluid’s atoms or
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Fig. 8. Electroosmosis profiles.

molecules has a greater effect on Br. Brownian motion is proportional to the size of the particles involved, and particles often assemble
into larger structures called agglomerates. As heavy particles experience negligible Brownian motion, Nb will have the lowest value.
Hence, the concentration profiles become steeper as Nb values rise. Fig. 6¢ indicates the effect of the thermophoresis number (Nt) on
fluid concentration. On increasing Nt, the concentration of the fluid decreases. This is because the concentration and boundary layer
thicknesses are reduced due to the thermophoretic force exerted by the particles near the surface as Nt increases. The purpose of Fig. 6d
is to show how the chemical reaction number (Kr;) affects the concentration profiles. On increasing Kr;, the concentration increases
for the first half and then decreases for the second half. The expansion of Kr; near the right surface is considered to increase collisions
between fluid particles, decreasing the concentration of the ternary hybrid nanofluid and thinning the boundary layer. However, the
reverse trend holds on the left. Fig. 6e depicts the consequence of the Schmidt number (Sc) on the concentration profiles. On increasing
Sc, the fluid’s concentration increases on the left side and then decreases on the right side. Physically, as Sc rises, the molecule
diffusivity falls. Sc is defined as the ratio between momentum and mass diffusivities. Thus, momentum diffusion will predominate for
large Sc, as evidenced by increasing Sc leading to higher dynamic viscosity and lower density. Fig. 6f illustrates the effect of the
concentration of silver on the fluid concentration. On increasing the silver concentration, the fluid concentration increases.

5.4. Microorganism density profiles

Fig. 7 shows the effect of the microorganism density ratio and Peclet number on the microorganism density. Fig. 7a shows the
changes in microorganism density for microorganism density ratio (I'). By increasing I', the microorganism density decreases. I is the
ratio of the initial concentration at the wall to the change in concentration. Fig. 7b shows the changes in concentration profiles for
Peclet number (Pe). Enhanced Pe decrease the microorganisms’ density profile. This is because Pe decreases the diffusivity of the total
number of microorganisms and their density profile within the boundary layer. Pe also increases the Brownian motion of nanoparticles
in the base fluid.
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Fig. 9. Velocity contours.
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Fig. 9. (continued).
5.5. Electroosmosis profiles

Fig. 8 illustrates the effect of zeta potential and electroosmotic number on the electroosmosis process. Fig. 8a shows the effect of the
zeta potential of the left wall on electroosmosis. It shows that for enhanced zeta potential, the electroosmosis process becomes faster.
Mathematically, the zeta potentials are used in the boundary condition in this model. Physically, the potential distribution is related to
the strength of the electrical field. The stronger the zeta potential, the higher the concentration of ions adjacent to the channel wall and
the more rapidly the potential improves. As a result, the electrical field intensity only dominates a tiny layer near the channel wall and
increases as the zeta potential does. When the zeta potential is high enough, the electrical field strength dominates the thin layer at the
interface. Fig. 8b shows the effect of the electroosmotic number (K) on electroosmosis. On enhancing K, the electroosmosis first
decreased, and then it increased. This behavior is foreseen because an increase in Debye thickness triggers a thin electric double layer,
leading to a significant increase in liquid flow at the pump’s epicenter.

5.6. Velocity contours

Fig. 9 shows the velocity contours for six dimensionless numbers. On changing Da from 0.1 to 0.5, the bolus size decreases (Fig. 9a
and b). The innermost yellow bolus is affected the most. On making Da = 1.0, the yellow bolus almost disappears (Fig. 9c). The boluses
also spread horizontally. On increasing F, the inner boluses start disappearing. For F from 0.1 to 0.3, the inner yellow and orange
boluses disappear (Fig. 6d and e), and a horizontal stretching is also seen. For F = 0.5, the inner boluses again disappear, and the outer
layers start squeezing inside (Fig. 9f). For Gc = 0.5 to 1.5, the innermost yellow bolus disappeared, and a leftward flow shift happens
(Fig. 9g and h). For Gc = 2.5, the inner boluses again appear. The yellow bolus again starts its formation (Fig. 9i). For Gr, from 0.1 to
0.5, the innermost bolus starts disappearing (Fig. 9j and k). For Gr = 1.0, the inner bolus got disappeared except for the top and bottom
one (Fig. 91). There is also a rightward shift of fluid flow is seen. For Rb = 0.5 to 1.5, the innermost bolus disappears, and a leftward
shift happens (Fig. 9m and n). Rb = 2.5 shows the enhancement in the left shift and the formation of yellow bolus again (Fig. 90). For
M =1.0to M = 2.5, the inner yellow bolus size reduces (Fig. 9p and q). In the lowest part, it disappears, and the outer green layer
forms the bolus. For M = 5.0, the yellow bolus stretches horizontally (Fig. 9r).

5.7. Temperature contours

Fig. 10 shows the temperature contours for different physical parameters. There are vertical ways of temperature formed for X and
Y coordinates. Firstly, for Br = 1.0 to Br = 2.0, the amplitude of these waves increases drastically (Fig. 10a and b). There is also the
formation of boluses toward the right waves and further for Br = 10c, the boluses disappear. The amplitude of waves remains almost

unchanged (Fig. 10c). For Rd = 3.0 from 1.0, the wayes stretch a lot vertically, and the amplitude of these waves decreases a lot
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(Fig. 10d and e). For Rd = 5, the waves almost take the form of straight lines. The amplitude becomes ~ 0 (Fig. 10f). For M = 1.0 to
M = 3.0, the amplitude of waves increases regressively. There is also a leftward shift of the waves (Fig. 10g and h). For M = 10, the
amplitude again decreases a lot and there is also the formation of bolus for higher-valued waves (Fig. 10i). On increasing the Nb from
0.1t0 0.5, then to 1.0, there is a leftward shift of waves. For Nb = 0.5, the amplitude of the leftward waves remains almost unchanged,
but for the rightward waves, the amplitude increases (Fig. 10j and k). For Nb = 1.0, the amplitude again increases for the right waves,
and the amplitude decreases for the left waves. The gap between the waves also increases as we move toward the higher waves
(Fig. 101). A similar effect is seen for Nt also. For Nt = 0.5 to 1.5 to 2.5, the amplitude increases for the rightward waves, and the
amplitude decreases for the leftward waves (Fig. 10m and n). A significant left shift is seen in the waves for higher waves (Fig. 100).

5.8. Concentration contours

Fig. 11 shows the fluid concentration plots for different physical parameters The concentration waves are just lateral inversions of
the temperature waves. For M = 2.0 to M = 6.0, the amplitude of the concentration waves increases drastically. There is also the
formation of boluses between all the waves (Fig. 11a and b). For M = 9.0, the bolus size increase and the between layers merge
(Fig. 11c). For Nb = 0.1 to 0.5, the amplitude of all the waves increases, however, there is a lesser change in the rightward waves
(Fig. 11d and e). For Nb = 1.0, the amplitude increases heavily. There is also the formation of boluses on the left waves. The waves are
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Fig. 10. Temperature contours.
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Fig. 10. (continued).

seen to have horizontal stretching (Fig. 11f). For Nt = 0.5 to Nt = 1.5 (Fig. 11g and h), there is a formation of boluses to the left side of
the plot. The amplitude also increases for the smaller waves. For Nt = 2.5, The boluses disappear, and the amplitudes again increase
significantly. There is also a leftward shift of the waves (Fig. 11i). For Kr; = 0.1 to 1.0, the formation of boluses starts on the left side.
There is also an increase in amplitude for the lower waves (Fig. 11j and k). For Kr; = 2.0, the formation of boluses gets bigger. The
amplitude of waves also decreased (Fig. 111). For Sc = 1.0 to Sc = 2.5, the amplitude increases for the left waves and the wavelength is
seen to be decreasing for the rightward waves. There is also a right shift of waves (Fig. 11m and n). For Sc = 5.0, the right shift
increased, and the bolus formation starts for the lower waves (as seen in Fig. 110).

5.9. Microorganisms density contours

Fig. 12 shows the microorganism’s density contours for different physical parameters. Like the temperature and concentration,
vertical waves are formed here. ForI' = 0.1 to 0.5, there is an increase in the amplitude of waves. There is also a bolus formation on the
plot’s left side (Fig. 12a and b). For I' = 1.0, the size of boluses is increasing. There is also one layer formed around the boluses and
minor change is seen in the higher-valued waves (Fig. 12¢). For M = 1.0 to M = 2.5, an increment in the wave amplitude is seen. There
is also a rightward shift of the waves (Fig. 12d and e). Again, for the 5.0 value, the amplitude is enhanced. However, the gap between
the waves remains the same in all three cases (Fig. 12f). For Pe = 0.1 to Pe = 0.5, there is a formation of boluses on the left side of the
waves. A drastic rightward shift can be seen in the figure. There are few changes for the higher waves (Fig. 12g and h). For Pe = 1.0,
the density plots see a left shift of waves. There is also a formation of a bigger bolus outside the bolus formed in the case of Pe = 0.5
(Fig. 12i).

5.10. Electroosmosis contours

Fig. 13 shows the electroosmosis contours for different physical parameters. There is a symmetric effect seen with reference to the
zero line (x = 0). The waves are the same as discussed for the earlier dimensionless quantities. For changing K =1.5to K = 2.5, the
left waves move to the left side, and the right waves move toward the right direction. The waves move away from the zero line (Fig. 13a
and b). For K = 3.5, again, the same effect happens but in an emerging way. The waves move away from the zero line to a greater
extent (Fig. 13c). For {; = 0.025 to {; = 0.050 (Fig. 13d and e), there is the disappearing effect of the right waves. The gap of left side
waves increases a lot. The magnitude decreases on moving toward the left side. For {; = 0.075, there is again the same effect repeats
itself. The amplitude of the waves increases for the lower waves. Then the amplitude decreases as we move toward the left side (as
shown in Fig. 13f). Next, we discuss the {,. For {, = 0.025 to {, = 0.050, again, the disappearing effect happens. But in contrast to the
¢y, it happens for the left waves. For the right waves, the amplitude increases first for the higher waves (Fig. 13g and h), then it
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decreases for the lower waves (having negative values). Then for {, = 0.075, The amplitude of the zero-line waves increases, and then
the amplitude decreases for the right-side waves. There is also a wavy effect for the zero line itself (Fig. 13i).

5.11. Physical significance quantities

Fig. 14 shows the physical interest quantities for various fluid numbers of non-dimensional ODEs obtained in this study. Fig. 14a
illustrates the skin friction contour plot for the thermal Grashof and electroosmotic numbers. By enhancing the thermal Grashof
number, the skin friction coefficient decreases. For increased values of the electroosmotic parameter, the skin friction increased.
Fig. 14b conveys the skin friction contour plot for Darcy and magnetic numbers. According to the figure, by increasing the Darcy
number, the skin friction coefficient decreases. For enhanced magnetic numbers, the skin friction coefficient increases. Fig. 14c depicts
the radiation and Brinkman numbers’ Nusselt number or the heat transfer rate. It shows that on increasing the radiation number, the
Nusselt number increases in the negative direction. For enhanced values of the Brinkman number, the Nusselt number again increases
in the negative magnitude. Fig. 14d reveals the Nusselt number contour plot for the Darcy and magnetic numbers. By growing the
Darcy number, the Nusselt number’s negative values boost up. On raising the magnetic number, the Nusselt number again starts
increasing on the negative side. Fig. 14e indicates the Sherwood number or mass transfer rate contour plots for Brownian motion and
Thermophoresis numbers. For escalated values of the Brownian motion number, the Sherwood number reduces. For larger values of
the thermophoresis parameter, the Sherwood number enhances. Fig. 14f illustrates the Sherwood number contour plot for the Schmidt
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Fig. 11. (continued).

number and chemical reaction number. For increasing values of the Schmidt number and chemical reaction parameter the Sherwood
number reduces. Fig. 14g shows the entropy generation contour plots for the Brinkman number and magnetic number. On increasing
the Brinkman number, the entropy generation increases. For improved values of magnetic number, the entropy generation increases.
The purpose of Fig. 14h is to show the entropy generation contour plot for the Darcy number and the radiation number. It is observed
that by increasing the Darcy number, the entropy generation increases. For increasing values of the thermal radiation parameter, the
entropy generation also increases. Fig. 14i depicts the Bejan number contour plot for the Brinkman number and magnetic number. For
larger values of the Brinkman number and magnetic parameter, the Bejan number also boosts up. Fig. 14j shows the Bejan number
contour plot for the Darcy number and the thermal radiation number. It is observed that as the Darcy number or radiation number
increases, the Bejan number also increases.

6. Conclusion

With PVA serving as the base fluid, this study examines the ternary hybrid nanofluid, which combines the effects of viscous
dissipation, thermal radiation, Brownian motion, electroosmotic, porous media, magnetic field, and nanoparticles of gold (Au) and
silver (Ag). The following are visually explained with appropriate justifications: velocity, temperature, concentration, density of
microorganisms, electroosmosis profiles, heat transfer rate (Nusselt number), mass transfer rate (Sherwood number), skin friction
coefficient, entropy production, and Bejan number. The following are the study’s key findings:

o The velocity profiles increase for increasing the Darcy number while reverse effect is noticed for magnetic parameter.

e The temperature profiles increase for an increase in magnetic parameter, Darcy parameter, Brinkman number, radiation parameter
and decrease with respect to gold concentration, time-average flow rate constant.

e The microorganism density profiles increase for reduced microorganism density ratio and Peclet number.

e The skin friction increases for a decline of thermal Grashof parameter, Darcy parameter and enhancement is observed for elec-
troosmotic parameter and magnetic parameter.

e The heat transfer rate increase for an increase in radiation, magnetic, Brinkman, and Darcy numbers.

e The mass transfer rate increases for boosted thermophoretic number while, reverse effect is observed for Brownian motion number,
Schmidt number, and chemical reaction number.

o The entropy generated in the fluid increases by increasing the radiation, magnetic, Brinkman, and Darcy parameter.

e The Bejan number enhances for increasing radiation, magnetic, Brinkman, and Darcy parameters.

The research holds significant potential for real-life applications. The insights gained could pave the way for designing advanced
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Fig. 12. Microorganisms density contours.

microfluidic devices for efficient energy harvesting, lab-on-a-chip technologies, and targeted drug delivery systems. Additionally, the
understanding of gyrotactic microorganism behavior within the flow regime could find practical utility in environmental remediation,
bioremediation, and bioprocess optimization, fostering innovation in sustainable biotechnological solutions. Disadvantages of this
study may include simplified model assumptions and idealized material properties. These limitations can be addressed in the future by
incorporating more realistic parameters and refining the model. The development of this research could involve advanced microor-
ganism modeling, experimental validation, and exploring external factors’ impact. Mathematical complexities and experimental
constraints might arise, requiring robust interdisciplinary collaboration for solutions.

7. Limitations

The present study has provided valuable insights into the complex interactions within the investigated system. However, some
limitations should be acknowledged to ensure a comprehensive understanding of the study’s scope and implications.

1. Simplifications in Model: The complexity of the physical system necessitates some simplifications in the mathematical model.
These simplifications might overlook certain real-world intricacies, potentially affecting the accuracy of predictions.
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2. Material Properties: The study likely assumes ideal material properties for nanofluids and microorganisms. In reality, the
properties can vary significantly, and considering more realistic values could enhance the validity of the findings.

3. Boundary Conditions: The chosen boundary conditions may not fully capture the intricacies of interactions between nanofluids,
microorganisms, and the ciliated channel walls. These conditions could affect the accuracy of the predictions in complex flow

scenarios.

4. Microorganism Behavior: The model’s assumption of ideal gyrotactic microorganism behavior might not fully reflect the com-
plexities of their responses to fluid dynamics. More refined models could incorporate additional factors that influence microor-

8.

ganism movement and concentration.

Future scope

The following are potential directions for extending and enhancing the understanding of the investigated system:

1. Enhanced Nanofluid Characterization: Investigate a broader range of nanofluid properties, including varying particle sizes,
shapes, and concentrations, to better capture real-world behavior and interactions with the fluid flow.

2. Refined Microorganism Modeling: Develop an advanced gyrotactic microorganism model that incorporates more intricate be-
haviors and responses to fluid dynamics, potentially accounting for individual swimming strategies and interaction dynamics.
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3. Experimental Validation: Conduct physical experiments within similar setups to validate the theoretical predictions, strength-
ening the credibility of the study’s outcomes and bridging the gap between simulation and reality.

4. External Factors Impact: Investigate how external factors like external fields, biochemical reactions, and surface interactions
influence nanofluid behavior and microorganism dynamics, enhancing the realism and accuracy of the model. Further, a stability
analysis can be done to study the stability of problem due to various physical effects.
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Fig. 14. Physical significance quantities.
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