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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu Functionalizing the nanoparticles like titanium oxide (TiO3), silica (SiO3), and aluminum oxide
Keywords: (AIyO3) with therapeutic agents like anticancer drugs, antibiotics, or gene therapy agents allow
Gilia flow targeted delivery and controlled release. We investigate how thermal radiation in Carreau
Ternary-hyrbrid nanofluid constitutive model base liquid (blood) affects the flow of a ternary-hybrid nanofluid made of the
Carreua fluid said particles. Connecting the conduit to battery terminals outside accounts for entropy and
Electroosmosis and Entropy generation electroosmosis. After translating the observation model into a wave frame, lubrication theory’s
Thermal radiations physical limits are used to better explain the wave phenomena. The study uses Mathematica
Shooting method NDSolve to simulate boundary value issues using shooting. The Carreau fluid has a 17-18%

higher heat transfer rate than the Williamson fluid, according to the literature. Elastic electro-
osmotic pumping, cilia motion, and magnetic fields improve fluid transport. Ternary hybrid
nanofluids improve transport mechanisms and thermal conductivity. Elastic electroosmotic
pumping and cilia motion produce the least entropy and increase thermodynamic efficiency.

1. Introduction

Ciliary fluxes aid biomedical, microfluidic, and industrial processes. Cilia transmit mucus and other particles via the respiratory and
reproductive channels. Cilia-inspired microfluidics pumps and mixers are efficient. Cilia-inspired surfaces improve fluid flow and
thermal transmission in microchannels. Cilia flows are researched in oil extraction and filtration. Cilia flow and its uses are extensively
studied. Sleigh [1] discussed cilia structure and metachronal wave patterns in 1962. Using sublayer and envelope models, cilia pulsing
causes fluid transfer. Any location outside or within the cilia layer can have its average or immediate velocity determined by applying
the sublayer concept. However, only distant cilia work. Blake [2,3] first studied the infinite plan wall sublayer model, then added two
parallel walls. The envelope notion states that a densely packed envelope of cilia tip profiles determines a fluid’s velocity field’s
outermost layer. This paradigm represents several biological processes. Shack and Lardner [4] utilized a cilia-model technique to study
fluid movement in the male reproductive system’s ductus efferentes based on a metachronal wave’s symplectic pattern. Akbar and
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Akhtar [5] have acquired analytical solutions for cilia-based flow for the non-linear fluid model in a channel. More studies on the topic
can be cited in [6-10].

The improved thermal and physical properties of ternary hybrid nanofluids over conventional fluids are driving their rising
popularity. These fluids contain three types of nanoparticles, all of which contribute to the fluids’ overall effectiveness. Ternary hybrid
nanofluids have numerous industrial and medical applications. Ternary hybrid nanofluids may one day improve the efficiency of heat
exchangers, refrigerators, and microelectronics coolers at the workplace. These devices have a wide range of applications, including
bio-physical pumps, heating pumps, drug transporting pumps, emollient, mini-mixers, and cooling. In a landmark work, Choi [11]
developed the concept of nanofluids. Researchers have recently investigated the notion of ternary fluids, with tri-metallic nano-
particles were disseminated in a pure liquid. Ternary nanofluids have been experimentally explored, and the findings [12,13] describe
their extraordinary properties and implications. There have been few theoretical efforts to examine the beneficial and sensitive role of
such nano-fluids in increasing thermal transmission. In this connection, Manjunatha et al. [14] suggested a mathematical tri-hybrid
nanoliquid model to explain increased thermal exchange properties. Elnaqeeb et al. [15] investigated the study of porosity on
ternary nanosubstances in water. Munawar and Saleem [16] recently performed a heat exchange measures of Williamson nanofluid
mixed with three various particles and found that, in comparison to hybrid and mono nanofluids, radiated ternary fluid had superior
heat transfer capabilities. Additional research on nanofluids is discussed in references [17-20].

Electric fields cause electroosmotic motion in liquids. The electric ions at the dual interface maintains net charge density and drives
this flow. Electroosmotic fluid pumps, test procedure for DNA, biological drug delivery pumps, cooling strips, lab-on-a-chip machine,
microfabrication are used in micro and nanofluidic devices. Burgreen and Nakache [21] pioneered this approach in 1964. Abo-Elkhair
et al. [22] evaluated an electro-hdrodynamic and surface slip conditions in wavy motion and found that strong electroosmotic pa-
rameters impede fluid velocity near microchannel walls. Micro-fluidics and micropumps can benefit from Chaube et al.’s [23] research
on electric fields and non-Newtonian liquids. Ramesh et al. [24] theoretically analyzed how an axially applied electric field affects
Jeffrey fluid peristaltic motion. Javayel et al. found that electroosmotic parameters increase pump wall skin friction [25]. Hang et al.
explored electroosmosis-driven stream in a microchannel with an extended top border [26]. Recent research on microchannel peri-
staltic flow is available in Refs. [27-29].

The Carreau fluid is recognized as a non-Newtonian model liquid because its viscosity fluctuates with shear rate. This fluid has been
used to simulate blood circulation in the human body. It can be used to forecast how blood will behave in a variety of conditions
because to its non-Newtonian features. It is used in a variety of industrial operations, ranging from polymer processing to chemical
manufacturing. Because of its non-Newtonian qualities, it can be employed to improve flow control and quality. Mahdy et al. [30] ran
numerical simulations of the Carreau model’s heat exchange stream in a thermal cylinder with changing conductivity. Alloui and
Vasseur [31] investigated and reviewed several models used to analyze the rheological behavior of non-Newtonian fluids, including
Carreau fluids. Raju et al. [32] investigated the forced convective heat transfer of a Carreau fluid in a square ductile shape using
computational methods. Increased Reynolds numbers and the power-law index minimum are discovered to increase heat transfer rate.
Lim et al. [33] studied the natural convection of a Carreau liquid in a vertical cylinder analytically.

Magnetohydrodynamic (MHD) fluxes have been employed by numerous researchers to gain insight into cilia motility, which has
significant implications across many fields of biology and medicine. Cilia are tiny, hair-like structures that serve crucial roles in fluid
transport, sensing, and motion and are found in a wide variety of organisms, including humans. A conducting fluid’s velocity changes
as aresult of the Lorentz force applied by a magnetic field. The use of MHD flows allows researchers to examine how external magnetic
fields affect ciliary beating and the fluid movement caused by the cilia. The effects of a fluctuating magnetic field on the pumping of
blood and the transfer of heat were studied by Stud et al. [34]. Hydromagnetic physiological flow was further studied by Magbool et al.
[35], who focused on Jeffrey fluid flow caused by cilia beating. The velocity at the boundary wall increases with increasing magnetic
Hartmann number, but the velocity in the core region decreases, as observed by Hayat et al. [36]. In the presence of a magnetic field,
Ramesh et al. [37] investigated pair stress fluid flow prompted by pumping cilia. Other researchers [38-41] have looked into how an
external magnetic field affects various bodily fluids.

Transport through porous media is essential to many mechanical, biological, and engineering processes [42,43]. Several models,
including the Darcy, Darcy-Forchecimer, and Brinkman-extended Darcy, have been proposed in the literature for the investigation of
porous media [44]. The Darcy rule was used by Akbar et al. [45] to describe the slow currents within the ciliated tube. Using a ciliated
channel, Manzoor et al. [46] looked into the efficient qualities of the viscoelastic model (Jeffrey fluid). The Adomian decomposition
method (ADM), which accounts for MHD alongside porous media and convective heat transport, was used to arrive at the corre-
sponding mathematical solutions. In a porous medium containing Jeffrey fluid, Javid et al. [47] used the BVP4C approach to find a
numerical solution for a diverging ciliated channel. Using a cilia-oriented cylindrical tube, Aich et al. [48] studied the effect of hybrid
nanofluids on porosity. The study of various heat- and mass-transport applications in biology and medicine, using engineering’s
foundational concepts, has led to significant advances in our understanding of the thermal and mechanical characteristics of human
tissue, which ultimately control the biological process. Bioheat-transfer phenomena have gained significant attention in the last twenty
years for their potential therapeutic and diagnostic uses. The advancement of mathematical models supported by state-of-the-art
computational tools has greatly facilitated the study of many flavors of the bioheat-transfer process [49-53]. Using the
Darcy-Forchheimer theory for porous medium with heat transfer, Usman et al. [54] thought about the Williamson fluid passing via a
ciliated channel.

Hyperthermia and medical imaging are both helped by the Carreau nanofluid. Cancer patients can receive tailor-made heat
treatments thanks to the use of magnetic nanofluid. Since the Carreau nanofluid has such remarkable rheology, it enhances imaging
contrast and resolution. Hybrid nanofluids and improved flow control methods may increase the effectiveness of such tools by
facilitating more effective fluid transfer. However, it is challenging to grasp the underlying mechanics because of the intricate
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Fig. 1. Schematic representation of cilia-controlled electro-osmotic motion of ternary nanofluid.

connections between fluid flow, magnetic fields, and cilia motility. Therefore, the purpose of this research is to give a comprehensive
assessment of the efficacy of several fluid transport strategies for investigating the propagation of ternary-hybrid nanofluids in Carreau
model fluids. New, more effective technologies should result from research into the underlying mechanics of these intricate systems.
Numerical simulations will be run utilizing computational fluid dynamics (CFD) software like Mathematica and MatLab to reach this
goal. The impact of an applied magnetic field on a simplified model of cilia motility in a microchannel is to be investigated. Magnetic
field orientation and strength, cilia length and flexibility, and the Reynolds and Hartmann numbers will all be put to the test in the
simulations. The effects of MHD flows on ciliary beating patterns, fluid transport, and entropy formation will be studied using the
simulation results.

2. Mathematical modeling

Let us consider a 2-dimensional motion of mixed convective pumping of a non-linear model of nanofluid across a flexible channel
under the effects of electromagnetohydrodynamics (EMHD) and porous medium. The fluid consists of a mixture of electrically con-
ducting base liquid (blood) and tri-hybrid nanofluid containing solid types of nanoparticles of silica (SiO;), titanium oxide (TiOz) and
aluminum oxide (AI;O3). The base fluid, blood, reveals shear-thinning property that can be modeled using the Carreau model.
Moreover, a constant magnetic field B = (0, By) is inserted in the transverse line of the flow. The flow geometry and coordinate system
are illustrated in Fig. 1, with a Cartesian coordinate system set up so that the horizontal X-axis represents the wave propagation axis,
and the orthogonal Y-axis is perpendicular to the X-axis.

Function determines the underlying structure of embedded cilia [1-5]:

ITI(Y,t):aJrae/sec (il(ffct)>, (@))]

Sleigh [37] did an experimental study that found that cilia movement is characterized by elliptical movements of the cilia tips and
the horizontal orientation of the cilia heads, and his findings can be summarized as follows:

G(X,t) =X, + aae / csc (2/1—” X - ct)) , (@)

Here, a stands for the channel’s average width, for the length of the cilia, for the eccentricity of the elliptical track along which the
cilia move, for the wavelength, t for the time period, and X, for the initial position of the particle. The tangential and transverse
components of ciliary velocity can be determined with the help of Equations (1) and (2).

. (dG\  —(®)acac cos(E(X —c1))

o= (E) x 1— (&)aeacos(E(X —cr))’ ®)
— (0H\  Zaecsin(E(X —cr))

Vo= (E)Xa_l —Zaae cos(¥(X —cr)) “

The Carreau ternary nanofluid is associated with an extra stress tensor, which is mathematically represented as [30-36]:
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Table 1
Thermophysical characteristics of the ternary-hybrid nanofluid [12-15].
Physical quantities Base fluid Nanoparticles
Blood
(Blood) T,0, $i0, ALO;
o (1/Qm) 0.8 2.4x10° 3.5x 10° 36.9 x 10°
p (kg /m®) 1063 4250 2200 3970
Cp (J /Kkg) 3594 686.2 754 765
k (W /mK) 0.492 8.9538 1.4013 40
B, (1/K)x107° 0.18 0.9 4.27 8
< =2\
S = ﬂ:hn/(l +(Iy) ) TAL 5)

Using Equation (5), it is possible to determine the parts of the stress matrix, which can be expressed as follows:

119U

Sxx = 2ty (14 (T 7)) X (6)
- —o\i5t(0U OV

_ —\2\ 2 ) e
Sxy = :ulhnf(l +(I'7) ) (67 + ()Y)’ )
< 25t OV
Sy = 2y (14 (7)) T ®

The problem is simulated by incorporating physical laws such as continuity, momentum, and the heat equation, as well as the
previously mentioned assumptions. The following governing equations are in the fixed frame:

[ %
Py, 9
v tax =" ®
oU U _aU OP Sy S _ o
/’,hn/(§+ U0_7+ ﬁ)z—a—YJr a%x+a—l—};y—6mnfBozU+PgEx+g(ﬂﬂz)x/mf(T—To)*% ) (10
oV _dV _oV OP 0Sxx OSyy
— —+ V== -—= — — 11
p”’"f<az+UaX+ 0Y) v ax Tav 1)
o o _JT PT FT\ - oU . (oU oV\ . oV [d3. g —
C At U=+V—= | =kt | = +—= | +Sxx—= Sy | =+—= | +Spy—=— | =+ =~ o (Ex® +By*U ). 12
4 P)”’"f(az+ x ay) ’“<372+072)+ wox + Xy(ay+ax)+ oY (ax+aY)+”’“( K+ BT (12)

Based on the presumptions presented here, the flow is subject to certain boundary conditions.

U=U,,T 13)

I
=
S
~I
Il
=
I
Il
=
|
o
Q
8
=
Il
(=)

The variables used in the equations are as follows: fluid pressure is denoted by P, fluid temperature by T and the components of
velocity along the X and Y-axis are denoted by U and V, respectively. The radiative heat flow rate along the X-axis is considered
diminishing in contrast to that along the Y-axis. The Rosseland assumption is utilized to express this heat rate g, as [38]:

_ _ —160"(AT)’ oT

= "/ 14
ar 3K oY a4
The electric-potential function @ can be defined using the Poisson equation, as presented in Refs. [23-28]:

‘g

Tlg -+ T(g = *& 3 (15)
X Y €€

where
p. = —2ngze sinh( “9 ) (16)
b4 ave

Additionally, since the zeta potential at the wall (< 25 mV) is negligible, the Debyeh-Hiickel approximation is applied, yielding:

. zeQ zeQ
h =] . 17
S (kﬂm) Ko Tove a”n

Imposing Egs. (16) and (17), Eq. (15) becomes
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The ternary-hybrid nanofluid is thought to be well-mixed nanoparticles of TiO,, SiO2, and Al; O3 in a base fluid (blood). Table 1
lists the thermophysical characteristics of blood and nanoparticles. Several correlations [12-15] characterize the thermophysical
characteristics of trihybrid nanofluids.

(18)

Pamg = (1= 0" ) [(1=0°) (1= 0")p; + 0" ps) + °p5) + 0"y, 19
(0B) oy = (1= 0" = = ") (0B,); + 0" (0B) 1 + &° (0B,)s + ¢" (0B, (20)
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o (1=¢Sos+(1+¢Soy "o (1—¢"ou+ (149"
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Ky ks + 2k — 20 (ki T)’ 25)
Ky ks + 2oy + @5 (ky — ks)

@_kA + 2kf - 2¢A (kf - kA) (26)
ke ka2 + o (ke —ka)

H n S
Bt (1) (1= ) 1= 0) @)

Hy

The volume fraction of considered nanoparticles is represented by the symbol ¢, with alphabetical subscripts and superscripts T, S
and A identifying solid nanoparticles of titanium oxide, silica, and aluminum oxide, orderly.
By using the relations shown below, the fixed frame of reference can be transformed into a wave frame [40,41]:

F=X—ct,5=7,p(x.y) = P(XT,1).7(x,y) = U(XY, 1) — ¢, 7(x,y) = V(XY 1). 28)

So, Egs. (9)-(12) become

%Jr% =0, (29)
Ditmf (u% + v%) = —‘j—g + %’ + a(;; — GungBo* (U + €) + p,Ex + 8(0B,) (T — To) — y,hn,(ﬁk%c), (30)
Poiny (ﬁ% + v%) = —% + 05; + a;;"‘ , (31)
(0Cp) s (ﬁg + v%) = Ky (‘g + ?;T?) + S”?FZ +5, <% + g—;) + Ey% - (% + %’) + Gy (Ex® + Bo* (i + ¢)*). (32)

To standardize the governing equations, one can make use of the relations provided below, which are utilized following the process
of normalization:

ct i v pa> T-T 5 [ H ac =k
gvﬂ: E7V:l7p:&7 = 1):S:&7¢:27H:7¢Re:/)fik:
a c pc Hech T, —Tp Hee

: : il (33)

t=

=
I

N
<
Il

NI

The Reynolds number Re and the factor § in Eq. (33) need to be minimal for the Stokes-flow problem to be properly addressed.
Under these conditions, equation (9) through (12) that regulate the system can be written as follows:
du Ov

awtay =" (34)
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ﬂ,h,zf> ( au> O 0Sw  0Sy  Ouw,, » (P iy ( 02(,0 o w) T (u+ 1)
Binr ) Re p (e + v 22 ) = — L4 p @ Do Ol 2y 4 1) 4 g 9Ll 4y | () (35)
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Ping WL P 008y
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(PCP) g 00 00\ Ky 629 6 0 (00 &6 Ou ou  L0v ov

WRE Prﬂ(u—+ a) <,B a)Cz > +R,,P (ﬂa (;y) +ﬁ) +PI’EC<ﬂSUa+S” (07y+ﬂ a) “rﬂSM@)

+”l’5’"" (Sp + Ha*PrEc(u+ 1)),
f
(37)
where
gt [ owe (2 () 1 ()] S L (2 p )Y 2
Se =28 m 1+ (n—1)We </3 ((0x> + % +3 0y+ﬁ " i (38)

o (ou\? v\’ 1fou  Lov\>
1+(n—1)W62</3 ((ax) + <®> >+2<ay+/i a) , (39)

Hitng ( 2
S = %)
T ou \9y

2 2
2 of of (Ou ov du ov
S, =2 1 — )W - - —. 40
" ﬂﬂf +(n-1) e(ﬂ ((ax) +(6y +2 0y+ﬁ o (40)
In terms of the tangential and orthogonal velocity parts, the stream function () is introduced as below:
61// oy
=T Tar “1)

The non-dimensional governing equations (Eqs. (34)-(37)) can be simplified by utilizing Eqs. (38-40 and 41), along with the
assumptions of an infinite wavelength (f < 1) and an inertia-free stream (Re~ 0).

B et () | ) e o0 S ()

%ﬁ: 0, (43)

(k;:’“ +R, Pr) ff +PrEc ”l’l”:f (?;T"z’) 2 +2 5 Live? <327"2’>4 + 6;”:" (Sp +Ha’PrEc (% + 1) 2) =0, (44)

Zzy_qzu _ Ko, (45)
Differentiation of Equations (42) and (43) with respect to y and x, respectively results in

e e () Sl e e o

The followings are chosen as the relevant dimensionless boundary conditions:

Py 00 ) oy 2raef cos(2mx)
=0,—=0,—=0,—=0,aty=0,y =F,—=—-1—-—————60=1,9p=1,aty=H 47
v=050=05=075,=0ay=0w=F75 1= 270z cos(2mx)’ yo=1,aty=H, (47)

The mathematical expressions of some parameters generated above can be found below:

- -1 ~1
k! CpAT)”! cup) ! cuy 3, CrK”
Ha' = (Boa)' % We =Tea Pr=— 0 pe(CAD 0 () o= i Ry = |2

Ky (ucr) " c? (Exeeol)” 8(pp,);ATa? 166°(AT)* 48)
1
orEx*a® 2ng 2
=- K= .
SP A ka ’ aze kb Tave (220)

The equation below represents the correlation between the dimensionless average flow rates in the static (Q) and traveling (F)
reference frames
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H
i [ (S
0 dy

3. Entropy analysis

The second law of thermodynamics suggests that entropy generation within the electro-osmotic pump is influenced by various
factors such as radiation and convection heat transfer, fluid resistance, magnetic field friction and function of electric potential.
Therefore, the volumetric entropy can be expressed using the below equation, as per theory ([48,49,51]):

160* (Tl — To)3
3K+

1 n
+ o [S.VV] + 2 B + B, (50)
Ty Ty

§”

gen = TOZ

Ky (VT + (VT)?

The dimensionless form of the above relation is expressed here

Ko 96\>  PrEc Hyy [ N wr (1 9 ?
Ng = ( "”+RnPr) <—> PR Ry (O n = Ly (—V’> . g (7) HazPrEc‘(—er 1) 80|, 51)
ky dy T p | Oy? 2 0y? o \7 dy
The Bejan number for this particular entropy number can be calculated using the following formula:
2
(k'[—f"f + RnPr> (3—;’)
Be = 5 5 — > . (52)
(S Ry ) (1) 4 2ot {‘3;:” + st wer () } - 2 (1) {Haz PrEc(%+1) + Sp}
From Eq. (45) along with boundary limits define din Eq. (47) can be found as
&=exp((H—y)K) (1+exp 2 Ky) / (14 &), (53)

4. Numerical results and comparison with the existing literature

With the help of the Mathematica numerical program “NDSolve,” we employ a shooting strategy to numerically solve the coupled
differential equations Egs. (44) and (46). The study presented here is compared to that presented in Ref. [15]; see Table 2 for details.
This data also hints that, compared to Williamson fluid, Carreau fluid has better heat transfer in the presence of porous material [15].
The final column of the table shows that the rate of thermal exchange increases by almost 11-20% when using Carreau fluid as
compared to the Williamson model in Ref. [15], indicating that Carreau fluid is superior to Williamson fluid in terms of increasing heat
transfer in the flow. The results of g.,R,, and Ugs are suggested in Table 3. The table shows that while large values of g and R, cause a
decrease in velocity, larger values of Uys cause an increase. To provide a rough visual comparison between the current work and the
prior study [15], Fig. 2 is given. Taking the limiting situation of We = 0,n = 3, it is clear that the present study is a recalculation of the

Table 2

Comparison of current heat transfer rate with previous study [15].
Ha Data of Current work with limiting cases Difference between Current work with We = 0.5, % increase in heat transfer rate of Carreau

[15] We=0,n=3k—o0 readings n =2k =005 fluid with Williamson fluid [15]

0.5 1.19513 1.24646 0.05130 1.43763 20.29%
1 1.32504 1.3663 0 0.04126 1.56392 18.03%
1.5 1.54145 1.56523 0.02378 1.77515 15.16%
2 1.83713 1.84235 0.00522 2.07245 12.81%
2.5 220715 2.19674 —0.01041 2.45738 11.34%

Table 3

Effects of various physical factors on the velocity profile.
y Velocity profile for g, Velocity profile for R, Velocity profile for Ugg

& =05 g =06 n =1 R, =15 Uys = — 2.5 Ups =25

0.0 1.438 1.437 1.438 1.391 1.438 1.439
0.1 1.436 1.436 1.436 1.389 1.436 1.437
0.2 1.433 1.432 1.433 1.386 1.433 1.434
0.3 1.427 1.426 1.427 1.381 1.427 1.428
0.4 1.419 1.418 1.419 1.374 1.419 1.420
0.5 1.408 1.407 1.408 1.364 1.408 1.409
0.6 1.395 1.394 1.395 1.352 1.395 1.396
0.7 1.379 1.378 1.379 1.338 1.379 1.380
0.8 1.359 1.358 1.359 1.321 1.359 1.360
0.9 1.334 1.333 1.334 1.298 1.334 1.335
1.0 1.296 1.294 1.296 1.263 1.296 1.297
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Fig. 2. Comparison and validity of the current work with existing literature.

Ha=12, 17, 2.2, 2.7

0.5
0.0
-0.5 ®TiO, — Si0; — Al, O3 /blOOd
®Pure blood
0.2 0.4 0.6 0.8 107
(@)
u
P i
1.0}
05 - 0.1, 015, 0.25, 0.38
0.0}
—0.5} #TiO; — Si0, — Al, 05 /blood
®Pure blood 4
02 04 06 08 10 12 °
®)
u
s, k=01, 02, 03, 0.4
2.0
1.5F
1.0}
0.5}
0.0}
®TiO, - Si0, — Al, O3 /blood
-0.5 ®Pure blood
: : ' : y
0.2 0.4 0.6 0.8 1.0
©

Fig. 3. (a,b,c): Variation in the velocity function due to (a) Ha (b) & (c) k. The other parameters are We = 0.1,n = 2,Ec = 0.01,Pr = 0.9,x = 0.12,g = 0.5,R, = 2,
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results from the work [15] about the heat transfer rate profile. Furthermore, this research demonstrates that the Hartman number
accounts for the increase in heat exchange rate that occurs during the flow.

Moreover, In this part, we will talk in detail about how the numerical solutions can be measured in different ways for the velocity
component (u), heat transfer function (6), entropy optimization function (Ns), the Bejan number Be and the stream function (y).
Different graphs are constructed and shown in Figs. 3-10.

Fig. 3(a) shows that, the relationship between velocity and Hartmann number is not constant; rather, it changes over a wide range
of values for this quantity. In magnetohydrodynamic (MHD) systems, the ratio of the Lorentz force to the viscous force is defined by a
parameter known as the Hartmann number. It is commonly used to study the effects of magnetic fields on fluids that conduct elec-
tricity. Fig. 3(a) depicts flow in a magnetic field, where the fluid’s velocity is altered according to the Hartmann number. The graph
indicates that the velocity drops for Hartmann numbers between 0 and 0.5. This indicates that the fluid’s permeability decreases with
increasing magnetic field strength. One theory proposes that this is because the fluid’s velocity is dampened by a Lorentz force
generated by the magnetic field. The fluid velocity consequently reduces with increasing magnetic field strength. On the other hand,
the figure also shows that the velocity rises with an increase in the Hartmann number in the range [0.5, 1]. This means that there is a
region of Hartmann numbers in which the fluid velocity rises as a function of magnetic field strength. The magnetic field could be
responsible for instability in the flow that increases the mixing of the fluid and the speed with which it moves. This phenomenon occurs
in MHD systems when the magnetic field induces a turbulent flow pattern that improves mixing and transport. In this context, it is also
noted that the flow and velocity of a fluid may exhibit varying behaviors depending on the fluid type under investigation. The blood’s
base fluid behavior is compared to that of a ternary-hybrid nanofluid in this scenario. The message is clear: the simple blood flows more
quickly and readily through the conduit than the nanofluid. Fig. 3(b) plots the velocity profile versus cilia length ¢ and shows how it
varies over time. The velocity profile shifts noticeably as a function of the cilia length variation, as shown by the graph. When ¢ is
increased, the left side of the channel experiences a decrease in flow velocity while the right-side experiences an increase. The
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following is a physical explanation for this phenomenon. The beating action of the cilia structures aids in the transport of fluids over the
surface. The length of these structures is represented here by the cilia length parameter. The beating motion of the cilia is less efficient
at transporting fluids close to the left channel domain as cilia length raises. As a result, fluid velocity is reduced there. However, the
longer cilia are able to generate a stronger beating motion in the right directed region, resulting in a greater flow speed there.
Therefore, the considerable effect of cilia length factor on fluid velocity distribution in the channel is illustrated by the graph in Fig. 3
(b). This knowledge can be applied to the development of improved cilia-based microfluidic devices. The effects of the porosity factor
k’ are estimated in Fig. 3(c). The left side of the domain shows an increased velocity profile due to a porous material, while the right
side shows the opposite. The physical explanation for this is that, as a fluid goes through a porous medium, it will face barriers, forcing
it to alter its trajectory so that it may flow around them. In some cases, the fluid’s flow can be concentrated by this deflection, leading to
higher localized velocities.

Temperature contours illustrating the impact of the Hartman number Ha, the cilia length parameter ¢, and the porosity parameter
k’ on the heat transfer profile are generated in Fig. 4(a—c). Heat transfer may be seen to fluctuate directly with the increase of both
variables. Fig. 4(a)-(c) depicts the axial variation of the temperature function with the Hartman number Ha. The plot shows that the
magnetic field intensity, as measured by the Hartman number, correlates directly with the temperature distribution. The graph il-
lustrates that an increase in magnetic field strength leads to a higher heat transfer rate, as the Hartman number shows a clear asso-
ciation with the temperature profile. Heat transfer rate is increased by the incorporation of ternary hybrid particles into the base fluid,
suggesting that this type of nanofluid is responsible for the increased thermal exchange intensity observed in the flow. Heat transfer
improves as a function of the cilia length parameter, as shown in Fig. 5(a—c). In contrast to pure blood, the plot shows that the hybrid
nanofluid has a decreased heat transfer rate. This may be because heat transmission efficiency is diminished by the hybrid nanofluid’s
increased complexity. These findings, taken as a whole, demonstrate the value of magnetic fields and particle additions in speeding up
the rate at which heat is transferred through a fluid. However, the complexity of the fluid system must be taken into account before any
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additives are introduced to guarantee that the system’s thermal behavior is not adversely affected. From Fig. 6(a—c), we may deduce
that the medium’s porosity, denoted by the symbol k’, is intended to raise the flow temperature. Porous media often have a larger
surface area than nonporous media. This increases the potential for heat transfer between the fluid and the solid matrix of the porous
media. That’s why it’s possible to increase the heat transmission rate.

The effect of an increasing Hartman number on the entropy generation rate Ns is graphically depicted in Fig. 7(a—c). It is easy to see
from the diagram that as the applied magnetic field increases, so does the entropy of the flow. For a given magnetic field strength, the
Lorentz force induced by it grows in proportion to the Hartmann number. The pace, at which entropy is created, increases as a result of
the increased mixing and disturbance of the fluid flow. The entropy rate of hybrid nanofluids is claimed to be greater than that of pure
fluids (blood) in 75% of the domain, whereas in the remaining 25%, the reverse trend is observed. Because the nanoparticles make the
fluid more viscous and less thermally conductive, they induce greater friction and thermal losses, which in turn generates more en-
tropy. In 75% of the domain, the hybrid nanofluid has a greater entropy rate than the pure fluid (blood), suggesting that its
employment may not be optimal there. However, the usage of the hybrid nanofluid may be helpful for lowering entropy formation in
the other 25% of the domain where the opposite behavior is documented. The influence of cilia length on the intensity of entropy
production is seen in the following entropy graph (Fig. 7(b)), which suggests that the rate of entropy is proportional to the cilia length
on the left side of the domain, roughly up to y = 0.5 for the base fluid and y = 0.7 for the hybrid nanofluid. The contrary is true if we
examine the domain y > 0.5 and 0.7, where the entropy rate drops off precipitously, suggesting that cilia length can be highly useful in
lowering the entropy generation rate. Longer cilia may cause a more ordered flow pattern, decreasing mixing and, in turn, the rate at
which entropy is generated. In addition, slower flow velocities may result from longer cilia, which in turn reduces the kinetic energy
and, by extension, the rate at which entropy is generated. It is determined that the entropy rate due to a porous medium is accelerating
and large on the right-hand domain, as shown in Fig. 7(c), which illustrates the effect of the porosity factor on entropy creation.

The Bejan number profile, shown in Fig. 8(a—c), is a measure of the irreversibility of heat transfer relative to the overall entropy
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generated in a fluid flow. When describing the intensity of a magnetic field in a conducting fluid, the Hartman number is used. Fig. 8(a)
shows that when the magnetic field strength increases, the irreversibility of the heat transfer process increases, and the efficiency of the
heat transfer decreases. The plot also reveals that the magnetic field has a greater influence on the flow at the system’s boundary, as
expected, for bigger values of the axial coordinate y. Interestingly, as the magnetic field intensity increases, the curves for the hybrid
nanofluid fall below those for pure blood, indicating that the presence of nanoparticles in the fluid mitigates the effect of the magnetic
field on the irreversibility of the heat transfer. Fig. 8(b) shows that as the cilia length grow, the Bejan number profile drops, implying an
inverse relationship between the two. A cell’s cilia are hair-like structures that can promote fluid mixing and increased heat trans-
mission. However, longer cilia may cause less orderly and more turbulent flow patterns, which may hinder heat transfer. Consequently,
the decreased efficiency of heat transfer may account for the smaller Bejan number profile at increasing cilia lengths. When an electric
field is given to a liquid, the liquid will move, a phenomenon known as electro-osmotic flow. The interaction between the electric
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Uuys = — 1,K =5,5p = 0.5..

charges on the channel’s surface and the ions present in the liquid causes this phenomenon, which manifests itself in microscopic
channels or capillaries. Fig. 8(c) depicts the effect of the porosity parameter k’ on the Bejan number profile; as the impact of the
porosity parameter increases, the Bejan number curves rise.

The effect of the Hartman number on streamlines is depicted in Fig. 9 (a,b). A larger inner circulating bolus is seen as the Hartman
number rises, indicating that a more powerful magnetic field slows flow through its resistive effect on flow speed. The streamlines
under cilia length variation are shown in Fig. 10 (a,b). When the ciliary length is increased, the resulting boluses are smaller, sug-
gesting that the larger cilia exert more force on the fluid particles, leading to a higher flow rate.

5. Conclusions

The system of non-linear coupled differential equations and boundary conditions is solved for the mixed convection case by
employing a shooting method technique with the help of the built-in numerical program “NDSolve” of the computational software
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Fig. 10. (a,b): Streamlines for &.

Mathematica. The solutions for the velocity distribution (u), the stream function, the temperature distribution, the entropy generation
number, and the Bejan number are all graphically shown. Titanium oxide, silica, and aluminum oxide all make up 2% of the ternary
nanofluid’s total solid nanoparticle volume percentage, for a total solid nanoparticle volume percentage of 6% of the base fluid. The
following are the most important takeaways from the illustrated discussion:

e Increasing the Hartmann number causes a drop in velocity in the left domain, while increasing it in the right domain.Depending on
the fluid type, the flow and velocity characteristics may change.

o The distribution of fluid velocities in the channel is highly sensitive to the cilia length parameter. This knowledge can be applied to
the development of improved cilia-based microfluidic devices.

e There is a direct correlation between the Hartman number and the temperature profile, demonstrating that the heat transfer rate is
growing with increasing the strength of the magnetic field; the flow velocity remains high with porous medium in the left domain
but is low in the right domain. Increasing the intensity of heat exchange in the flow is a result of the incorporation of ternary hybrid
particles into the base fluid.

e The heat transmission rate of the hybrid nanofluid is lower than that of pure blood, which may be attributable to the hybrid
nanofluid’s increased complexity. The flow heats up because of the porosity.

e Ciliary length, however, is intended to mitigate the impacts of irreversibility; this is in contrast to the Hartman number and porosity
factor, which generate the system entropy and Bejan number.

e The length of the cilia has an opposing effect on the number and size of trapping boluses when a magnetic field is present.

6. Future directions

e Explore the impact of various operating conditions on ciliary flow and entropy formation with in-depth parametric analyses. This
can be done by investigating the effects of a broader range of Hartman numbers, trying out other nanofluid properties, or taking
into account alternative geometries and boundary conditions.

e The current mathematical model should be expanded so that it can account for a wider range of physical occurrences. Examples of
such research include examining the behavior of ciliary systems in non-Newtonian fluids with complicated rheological properties,
including the impacts of fluid-solid interactions, and considering the impact of microscale fluid dynamics.
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