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Abstract

The laminar bioconvection flow of a nanofluid in a
convergent/divergent channel is computationally
analyzed. The channel features impervious,
adiabatic walls. A physics-based model couples
the mass, momentum, and energy conservation
equations. A thermal-hydraulic and entropy
production analysis is performed using the first and
second laws of thermodynamics to identify ideal
parameters that maximize thermal performance
while minimizing system irreversibility. Fluid
flow, heat-mass transfer, motile microorganism
density, and system entropy are investigated as
functions of the channel angle. The governing
equations are reduced via scaling and solved
numerically using the Keller-Box method. Results
indicate that higher Reynolds numbers and
cross-viscosity reduce frictional drag, while motile
density decreases with the Péclet number. Heat and
mass transfer rates decline with increased Brownian
motion, whereas thermophoresis shows opposing
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effects. Nanoparticle diffusion mitigates channel
overheating, aiding thermal cooling.  System
irreversibilities dominate in narrower sections, and
entropy generation near the wall increases with
thermophoresis.

Keywords: non-Newtonian fluid, converging/diverging
flow, frictional drag, thermodynamic analysis, keller-Box
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1 Introduction

Fluid flow through non-uniform cross sectional
topologies such as pipe flow with different cross
sectional inlet and outlet [1], blood flow through artery
and vien [2], flow through converging duct [3, 4] as
referred as a Jeffrey-Hamel flow. The transportation
of heat within Jeffery-Hamel flows is important in
both theorising and practising because it has various
applications, especially in both metal and plastic sheet
production technologies. From the perspective of
hydrodynamics, Jeffery [22] analysed this flow for
the first time in 1915, and Hamel [18] explored this
subsequently in 1917. Due to their chramendous work,
the flow via non-uniform morphologies was named as
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Jeffrey-Hamel flow. The problem has exact solution
in case of viscous fluid. This exact solution can be
used as a benchmark for validity of Navier-Stokes
equation [6]. However, due to nonlinearities of
stress strain relation in case of non-Newtonian and
viscoelastic models the exact solution is challenging.
Thus, the numerical approach might be used to test the
credibility of a rheological model (models that offer
fundamental equations that connect the stress tensor
to the rate of strain tensor). It is important to noted
that many manufacturing and physiological liquids,
such as aqueous suspended substances, polymers,
sludge, fluid emulsion blood [8], etc. The analysis of
Jeffery-Hamel flow is essential for investigating blood
flow through arteries, nozzle flow, and its applications
in biochemical and engineering sciences [23]. The
Jeffery-Hamel flow within converging-diverging
conduits is important for both non-Newtonian as
well as Newtonian fluids and is fully addressed in
literature, such as Bejan et al. [7], Banerjee et al. [5],
Sheikholeslami et al. [52] and Garimella et al. [16].
Typically, a similarity transformation mechanism is
employed to solve the Jeffery-Hamel flow problem,
yielding a third order nonlinear differential equation.
This equation is easily solved using numerical
approaches, especially for the flow of non-Newtonian
liquids, for which exact solutions are not always
available. Several investigators have discussed the
Jeffrey-Hamel flow and heat transport mechanism
of viscous, NF, rheological and viscoelastic model
considering different physical [11-13, 17].

The study of rheological liquids has gotten
significant interest in clinical trials and other
technological endeavors in recent years.  The
curiosity is growing because of its uses in mechanical
engineering, industry, and science. It is challenging
to stipulate because of its complicated nature
and interactions with non-Newtonian fluids [9].
Non-Newtonian fluids are prevalent in many fields
of science and engineering [19]. There is a complex
connection among stress as well as deformation rate
in non-Newtonian fluids [28]. This class includes
various fluid models such as power law fluid, Prandtl
fluid, Carreau fluid, Casson fluid, Williamson fluid,
and Powell- Eyring fluid. Powell et al. [36] studied the
exponentially cumulative flow on mild stress in the
transport of clay, grease, and pigments. Their velocity
approaching monotonically with stress at elevated
stress rates. The flow mechanism under discussion
in this work is the Eyring-Powell (EP) fluid. The
boundary layer flow characteristic of EP fluid
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drives researchers in non-Newtonian fluids due
to its importance in engineering and technological
applications. Abegunrin et al. [1] investigated the
EP fluid with a catalytic chemical reaction flowing
over a parabolic sheet. They determined that the flow
of fluid declared an increase in velocity. Upreti et
al. [20] employed the Darcy-Forchheimer medium
to examine the heat sink and source for the NF
flow flowing on the elastic plate. Kumar et al. [27]
established a model to analyze the flow behavior of
EP fluid moving among two spinning cylinders, and
the find that the EP fluid caused the upsurges in flow
velocity. Salawu et al. [46] investigated the energy
exploration phenomena of a EP fluid with varying
thermal conductivity on a porous material. Tadesse et
al. [53] examined the Darcy-Forchheimer permeability
surface for the flow of ferrofluid moving over the
heated stretchable surface and discovered that both
inertia and porosity coefficients increase flow stability.
Nazeer et al. [33] provide the computational depiction
of energy estimation of EP NF moving across a flexible
Riga plate. Chu et al. [13] investigated numerical
solution for the flow of EP fluid across a magnetised
stretchable Riga plate using the pseudo-spectral
collocation approach. Nazeer et al. [34] examined
the constant and variable viscosity of EP fluid while
flowing through a pipe. They provide numerical
and exact solution using the Keller-Box scheme and
perturbation method. Jalili et al. [21] presented
a non-Newtonian fluid problem and performed a
thermal analysis on the stretching surface.

In thermodynamic engineering, an entropy
optimization is an indicator of energy loss in any closed
system. The entropy optimization method is employed
for determining an extent of irreversibility. Thermal
engineering equipment generate irreversibility
and entropy is used as gauge to quantify the
loss of energy [14]. It is employed in thermal
engineering as a quantitative measure of the
ultimate state irreversibility. Entropy generation in
thermal engineering can help in optimizing thermal
performance, evaluating improved remedies, and
reducing wasted effort [24]. Using a reduction
method of entropy generation, one can increase
the productivity of a thermal engineering system
and identify new ways to reduce the aggregate
of effort that is lost. The technique was recently
used in an exertion to develop NF-based thermal
systems [25]. The entropy production method is used
in the advance of developing standards for testing
the efficiency of thermal engineering devices [26].



ICJK

International Journal of Thermo-Fluid Systems and Sustainable Energy

Bejan [7] developed the entropy generation number
(Bejan Number) using second law of thermodynamics
that interoperate for many challenges linked to
convection. Kumar et al. [27] present a systematic
assessment of entropy formation in NF flow. Shaw et
al. [50] investigated the impact of shape, viscosity and
interfacial cover modifications on the entropy-elevated
flow of CNTs NF via a thin needle. The interface
layer and morphology effects were computationally
analyzed for the entropy enhanced Darcy Forchheimer
electromagnetic flow of CNTs mixed with water as
the base fluid to form NF in a work conducted by
Nayak et al. [32]. Mandal et al. [30] investigate the
entropy generation of MHD bioconvective flow of
Maxwell NF comprised of gyrotactic microorganisms
flowing across a radiative inclined stretchable cylinder
in this study. Adesanya et al. [2] investigates the
intrinsic irreversibility of the thin film flow of an
incompressible viscous, pair-stress fluid down an
inclined, heated conduit with an adiabatic free surface.

It is evident from the previously mentioned literature
that no research has been done on the system
entropy and thermal cooling of the convergent and
divergent channel for the bioconvection flow of
Reiner-Rivlin NF [15]. The originality of this study
lies in the first-ever coupled thermal-hydraulic,
entropy, and bioconvection analysis of a Reiner-Rivlin
non-Newtonian NF in a converging/diverging
Jeffery—-Hamel channel [10], incorporating motile

microorganisms, radiative heat transfer, and
double-diffusion effects simultaneously. =~ While
prior works have examined NF or entropy

generation in similar geometries [29], none has
integrated the Reiner-Rivlin rheological model with
bioconvection within a unified thermodynamic
optimization framework. This research fills the gap in
understanding how cross-viscosity, Brownian motion,
thermophoresis, and microbial transport interact to
influence thermal performance and irreversibility,
providing new design insights for advanced cooling
systems and bio-microfluidic devices. In order to solve
the problem numerically, we apply the Keller-Box
method. The results of the computations itself are
presented after the argument and visual depiction of
the deductions drawn from the computations. The
frictional drag, heat-mass transport and entropy is
reviewed in case of convergent and divergent section.
It is interesting to see that the solution obtained
here match the solutions seems to be reliable with
experimental outcomes [31-33].

2 Problem description and fundamental flow
assumptions

Consider an incompressible, time-independent and
laminar flow of Reiner-Rivlin nanofluid between
inclined planes. The planes are intersecting at » = 0
with a channel width of 2a. It is assumed that the flow
originates from a source located at the junction of two
planes and propagates in radial direction. Therefore,
the velocity field is assumed radial V = v, (r, §) with no
changes in the tangential direction vg(r, §) (Figure 1).

Figure 1. Illustration of the physical problem.

The presence of motile microbes within the nanofluid
produces bioconvection. Since the motion of these
microbes is vital in maintaining the nanoparticle
floating, it is believed that the nanoparticle
concentration in the base fluid will be diluted
to prevent it from interfering with the mobility of the
microbes. Furthermore, as Buongiorno discusses, the
mobility of these nanomaterials causes two essential
effects: thermophoresis and Brownian motion. As a
result, the existence of these two forces is taken into
account in order to achieve realistic results.

The walls of the channel are adiabatic with no slip
and exhibit constant wall conditions, i.e., the fluid
velocity, temperature, concentration and concentration
of microorganism at the wall edges are assumed to
be Uy, T,,Cy and N,,. The base fluid is considered
to be Reiner-Rivlin fluid, and the nanoparticles
are immersed in the base fluid, assuming that the
nanofluid remains stable, does not allow clumping
in the fluid, and microbes remain alive. The floating
direction of microbes is unaffected by nanoparticles.
Considering that the base fluid and nanomaterials are
in local thermal equilibrium, and that the velocity of
the base fluid, nanoparticles, and motile microbes is
the same.

3 Balance Equations

The continuity balance is governed by:

div(psV) =0, (1)
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where div is the divergence operator. Here, p; is the

nanomaterial density and V is the corresponding flow
field.

The momentum balance is governed by [34]:

ps(V-VV)=divT. (2)
where T is the Cauchy stress tensor of Reiner-Rivlin
fluid. Mathematically,

T:—pI+0'ij. (3)
where o is the extra stress tensor, pl is the
undetermined part of stresses, in which p is the
pressure and I is the unit tensor.

The mathematical expression for extra stress tensor o;;
is defined as [35]:

(4)

Here, €;; is the deformation tensor, ;1y and p. are
dynamic and cross viscosity.

Oij = [Lf€ij + [Lc€ik€kj-

In simpler notation o;; can be written as [36]:
oij = A1+ pe(A1Ag), (5)

where A is the first Rivlin—Erickson tensor.

1 - -
A= 5(VV+ vvT). (6)

The balance of momentum and continuity for this flow
problem take the following form [37, 38]:

v, _ Op +i
or ) T pror
0 10 T — The
(e + g+ )
= 0’

10 10 )

= Y2 e _ -9
<r2 o Tr0) + 89<T99>> rog O
d(rvy) _o. (9)

The components of stress tensor in notation:

ov,
Trr = —P+Hf <2 @T)

(R
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Ty =Ty = 1453 < 90 >
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The momentum equation in the view of velocity field
and components of Cauchy stress tensor takes the
following form:
( 01},«) dp  py (521),« 181/7« 1 9%v, )
Ur = - + — - -
or por o2 T i ar TR g2
+ He |g 8UT d%v, A &%, ov,
or or? r2 oroo o0
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o0 ) or2  r \ Or 00
4v, [ Ov, 2 4u, [ Ov, 0%,
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2v, [ Ov, 2
+ r2 ( 00 >

With corresponding Dirichlet and a von Neumann
boundary condition at the central region and wall
interface are governed by:

(14)

vr
00
v, = 0 : Near the wall edges.

vy = Uy, = 0: In the middle section.

(15)

The energy equation is another name for the principle
of energy balance model. A channel flow energy
balance or energy conservation is represented in terms
of heat transfer to or from frictional heating, radiative
heat transport, double diffusion of nanomaterial and
mechanical heat transfer. The energy balance for a
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channel flow can be stated as follows when different
heat transfer sources are considered [39, 40]:

('Ocp)f(v VT) = kVT -V -Q, +0ij - vV

+ (pep)p (Db(VC -VT) + ;)t(VT)2> .

o0

(16)

where Q, is the radiative heat source. Using Rosseland
approximation [41]:

__ 40* 9T*
Qryrad = — T or
140* OT*

qavrad = _7’ k* 00

Qr:

where £* and o* represent the absorption coefficient
and Stefan-Boltzmann constant.

Using Eq. (13), and viscous dissipation term, the
energy balance equation takes the following form:
160*T3, 1 a2T)

OT\ (|, 16°TL\ (107 T 10T
or ) T 3k*(pep)s ) \r Or  Or2 = r? 902
2 2
Hf ov, 1 /0w,
4 J—
+<pcp>f( (a) e (ae
3 2
He 8@7« 3 (%r 61}T
42 B Zor
) ( 0) *rz(w) <a

!
20, (v, \? (pcp)p oroc 190TroC
*ﬁaﬁ)ﬂwﬂmbw*ﬂwﬁ
Di |(9T\* 1 (9T\
Ty, T r2 \ 00 '
(17)

In addition, equation of volumetric concentration of
nanomaterial can be written as:

Ur or ]~ " \roar T arz T 12 9p2
(18)
b (17 2T 10T
Ty \7rOr  Or2 2902 )"

The conservation equation for motile microorganisms
is governed as [42]:

(V-VN) = —div(bW,VN - VC — Dy;VN). (19)

In the view of velocity field the Eq. (17) takes the form:

”’"ar — Mo

W <8N e

WN+lWN
or2  r2 962 (20)
1 ON 80)

c. \oror "1200 o0

Subject to the following conditions at the boundaries:

or _ aC AN

0 - % 90 =% B =0

0 06

in the middle section.

=T, C=C, N=N, nearthewalledges.

(21)

Here, D); is microorganism diffusivity, b is the
chemotaxis constant (m), W, designates the highest
speed (m/s) of swimming cells, while the product
bW, is constant, V = (bAV‘éc) VC denotes the
average swimming velocity vector of the oxytactic
microorganisms. Dp and Dr are the Brownian
and thermophoretic diffusion coefficients. (pcp)ns
and (pcp), are the heat capacitance of nanofluid and
nanoparticles, respectively.

Introducing rescaling variables [43, 44]:

0 0
f(’r]):F( )7 7]:—7 @:1’
rU a Tw
(22)
_C 4N
Ql)_cw’ B_Nw‘

Employing rescaling variables Eq. (20) in governing
equations Eq. (10), (11), (15), (16) and (18), we have:

(f"+40? f")+20Re f f'+8(2f f"—4[ f'=240 f ') = 0,
(23)
(1+Nr)0” 4 o?PrEc (' + 4a>f?)

+ Pr(Nyy'® + Ny©”%) + 6Ec (4o’ f* — 5 f) = 0,

(24)
" & "n__
w+Mp_n, (25)
B" —PeSb (¢/B) = 0. (26)
Boundary conditions in dimensionless form:
=1, f'=0, =0,
Ji f, (27)
W=0, =0 atyn=0,
f=0, ©6=1, =1, =1 atn=1. (28)
The modelled momentum equation reduces to the
Jeffery—-Hamel problem by taking 6 = 0, leading
to [45]:
(f" +40%f") + 2aRe ff' = 0. (29)

The dimensionless variables associated with equations:

2
5— w0 . Re— arU’
pfr vy
Hfcp u?
Pr=—= Ec= ,
Ky (cp)f(Tw — Tin)
Ny = PelCo=Cm)  \ DulTw = Tm)
V¢ Vme
bW, vy
Pe = Sb = .
€T Cu’ Dt
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Wall coefficients due to fluid friction, heat transport,

mass transport and motile density function:

0rg Tqw
Cp = . Nu=— :
pr2 k’fTw <30>
Sh — _ er N —_ _ ,qu
DyC,’ Dy Ny~

where

18u n 23u ou L2
“Hr\ae) TH\ Va0 ) \or
1 160*T3 oT
ki | gt ()
! 90 ) ,_

r [ 8k (o)

oC
qm = _DB <80)9_a7

aN =

% (5))

Guw =

(31)

The dimensionless form of physical quantities:

Cr = o (P + A QI 0) ~ F)F))

LasNnen),

(32)

4 System irreversibilities

generation)

(Entropy

The energy loss mechanism within channel is
measured using second law of thermodynamic. Here,
the system irreversibilities arises due to frictional
heating between channel surface and fluid contact,
heat loss due to conduction, energy loss due to
cooling mechanism of nanomaterial diffusion and
motile microorganism.

The total volumetric entropy is the sum of energy
transport, frictional heating and mass transport is
governed by the following mathematical relation [2,

88

46, 47]:
N. _ﬂ IGU*T‘; 107T+()27T+i02l
gen T3 3k*(pep) ¢ ror  Or2 1?2002

n 1 4 v, \ 2 N 1 (Ov 2
Ty ks or r2 \ 90

n Lhe 4 vy 3 n 3 v, 2 Gzr 21)T
(pcp) s or r2 \ 90 r T

()Lr

()

RDp (9T9C | 10TOCY | RDy ((90\* 1 (90
To or Or 1200 00 Co or r2 d
BDu (LON | LOTONY , i fLl(oN
To or Or 1200 00 72

(33)

The total entropy generation can be decomposed as:

NT,gen = NH,gen + NV,gen + NM,gen- (34)
In view of dimensionless variables, we have:
B TQOéQNT,gen
G = ks
= a’(1+Nr)©”(n) +Br ((f' +4a°f%)  (35)
+0(40”f2 = 572 f)) + L1(¢/6' + ©)
+ LQ(w/ﬁ/ + 5/2)7
where
T + Tj
Br = PrEc, Cj= w, T, = +2 W
D D N;
lem’ L2:R MITW
ky ky
(36)
5 Numerical solution wusing Keller-box

(finite-difference technique)

The equations under consideration are streamlined
into a set of coupled, non-linear differential equations
with suitable boundary conditions after applying the
similarity modification to the governing equations
and the boundary conditions. Finally, the Keller-Box
technique is used to solve the system of similarity
equations with boundary conditions [48]. With
variable spacing, this approach is reliable and has
second order precision. The converted differential
equations and boundary conditions are expressed in
terms of a first order system, which is then changed
to a set of finite difference equations using central
differences. The non-linear algebraic expressions
are streamlined using Newton’s method, and the
consequent linear system of equations is solved using
the block tri-diagonal elimination procedure. For the
sake of brevity, the numerical solution process is not
described in detail here. The detail solution scheme can
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be found in the following recent studies [49-51]. It is
worth noting that a uniform grid of An=0.01 provides
adequate accuracy with an error tolerance of less than
10-6. To validate the current findings, the results are
compared with Verma et al. [54] and Sari et al. [47] as
depicted in Table 1. We have an outstanding alliance
with the standards that are already recognized. By
using the Keller Box approach, this result provides
certainty of our current computations.

6 Results and discussion

In this study, the system entropy and channel cooling
mechanism have been investigated together with
several other physical quantities, comprising with
gyrotactic organisms. The Buongiorno model has
been introduced to the mathematical equations, which
take Brownian movement and the thermophoresis of
nanoparticles in fluid into account. The statistical
outcomes are scrutinized to obtain understanding of
the physical phenomena that occur inside the system
and to comprehend the presence of significant limits on
fluid flow, mass, heat, and motile microbe transmission
in order to improve the thermal efficacy of the oblique
channel.

ReC

12 o= 0.08722 radians

o= -0.08722 radians

)

Figure 2. Visualization of frictional coefficient within
oblique portion of the channel against fluid parameter 7,
keeping fixed channel width and Re=50.

The effects of manipulating factors such as cross
viscosity parameter § and Reynold number Re on
frictional coefficient of a non-Newtonian fluid along
a convergent and diverging section are anticipated

o = 0.08722 radians
o= -0.08722 radians

L ] | I I T Y ]
a 2 4 5 8 10
Re

Figure 3. Visualization of frictional coefficient within
oblique portion of the channel against inertial parameter
Re keeping fixed channel width 7=0.5.

in Figures 2 and 3, respectively. Skin friction is the
frictional drag applied by the liquid on the interface
of the channel. It quantifies the impedance to fluid
mobility along the surface. Tangential skin friction is
the frictional drag operating in the track of the flow
comparable to the channel wall. The cross viscosity
parameter is important in both circumstances for
lowering skin friction. Higher Reiner-Rivlin parameter
values increase liquid viscosity and obstruction to
flow, lowering the skin friction. The Reiner-Rivlin
parameter controls the flow performance and viscosity
of the liquid, which helps to reduce the apparent
frictional force. From both section it is evident that the
effect of frictional coefficient is higher for convergent
(narrower) section. Physically, the narrower section
produces additional force, which shrink the fluid
into a narrower exit. Thus, as a result of additional
drag within the flow regime and surface contact
the frictional coefficient decrease. It is well known
that as the Reynolds number grows, the Newtonian
fluid flow velocity profile in a diverging channel
appears narrower [54]. It is inferred that the Reynolds
number may alter the flow; in other words, as
the Reynolds number increases, the mathematical
sign of the velocity gradient at the wall tends to
fluctuate, resulting in the separation phenomena.
In a converging channel, on the other hand, when
the Reynolds number grows, the fluid constituents
accelerate [55]. The area of the velocity gradient near
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Table 1. Comparison of velocity profile f(n) with existing studies.

0 f(n) [
1= & “Verma etal. [54] Sarietal. [47] Presentstudy Error (%)
-1.0 0.00000000 0.00000000 0.000000 0.000000
-0.75 0.515827995 0.515364034 0.515357 0.000463
-0.50 0.811457376 0.811498203 0.811467 0.000004
-0.25 0.956861924 0.956869209 0.956867 0.000004
0.00 1.00000000 1.00000000 1.000000 0.000000
0.25 0.956861924 0.956869209 0.956868 0.000009
0.50 0.811457376 0.811098203 0.811098 0.000000
0.75 0.515827995 0.515364034 0.515378 0.000006
1.0 0.00000000 0.00000000 0.000000 0.000000

the wall grows as the Reynolds number increases, as
seen. As an outcome, increasing the channel half-angle
may cause the splitting behavior to occur in a diverging
channel since it reduces the velocity gradient near the
wall. In contrast, in a converging channel, the channel
half-angle accelerates the fluid elements and raises the
velocity gradient near the wall.

The Nusselt number Nu is a dimensionless physical
quantity used to calculate the rate of energy transport
in a fluid system. It offers a quantity of energy
transport efficiency. In both circumstances, the Nu
drops as the thermophoresis and Brownian motion
parameters IV, increase (Figure 4(a, b) and Figure 5(a,
b)). In the convergent section, growing the IV,
results in increased accumulation of nanomaterials
at the interface. This aggregation enhances the
energy transport from the liquid to the nanomaterials
while decreasing convective energy transport rate and
yielding a inferior Nu.

o = -0.08722 radians
— o = -0.174533 radians | 008l E
o = -0.2617 radians

\ rows\
01 B -
2 2
~024\

o = 0.08722 radians
o = 0.1745 radians
o= 0.2617 radians

0.2

L
T

L e
(a) (b)
Figure 4. Visualization of energy transport coefficient
within oblique portion of the channel (a) convergent (b)
divergent against Brownian parameter N; keeping fixed

channel width and N;=0.4, Pr=6.2, Ec=0.1, Nr=0.5, §=0.5.

An upsurge in Brownian motion enhances nanoparticle
dispersion throughout the fluid. The scattering
lowers the volumetric concentration of nanomaterials
near the interface, resulting in less energy transport
rate from liquid to nanomaterials. When Brownian

90

o= -0.08722 radians or
o= -0.174533 radians |
o= -0.2617 radians

o= 0.2617 radians
o = 0.174533 radians
o= 0.08722 radians

L L L
0 0.2 0.4 06 08 1 0.25 05 0.75

(@ (b)

Figure 5. Visualization of energy transport coefficient
within oblique portion of the channel (a) convergent (b)
divergent against thermophoresis parameter N; keeping
fixed channel width and N;,=0.4, Pr=6.2, Ec=0.1, Nr=0.5,

§=0.5.

motion increases, the convective heat transmission
and the Nu decrease. The discrepancy is caused
by a variance in thermal slopes in the flow track.
The temperature increases in the flow direction in
the convergent situation, generating advantageous
situations for convective energy transport rate and
resulting in a greater Nu. Along the divergent scenario,
the thermal profile drops along the flow direction,
resulting in less convective heat transfer and a inferior
Nu.

The thermophoretic factor simulates the mobility
of nanomaterials in a liquid due to a temperature
gradient. Strengthening the thermophoretic variable
improves nanoparticle mobility and formation
adjacent the wall. As a result, additional energy is
transported from the nanomaterials to the liquid,
enhancing convective energy transport rate as a result
the Nu decreases. Brownian motion is the random
movement of nanomaterials caused by temperature
instabilities. In the case of divergent section, greater
Brownian motion causes enhanced scattering and
diffusion of nanomaterials across the fluid. This
scattering diminishes the volumetric concentration
of nanomaterials near the surface, resulting in less
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heat transfer from the nanoparticles to the fluid. As a
result of increasing Brownian motion, convective heat
transmission and Nu drop. Thus, the use of Brownian
and thermophoretic variable can be used for channel
cooling.

The Sherwood number Sh is a dimensionless physical
quantity that describes the rate of mass transport
rate in a fluid system. It serves as an indicator of
transference of mass efficiency. A higher Sh suggests
improved mass transport rate efficiency and convective
mass transport rate. The internal temperature of
the fluid near the surface rises in the convergent
channel instance, producing a positive environment
for mass transfer. Higher heat promote the diffusion
of nanomaterials from the fluid, resulting in enhanced
mass transport rate and a larger Sh.

In the diverging scenario, the thermal profile near the
wall declined in the flow track. Because of the effect
of the thermal gradient on the concentration slope of
nanomaterials, mass transport from the wall to the
fluid is diminished. As a result, the Sherwood number
is lower in the case of divergent channel flow than in
the case of convergent channel flow.

The Sh quantity reduces as N, improve and increases
as N; increase (Figure 6 and Figure 7). Higher N,
result in higher surface temperatures, which reduces
the concentration gradient and, as a result, the
lower mass transfer rate. As the NN, is increased,
the Sh falls. The N, takes into consideration
the random movement of nanomaterials caused by
thermal variations. Increasing the N, improves
the nanomaterials dispersion throughout the fluid,
reducing their concentration near the surface. As
the concentration of nanoparticles declines, the mass
transport rate reduces, resulting in a decreased Sh.

o = -0.08722 radians
o= -0.174533 radians
o = -0.2617 radians

o = 0.08722 radians
o = 0.174533 radians
a = 0.2617 radians

- Sh
- Shg 2

ool

@ (®)

Figure 6. Visualization of mass transport coefficient within
oblique portion of the channel (a) convergent (b)
divergent against Brownian parameter N, keeping fixed
channel width and N;=0.4, Pr=6.2, Ec=0.1, Nr=0.5, §=0.5.

The  thermophoresis  parameter  represents

o= 0.08722 radians
o= 0.174533 radians
o= 0.2617 radians

o = -0.08722 radians
o = -0.174533 radians
o = -0.2617 radians

(a) (b)

Figure 7. Visualization of energy transport coefficient
within oblique portion of the channel (a) convergent (b)
divergent against thermophoresis parameter N; keeping
fixed channel width and N,=0.4, Pr=6.2, Ec=0.1, Nr=0.5,
0=0.5.

nanoparticle mobility caused by a temperature
differential. By increasing the V;, nanoparticles are
deposited at the surface, improving their contact
and mass transfer with the fluid. Thus, as the
thermophoresis parameter increases, the Sh increases
in both section.

The dimensionless microorganism transfer rate, also
known as the transformed density of microorganisms,
is a measure used to compute the transmission of
microorganisms in a fluid system. It quantifies the
density of microorganisms or concentration in a fluid
system. It allows for the judgement and investigation
of microbe performance across any systems, as
well as insights on their transit and distribution.
Higher temperatures near the surface facilitate the
development and movement of microorganisms in
the diverging instance. The increasing temperature
gradient improves fluid motion and nutrient transfer,
allowing microorganisms to move and accumulate,
resulting in a larger motile density number. In
contrast, the thermal field at the wall drops in the
flow direction in the case of a converging channel.
This temperature gradient influences microbe mobility
and transport, possibly controlling their evolution
and motion. The gradients of temperature are
less favorable for microorganisms than concentration
gradients, resulting in a minor motile density number.
Growing Peclet number values Pe reduces the density
profile of motile microorganisms (Figure 8). The
aforementioned physical parameter behavior is caused
by the fact that as microbe diffusivity decreases, the
microorganism’s speed also decreases.

The degree of entropy required for irreversible
operations is referred to as entropy creation. According
to Figure 9, larger N}, decreases the entropy production
Ng in the channel middle while increasing it further
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Figure 8. Visualization of motile density within oblique
portion of the channel (a) convergent (b) divergent against

Peclet number Pe keeping fixed channel width and N;=0.4,
Pr=6.2, Ec=0.1, Nr=0.5, §=0.5, Sb=0.5.

away from the wall. The rise in N, promotes Brownian
motion of nanoparticles. As a result, energy is
transferred to the far flow region, and the kinetic
energy of nanoparticles is enhanced. As a result,
entropy formation occurs distant from the walls.

o = -0.08722 radians
o = -0.174533 radians
o = -0.2617 radians

o= 0.08722 radians
sk o= 0.174533 radians
o= 0.2617 radians

(@) (b)
Figure 9. Visualization of entropy within oblique portion of
the channel (a) convergent (b) divergent against Brownian
parameter N, keeping fixed channel width L;=0.4, Pr=6.2,
Ec=0.1, Nr=0.5, 6=0.5, L,=0.5.

When N, is increased near the walls, the frictional
heating effect becomes more powerful in comparison
to the irreversibility of energy transfer. After a certain
distance, the energy transmission becomes more
efficient for escalating /V;,. The nanoliquid cannot freely
infiltrate due to its low permeability and high fluid
confrontation. The conduction mechanism of heat
transfer was applied in this case. The thermophoretic
force endures to generate entropy far away from the
wall of the channel by raising N; (Figure 10). By
amplifying the impact of thermophoretic diffusion,
the viscous effect outperforms the energy transport
rate affects closer to the wall. Away from the center,
however, the rising IV; is dominated by the energy
transfer influence, which disables the frictional heating
effect, resulting in an increase in Ng.
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Figure 10. Visualization of entropy within oblique portion
of the channel (a) convergent (b) divergent against

thermophoresis parameter N; keeping fixed channel width
and L;=0.4, Pr=6.2, Ec=0.1, Nr=0.5, 6=0.5, L,=0.5.

7 Conclusion

The flow of Reiner-Rivlin NF through convergent
and divergent channels in the presence of gyrotactic
organisms is the focus of this research. Various
impacts such as heat radiation and double diffusion
of nanomaterials are also considered. The system
of conventional differential equations is solved
computationally using Keller-Box method. The
objective of this article is to figure out the various
factors impact on thermal cooling and system entropy.
The frictional coefficient, Sherwood, local Nusselt, and
the density numbers are evaluated. The computational
findings are offered visually, allowing for graphical
investigation of parameter effects. The study yields
several notable conclusions, both for convergent and
divergent channel sections:

e The Reiner-Rivlin parameter controls the flow
performance and cross viscosity of the liquid,
which helps to reduce the system frictional
coeffeicent. Nearly similar trend was seen for
Reynold number.

e The frictional coefficient is higher in case of
convergent section. The narrower section produce
additional drag between the fluid flow and wall
contact.

e Increasing the Brownian motion, the convective
heat transmission and the Nusselt number
decreases.

e Strengthening the thermophoretic variable
improves the nanoparticle mobility and more
heat is transferred to the surface causing in
decrease in energy transport rate.

e The Brownian and thermophoretic variable are
favorable for thermal cooling and can be used as
remote control to adjust the channel overheating.
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e The action of Brownian and thermophoretic
variable against mass transport is opposite.

e Growing Peclet number values Pe reduces the
density profile of motile microorganisms.

e Elevated thermal profile near the surface
facilitate the development and movement of
microorganisms in the diverging instance.

e Large values of Nj, the entropy production N¢ in
the channel middle decreases, while increasing it
further away from the wall.

e Rising the thermophoretic diffusion is dominated
by the energy transfer impact, which overcomes
the frictional heating effect, resulting in an
increase in Ng.

Future research could employ experimental
environments with synthetic NF and motile
microorganisms in scaled converging-diverging
channels for testing the computational results.
The model practical relevance in advanced
thermal management and bio-microfluidic systems
would be further improved by expanding it to
three-dimensional, transient, or turbulent flows,
adding temperature-dependent features, and
investigating hybrid NF or magnetic field effects.
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