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RBF; mass transfer characteristics alongside the swimming behavior of bacteria. The no, ofjthis research
lies in the first-time analysis of nanoparticle shape impacts on bioconvectio asgpomplex curved
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Curve fitting. governing equations. Curve fitting is also employed to model the av sselt and Sherwood

numbers as functions of nanoparticle shape and physical parametep§l The®fesults indicate that as
Rayleigh number increases, spherical particles yield the highest increase ineat transfer rate by 313.6%,
while platelet-shaped particles reduce the mass transfer rate by 31.6 eclet numbers enhances the
average density of bacteria for spherical nanoparticles by 14%%5%. As’the amplitude of the wavy wall

geometry, combined with the application of the radial basis function method g& e nondimensional
h

rises, the improvement in all average transport ratesgbec ore pronounced for platelet-shaped
nanoparticles compared to other. By providing a high-accuracypredictive framework with a small mean
squared error, this study establishes a practicle road@ngineers to select optimal particle shapes

for bio-microfluidic design. N
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e  The impact of nanoparticle shape on heat and mass transfer oﬂpg%e-water nanofluid flow is analyzed in a curved cavity filled

by magnetotactic bacteria for the first time.

e  RBF method is implemented to solve the governing efu. ot different values of physical parameters.

e  Curve fitting method is firstly employed for modeling the average Nusselt and Sherwood numbers.

e  Fitting functions of the average Nusselt and Sherwood numbers are obtained in terms of nanoparticle shape and each physical
parameter.
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1. Introduction

Nanofluids composed of the %@ and nanoparticles are used in the heat and mass transfer problems due to the variety of
tr

applications such as cooling devices, microelectronic devices, drug delivery systems, solar panels, etc. Choi [1] first
conducted the theoretical the improvement of thermal conductivity (tc) of fluid including copper nanoparticles.
Gumgum and Tezer-Sez mplemented the dual reciprocity boundary element method (DRBEM) to the natural convection
ion of Rayleigh number (Ra), volume fraction (vf). It is reported that the augmentation of vf

flow of nanofluid fo@v
enhances the he@3 . Jalili et al. [3] conducted an experimental investigation on the performance of refrigeration cycles
ot

using carbon n e (CNT) nanoparticles. Their results revealed that increasing the concentration of CNT particles
significantly/e es the temperature gradient between the evaporator entry and discharge compared to pure water. In [4],
Lattice Bol n method is applied to investigate nanofluid hydrothermal treatment in a cubic cavity in the presence of
. The influences of distinct nanoparticles and aspect ratio (ar) of the enclosure are investigated on the natural
ion‘n [5]. It is observed that the heat transfer enhances as ar decreases. Sheikholeslami [6,7] anlayzed the Lorentz force
nanofluid in different regions of porous enclosures. Sayyou et al. [8] examined the convective flow of Cu-water in an
inclined cavity with gravitational modulation. It is presented that the amplitude of gravity develops the heat transfer. In [9], the
mixed convection of A1203-Cu/water hybrid nanofluid is conducted over a permeable vertical plate influenced by magnetic and
radiation parameters. Their findings emphasize that optimizing nanoparticle concentration volume is crucial for maintaining flow
stability and maximizing thermal performance in magnetohydrodynamic systems. Li et al. [10] explored the transient thermal
behavior and entropy generation of a similar hybrid nanofluid within a square finned cavity containing a cylindrical obstruction.
It is reported that increasing the Richardson number at various Reynolds numbers expands the temperature distribution and
enhances both horizontal and vertical velocities. Hajizadeh et al. [11] explored the potential of hybrid nanofluids within a non-
Newtonian Maxwellian model, focusing on thermal management in specialized curved channels. It is demonstrated that the
integration of both single and multi-layered CNTs into engine oil-based nanofluids offers substantial potential for improving
thermal exchange performance. A comprehensive review conducted by Khalatbari et al. [12] assesses the recent advancements
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in hybrid nanofluids, providing unique insights into their thermophysical properties through both experimental measurements
and diverse numerical approaches such as FEM and Akbari—-Ganji method (AGM). In [13], Python programming is used to
explore the influence of magnetic field strength on a two-dimensional squeezing nanofluid flow confined between two parallel
plates. It is shown that as the Prandtl number increases, the temperature and thermal properties of the nanofluid flow increase.
Magnetite Fe3O4 nanoparticles are used in the applications of science, technology and medicine which are drug delivery,
magnetic resonance imaging (MRI), extraction of heavy metals, biosensors [14,15]. Sheikholeslami [16] investigated the impact
of magnetic source on Fe;O4-water nanofluid by using CVFEM. It is shown that Lorentz force enhances the thickness of thermal
boundary layer. In [17], finite volume method (FVM) is implemented to free convection flow in baffle C shaped cavity filled by
magnetite-water in the presence of magnetic field. They reported that the rise in the baffle length increases the heat transfer.
Battira et al. [18] applied FVM to examine the heat transfer of magnetite-water nanofluid in the variation of Ra, vf and Hartmann
number (Ha) . It is shown that the direction of magnetic field impacts the heat transfer. Jalili et al. [19] investigated two-
dimensional ferrofluid flow within semi-porous channels under the influence of Lorentz forces. Their comparative anal)%ng
AGM and FEM demonstrated that increasing the Hartmann number suppresses velocity profiles, while the xf of @/3 icles
showed a minor impact on shear stress. In [20], the MWCNT-Fe3;O4-water hybrid nanofluid is considered imya micro-
channel under the impact of the magnetic field. The wavy of the channel is classified as uniform, increasi M decreasing
amplitudes. It is noted that increasing amplitude channel improves the heat transfer.
Nanoparticle shape has an important impact on the heat transfer. Timofeeva et al. [21] analyzed the influchec of nanoparticle
shape on the thermal conductivity and viscosity of alumina-EG/water nanofluid. They reported t @sity depends on the
shape and surface properties of nanoparticles. Selimefendigil et al. [22] reported that Nu attaifis &n m value for cylindrical
shape of SiO,-water nanofluid in a cavity with flexible wall containing cylinder. In [23,24], the@mpact of different nanoparticle
shapes of Fe304-H,O and CuO-H,O in the permeable cavity subjected to magnetic source and uniform magnetic field are
analyzed, respectively. The highest heat transfer is obtained for platelet shape of nanop in both studies. Sheikholeslami et
al. [25] found the same impact of platelet on the heat transfer in the porous curved gavi led by Fes;Os-water. The entropy
icle shapes of Al,Os-water nanofluid in
ied the impacts of vf and the shape of the
Id. They reported that the lamina shaped

generation of MHD flow over a stretching sheet is investigated for different n.

[26]. The entropy production on the cold side is more for Os shape. Kim et al.

nanoparticle on the different types of nanofluids subjected to the magngtic

nanoparticle enhances the heat transfer more than the other nanoparticle @i
1

ed to

P

ol for analyzing nanofluid systems. In [28], both
predict the viscosity of MgO-water nanofluid in

The integration of machine learning techniques has emerged as a fowe
the artificial neural network (ANN) and surface method are implen%
ur

terms of vf of nanoparticles, temperatures, and shear rates. Fittin aces for different vfs are presented and the absolute error
of fitting method is obtained 0.0206. He et al. [29] obtain of kyyof ZnO-Ag nanofluids by using ANN. They showed
that surface fitted on the experimental data and calcula ute error. The surface fitting function of k, of EG/MWCNT-

Al1203-water hybrid nanofluid is obtained in terms of vf andydemiperature of the nanofluid by Fuxi et al. [30]. Rostami et al. [31]
predicted &,y of MWCNT-CuO/water hybrid nanofluids with the use of ANN and fitting methods. In [32], ANN is employed to
predict the viscosity and tc of Fe3O4-water. In thi ss, the experimental dataset is obtained for the variation of temperature
and vf. Chari et al. [33] investigated the combi ffects of MHD convection, Joule heating, and radiation on hybrid nanofluid
flow within a porous medium between rot isk§” By employing AGM to solve the transformed nonlinear governing
equations, they provided a detailed senSitivity andlysis through ANOVA. Their findings highlighted that the temperature profile
is enhanced by magnetic field strengt ile the Sherwood number shows a positive correlation with the chemical reaction
parameter.
The bioconvection is generated b@movement of microorganisms through light, gravity, oxygen and magnetic field. Many
researchers have been studied¥he onvection problems in different geometries including oxytactic [34—37], gyrotactic [38—
42] and magnetotactic bactgsi 5]. In addition to traditional numerical solutions, machine learning algorithms have recently
been employed as a robus putational tool for analyzing bioconvectional problems. Chandra and Das [46] conducted a study
on ANN model for t timation of nanofluid flow over a stretchable vertically inclined surface containing gyrotactic bacteria.
In [47], the avera, mlt, herwood and motile microorganism numbers of the mixed bioconvection flow of nanofluid of
oxytactic bacterig thrgugh a porous cavity under the effect of periodic magnetic field is modeled using Light Gradient Boosting

Machine algofitif® Mahboobtosi et al. [48] conducted a comprehensive study on the behavior of nanofluids containing
microorgani§msgover a three-dimensional moving surface. By incorporating bioconvection and anisotropic slip effects, they
deve a predictive ANN model trained on numerical data. Kiratli et al. [49] utilized the radial basis function (RBF)

collocation /method to generate a comprehensive dataset for the NN modeling of Cu-water nanofluid flow involving oxytactic
bacteria, By numerically solving the governing equations under the influence of a magnetic source, they developed a predictive
model that achieves high accuracy with even a single hidden layer. This approach demonstrates that RBF-generated datasets can
effectively train NN to provide physical outputs such as average Nusselt and Sherwood numbers.

The aforementioned studies focused on the impact of different nanoparticle materials, volume fraction, cavity geometries,
magnetic field and bacteria on the heat transfer. Also, nanoparticle shape effect on the heat transfer of nanofluid flow is analyzed.
However, the interaction between biocovection flow generated by bacteria and nanoparticle shape has not been considered yet.
To address this research gap, the present study investigates how nanoparticle shape influences the heat and mass transfer of
bioconvection flow in a curved cavity filled by Fe3O4-water in the presence of magnetotactic bacteria. Radial basis function
approximation (RBF) method is implemented to find the numerical results of this bioconvection problem for different problem
parameters which are Rayleigh (Ra) , bioconvection Rayleigh (R,), Peclet (Pe) and Lewis (Le)numbers, nanoparticle shape

parameter (n,) and the amplitude of the wall (a). After generating numerical data, surface fitting functions of the average



3

Nusselt, Sherwood numbers are obtained in terms of ng, versus each parameter. Also, surfaces including the average number of
bacteria and the minimum value of stream function are fitted on the numerical data. In each case, mean square error (mse) is
calculated to ensure the accuracy of the model.

2. Physics of the Problem

The two-dimensional, steady natural convection flow of Fe;O4-water nanofluid including magnetotactic bacteria (MB) is
considered in a square cavity with curved top and bottom walls which is shown in Fig. 2. Natural convection arises from the left
hot wall from the right cold wall. The adiabatic top and bottom walls are constructed by

Y, (x) =1+ asin(zx),x €[0,1]

Y, (X) = —asin(zx), x € [0,1],
where a is the amplitude of the wall. Bioconvection is obtained from the movement of the MB.

Buoyancy effect is included by Boussinessq approximation due to the temperature difference and density, wh11e the J %ng,
the radiation, Thermophoresis and Brownian motion effects, and the viscous dissipation are neglected.

M

P =L=P)p; +dp,, 2

(PC,)w = A= P)(pC,); +B(oC,)., & 3)
(0B) s = A=) pB); +d(pB),. x 4
k

o = (pcm) . ¢ ,\(b ©)

I(nf ks + (nsh _1)kf + (nsh _1)¢(ks - kf

E ) ks + (nsh _1)kf + (nsh _1)¢(k ks ’ (6)

A single phase model for Fe;Os-water nanofluid is used and the physical properties are stated as [50] &’

where subindices #f, f, s denote the nanofluid, fluid and solid, regpec@ p 1s the density, 4 is the thermal expansion
v

coefficient, ¢, is the specific heat, « is the thermal diffusivity, ¢ ist fand k,yris the nanofluid tc which is given in [51].

ng 1s empirical shape factor of nanoparticle. The dynamic VlSCO noﬂuld 4, which is modeled by [21,52], is provided
as
u@=¢)**  if n, =3 (Spherical) ™
")y, A+Cp+Cp*)  otherwise
where C; and C; are constants stated in Table 1. T physical properties of water and Fe3Oj4 are tabulated in Table 2.
Based on the above information, this problé@del by the dimensional equations given in [43,53,54].
Continuity Equation'
au 0 (®)
Momentu
u . 190
v ©
o ! ’ 1 apv i(yApn,_(f)ﬂ)nf(T'_Tt:))ﬂki(F)s_/)I‘)ﬂs(cl_cmin)
Q 6)( ay pnf ay pnf pnf
nergy Equation:
a, VT =u' T v (10)
ox' oy’
Nanoparticle Concentration Equation:
D,V:C' =u € v o _+ o0’ (an
The Number of Microorganism Equation:
12
- v'n'+ - =0 (12)

B (u,n, bW, oC’ 6n'j+ O [y oW oc o an
6X/ AC/ axr n 6X/ ayr AC/ ay/ n ayr



4

In these equations, v is the kinematic viscosity, u',v'are the velocity components, p’ is the pressure, g is the gravitational
acceleration, y is the mean volume of microorganism, D, is the diffusivity of nanoparticle concentration, # is the density/number
of bacteria, W, is the maximum cell swimming speed, b is the chemotaxis constant, D, is the diffusivity of microorganism, 7" is
the temperature, C'is the concentration, &n’ is the Fe;O4 consumption by the bacteria, AC'=C, —C,;, and Ap=p, — py-

The non-dimensional transformation parameters are introduced as [55]

1 L L? T-T C'-C._ n’
Xy)=—(x,y), (uv)=—(@U'V), p= L T= ¢, C=—""0 N, =—, 13
(xy) L( y), (u,v) a,( ). P pfafp AT AC . (13)

where L is the characteristic length, AT is the temperature difference between hot and cold walls, AC is the concentration

difference and ny is the reference average number of bacteria.
Using the non-dimensional parameters Eq. (13), non-dimensional Egs. (8)-(12) are obtained by (b

ML N o, (14)
ox 5')’

Vit pryzy —y M M PR ,\( (15)
Vi X Oy pyox

o ov piop (0B

Ut pryry —y Ny N 2P RaPrT +—RaPr R,N,, + NrC (16)
Vi Xy Py Y Pyb

SR E S (17)
o X oy
ERVI u§+v@+gN N (18)
Le & oy Le
iVZNm =;g(ua'\|—’"+va’\l—’")+ (N VZC X m) (19)
Le OX oy ay oy
D, Sn, L2 . . }
where y= oo D.AC N, is the number of mlcroorgamsw@ 1, Rayleigh, bioconvection Rayleigh, Peclet numbers,
buoyancy ratio parameter and Lewis numbers are given
ATL AC
af Vil pf:BfAT pfﬂf AT D,
. 0
Stream function (U,v) =(;; x and t tya) — —— are used to eliminate the pressure terms in the momentum

equations and the governing equatlon thls problem are acqulred by

(21)
oT ot
@T “uZ vl (22)
SvieuZ eI, (23)
< o
ivam =y Ny , Ny +E(NmV2C LM, KN, 24)
Le OX 8}/ Le aX OX 5}’ ay

O Yt pryg -y 02 4y 00 PP oo OT +ﬁRaPr(R aNm+Nr§j (25)

Vi X Oy Py X Py ox X

with n@n-dimensional boundary conditions given as [34,56]



on the left wall :

Uu=v=y=0T=1C=N,=1

on the right wall :

u=v=y=0=T,C=N_, =1

on the bottom wall :

u=v=a//=0,a =0,C=1PeN, % ﬂ
oy "oy oy

on the top wall :

0T _oC _oN,
u=v =0—=—

y ¥
The average Nusselt and the Sherwood numbers, and the average density of bacteria along the heated wall are eva 0%4

JlaT Sh:_L&dy, N, =—joa—;dy. & (26)

tial differential equations.

3. Numerical Method

The radial basis function (RBF) method is a powerful numerical technique for finding soluti
In addition to its efficiency, it is easy to implement both regular and irregular geometries [57]. rmore, it is more practical
to obtain differentiation matrices with the RBF method compared to FDM and FEM. The most important advantage of the RBF
method is its meshless nature. Unlike traditional methods like FEM or FVM, RBF doe ed a structured grid or a complex
mesh. By removing the need for mesh generation, we avoid mesh-related errors a ties. This approach provides high
accuracy and saves computational time, especially when calculating the fluid fl ll%bacterla movement near the sinusoidal
walls.

RBF method [58,59] is implemented to approximate the unknown ¢ with t RBF g(r) given as

= 3 490100~ (491, @ @

Here, Ny and N, are the discretized domain and boundary poinm tively. r= H(x y)— (% Y; )H , represents the Euclidean

norm of the field (x,y) and discretized points (x;, ;). Th€ discr form of Eq. (27) is £ =Ga, in which the dimensions of

matrix G and the vector dare (N, +N,)x(N, +N,)and (N, #N,)x1, respectively.
The partial derivatives of & acquired from the equatians Eq. (27) and the discretized form can be expressed as follows:
é X,y = Gx,yGilé: LYY = Gxx,ny%lé’ (28)

wherein the matrices G,, G, G, ,,, are obfai taking the corresponding partial derivatives of g(7).

In the current study, polyharmonic spliic RBF “g(r) =r" is employed to solve the system of Eqgs. (21)-(25) and the discretized

form can be stated as
P l//k+1 _| (29)

- KJTIHl =0, (30)

@ P - LeK)C*'=0oNy, (€2))
C i (P, —LeyK —PeR[C*"], )Ns™ —Pe(P[C*"],P, +[P,C*"],P, )N =0, (32)
( ) i prp K [t = P RaPrRT*! + 2 RaPr(R, PN + NrP,C*™), (33)
Vi Put By Pt

where\'K = ([Py],P, +[Py],P). B.=G,G™, P,=G,G™ and R =(G, +G,)G™. [, represents the diagonal matrix, & denotes the
iteratioh level. The iterative solution procedure and the sequential steps of the numerical algorithm are illustrated in Figure 3.
Nu,Sh and N, are computed utilizing the Composite Simpson's 1/3 rule for the integration.

4. Surface Fitting

Surface fitting is a mathematical process to model the relationship between a set of points in three-dimensional space (X,Y,z).
In this process, the datasets are utilized to find a smooth surface that best fits these data. The surface is formulated by z = f; (x,y)
where f is the fitting function. In this study, the cubic polynomial function

f (X Y)=a, +ax+ay+axy+a,x +ay’ +ax’y? +ax’y+axy’ +ax’ +a,y’ 34)
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is taken. In order to check the goodness of fit, the mean squared error (mse) is evaluated by

>t~ £ ()Y
mse = ':18— (35)

where S is the size of the data and z; is actual data.

5. Results

5.1. Validation and Grid Independence

To validate the accuracy of the RBF method, results of Nu and ||, are compared with the findings of [60] solved tral

convection of Al,Os -water in an enclosure by taking Ra=10° at Ha=0. Table 3 depicts that our results are in goo ent
with the results in [60].

Grid independence is also checked, and the results given in Table 4 indicate that 41x41 uniform mesh p xsfy the grid
independence. 0

5.2. Numerical Results

In this study, numerical results obtained by RBF method are presented in terms of Nu, Sh an
ranges of 10° <Ra<10°,10<R, <100,0.1<Pe<10,1<Le<10,0.1<Nr<l0<a<0.land ngy with Pr =6.8,c =1in Figures
4-5. In all these figures, results obtained by n, =3.7 and 8.6 are close to each other E&th 4, computations in Eq. (7).

d1 erent parameters in the

S
Also, the variations of physical parameters are presented in terms of contour plof§ of and N, for fixed n, =5.7 in

Figures 6-10 K

Figure 4a shows the effect of Ra and n,, on the average numbers (m,@ and ) R, =10,Pe=Nr=0.5Le=1a=0.1 y=2.
Therise in Ra enhances the heat transfer regardless of the nanoparticle sha @) the transition from a conduction-dominated
regime to a convection-dominated regime. Physically, a higher Rg, sig@a stronger buoyancy force relative to the viscous
resistance. Conversely, the increase in n, reduces the heat trans%
enhancement with the average Nuincreasing by 313.6% as P@f

characteristics, a reverse relationship is observed betwee, h. Arise in Radeclines Sh approximately 31% for each
nanoparticle shape which indicates that the effect of the b cyrdriven flow dominates over the localized geometric influences

noted that spherical particles show the highest

ases from 10° to 10°. Regarding the mass transfer

of the various nanoparticle shapes in this parameter, rangéWAs the thermal buoyancy force increases to 104, N, sharply
decreases, but a slight increase in N, is observe Ra rises 10°. In Fig. 4b, bioconvection effect generated by MB is
analyzed for different n, keeping Ra=1Q r=0.5Le=1a=0.1, y =2 The augmentation of R, diminishes Nu, but rises

S
Sh and N, for all nanoparticle shapesgPh Y buoyancy force weakens the natural convection strength, thereby reducing
the heat transfer rate. The heat transfer highest for spherical and the lowest for the platelet nanoparticle shapes at R, =10
due to the viscosity-shape interacti e contrary, mass transfer and average density of bacteria reach their maximum for
platelet-shaped particles and tSeir@mm for spherical ones. As R, reaches to 100, the influence of nanoparticle shape reduces

on these averages, since sphefi apes diminish Nu by 39.93% and enhance Sh by 40.30%. In comparison, platelet-shaped

particles result in a 29.89 @ ease in Nuand a 31.13% increase in Sh. Figure 4c depicts the influence of Pe , which is the ratio
of the velocities beca Fthe swimming cell and diffusion of MB, keeping Ra=10%,R, =10,Le=1,Nr=0.5a=0.1, y =2. Both
Pe and n, sho @ne ctfects on the temperature gradient as in the augmentation of R, and n, comparing to Fig. 4b,
where the biocou@ve interaction slightly suppresses the thermal buoyancy. The influence of Pe on the mass transfer is more

pronounced{or 2 erent nanoparticle shapes. From Pe =0.1 to Pe =0.5, Sh decreases since initial swimming motions disrupt the
conceantratio ility. However, it increases from Pe =0.5 to Pe=1 forall n, ashigher swimming speeds begin to effectively

rganisms toward the hot wall. When1<Pe<10, cylinder and platelet shapes diminish the mass transfer, whereas
enhance it which shows that the nanoparticle shapes gain an important effect on the mass transfer for1<Pe<10. The
average number of bacteria rises with an increment in Pe due to the effect of maximum swimming velocity of MB. Also, the

highest value of N, attains for spherical nanoparticles with 14245 %. In Fig. 4d, the variation of Le is examined for
Ra=10%R, =10,Pe=Nr=0.5a=0.1, y =2. The augmentation of Le improves the convective heat transfer and Nu isthe highest

for spherical shapes. The rise in Lewis number means that the diffusivity of nanoparticle decreases. For that reason, the mass
transfer lessens for any nanoparticle shape with an increment Le, as reduced particle mobility promotes a wider the
concentration boundary layer and weakens the gradient at the hot wall. However, for a fixed Le the incrementin n, improves

the mass transfer. An augmentation of Le reduces the average number of bacteria for all n,, . Compared to nanoparticle shape
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impacts, it is noted that platalet-shaped particles ( ny, =5.7) exhibit the highest changes in this comparison, with a 5.38% increase

in Nu, 19.37% decrease in Sh, and 5.44% decrease in N,

The influence of the buoyancy ratio parameter for the different nanoparticle shapes keeping
Ra=10",R =10,Pe=05le=1a=0.1y=2 in Fig. 5a. Since Nr is the ratio of buoyancy forces due to the nanoparticle
concentration and thermal circulation, the rise in Nr decelerates the heat transfer, whereas accelerates the mass transfer for any
n,, . For a fixed Nr spherical nanoparticle causes Nu to attain the highest value, while the lowest values of Sh and N, are

obtained for spherical particles. This shows that spherical particles results in higher heat transfer but lower mass transport
compared to non-spherical shapes. Figure 5b illustrates an alteration of the amplitude of the curved wall for
Ra=10",R, =10,Pe=Nr=0.5,Le =1, y = 2. The augmentation of a increases all average numbers for any nanoparticle shape
because a larger amplitude increases the surface area of the wall and creates more space for fluid circulation, which fgér he
fluid to interact more intensely with the boundaries. This geometric enhancement is particularly evident for pl ewtmed
nanoparticles, where Nu and Shincrease by 33.47% and 24.10%, respectively. On the other hand, as n,, rifes w@xed a,

the heat transfer diminishes but the mass transfer and the average number of bacteria enhance. Fig. Sc represent
x and n, for Ra=10%R,=10,Pe=Nr=05Le=1a=0.1. The increase in y , which is defined by the i

of nanoparticle concentration or decrease in the diffusivity of MB, improves the heat transfer but weaw

impacts of
of diffusivity

ass transfer. Sh

and N, riseas n, increases for a fixed

Figure 6 depicts the impact of Ra for fixed R, =10, Pe=Nr=05, Le=1 and ny=5.7 . As Rafincrcgses, the main vortex of the
flow moves to the right cold wall with an increasing magnitude because of the thermal buoyancy f9fce. Thermal boundary layers
become more distinct and thinner at the cold and hot walls as the stronger flow carrieSgheat more rapidly across the cavity.
Isoconcentration lines transition into circular patterns, and solutal boundary layers e e@he left, right and the bottom walls
with an increment in Ra. This indicates that the intensified flow pushes the nan 16les toward the boundaries. Augmentation
of Ra causes MB to move down forming a circular shape with increasing magpitu is shift is a direct result of the dragging
effect from the main flow vortex; as the fluid circulation strengthens, it domjglateSithe swimming motion of the bacteria, forcing
them to follow the primary convective path and accumulate in the lower pegions,of the cavity.

Bioconvection Rayleigh number effect is analyzed holding Ra=10*, Pe&N=0.5,Le=1and n,=5.7 in Figure 7. The rise in R,

forms a secondary vortex and squeezes the main vortex to the cold ins happens because R, represents the downward force

caused by MB. When this downward force becomes stromger,{it piishes against the main upward thermal flow, forming a
secondary circulation cell. The formation of the secondaryl v troys the convective heat transfer and causes Nu to diminish
as seen in Figure 4b. Isoconcentartion lines show the symmetri¢/behaviour, but it is observed in Figure 4b that the increment in
R, improves the mass transfer. As R, increases, MBgnove Up. This upward shift is caused by the secondary vortex lifting the

bacteria in certain regions of the cavity, overcomi ir natural tendency to settle.

Figure 8 presents the influence of Pe ﬁxil ,R, =10,Nr =0.5,Le=1and n,=5.7. As Pe rises, the secondary vortex
occurs at the left part of the cavity. Ph¥sically, Pe represents the ratio of the microorganisms' swimming speed to the fluid's
thermal diffusion. A higher Pe means gcteria are swimming faster, creating their own local current that pushes against the
main thermal flow. Because of t condary vortex, isolines of 7, C and N,, show similar behaviors to the R, case. The

interaction between the the cy and the active swimming of the bacteria disrupts the heat flow, leading to a decrease
in Nu shown in Figure 4c

In Figure 9, the variation is examlned for Ra=10*,R,=10,Pe=Nr=05 and n,=5.7. The augmentation of Le does not
show the 51gn1ﬁcant the contours of y and T. This is because Le primarily affects the rate of mass diffusion rather
than the thermal th t drives the fluid motion. Since flow has only one circulation, the isoconcentration lines move to
center of the ca 1ng a cell and the similar behavior is observed for MB.

The impact @yancy ratio parameter, which represents the relative strength of buoyancy caused by nanoparticle concentration
com ermal buoyancy, is shown in Figure 10 keeping Ra=10*,R, =10,Pe=0.5,Le=1 and n,=5.7. An increase in Nr

leads t¢ the formation of the secondary vortex. Since the magnitude of the secondary vortex is small, the contours of 7, C and
N, do Aot significantly affect with the augmentation of the buoyancy ratio. As a results, while the added buoyancy makes the
fluid spin faster, it is not yet strong enough to reshape the overall distribution of heat and particles within the cavity.

5.3. Comparison with Similar Studies
Our numerical results are compared with previous studies investigating the shape effects of Fe,O, nanoparticles. Similar to the

findings of Sheikholeslami and Shehzad [23] and Sheikholeslami et al. [25], who explored nanofluid behavior in permeable and
curved enclosures, our study confirms that the nanoparticle shape factor significantly modulates the thermal performance. They
reported that platelet-shaped nanoparticles consistently provide the maximum heat transfer enhancement due to their superior
effective thermal conductivity compared to spherical particles. While the aforementioned studies focused on porous media and
magnetic sources, the present work extends these observations to bioconvection flows involving magnetotactic bacteria. A
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notable agreement is found that non-spherical shapes (platelets) outperform spherical ones as the wall amplitude increases.
However, it is important to note that for a fixed set of physical parameters, the values of the average Nusselt number are higher
for spherical nanoparticles compared to platelet-shaped ones.

5.4. Fitting Results

A distinctive feature of the current approach is the transition from numerical simulation to predictive algebraic modeling. By
implementing the cubic surface fitting technique, the discrete numerical results are transformed into explicit mathematical

functions. In order to find the fitting functions of Nu, Sh, N, and y,, depending on each physical parameter (Ra, R,, Pe, Le)
and n, , four datasets are generated by implementing RBF method for fixed Nr=0.5,a=0.1 and x=2. In each dataset (DS)
n,, N;a and y aretakenas [3,3.7,4.9,5.7,8.6],0.5,0.1 and 2, respectively, but the ranges of the other paramete@set

by
O
DS1: N
Ra=[10%10%10",10°],R, =10,Pe =0.5,Le =1
DS2: (b'o

R, =[10,[25:25:100]],Ra =10*,Pe =0.5,Le =1

Ds3: ,x&
Pe=[0.1,0.5,1[2:2:10]],Ra =10*,R, =10, Le =1

DS4:

Le =[0.1,0.5,1,10],Ra =10*,R, =10, Pe = 0.5 ‘&

The obtained cubic fitting functions of Nuand Sh are found as &

f(Ra,n,,) = 0.008Ra —0.0002n, Ra +0.1146n} —0.0114n;, Q 36)

. (Ra,n,,) = 0.002Ra +0.0381n% —0.0038n3,, o

f(R,.N,) = 4.2480 —0.1091R, —0.2855n,, + 0.0161R,n,, + 0.0013R? - —0.0001n, R? —0.0013n2 R, +0.0045n,, )

fo(Ry.N,) = 0.2452 +0.0067R, +0.0142n,, —0.0007n, R, —0.0004R? 40.0912n’, +0.0001nZ R, —0.0002n3,,

f.(Pe,n,) =35811-1.1133Pe —0.1202n,, +0.1642n,,Pe + 0! —0.0408n?, +0.0009n3 Pe? —0.0117n, Pe? —0.0133n3 Pe
—0.006Pe’ +0.0052n;,, (38)

f.(Pe,ng) =0.2917 + 0.0553Pe + 0.0157n,, —0.0084n.4Pe 0.0069Pe? + 0.0004n,, Pe? + 0.0007n52|1 Pe + 0.0003P¢® — 0.0001ns3h,

f_(Le,n,)=2.3062+0.5n, —0.0035n, Le + o%— 0.1574 +0.0002n, Le? + 0.0002n2 Le — 0.0008Le* +0.012n3,, 59)

f. (Le,n,,) = 0.3303+0.0007n,, — 0.0074n, Le + 0.0004{ ¢ + 0.0036n2, +0.0004n, Le? +0.0006n2 Le —0.0004n’,.

without the need for conducting ¢ tationally intensive simulations for every parameter combination.
Figures 11-14 depict the fittingysu

represent the numerical RBF
the accuracy of the modg .
best fit scenario. This(hig

These obtained Eqs. (36)-(39) serve a! ctical tool for researchers to estimate the average Nusselt and Sherwood numbers
ép?

es of Nu, Sh, N, and y,, for n, and the other parameters. In these figures, * and °

sults and fitting values, respectively. Mean squared error is provided for each figure to quantify
observed that the numerical results are fitted on the surfaces with a small mse, which indicates a
of accuracy proves that the RBF model successfully captures the non-linear relationship between
the particle shapes®frémPspheres to platelets) and the resulting transport efficiency. Consequently, these fitting surfaces can be
used as reliable @tive tools for designing nanofluid systems without the need for further expensive simulations.

5.5. St

This s@bsection provides a case study to demonstrate how these parameters can be connected for practical engineering
applications such as in a targeted drug delivery system or a micro-bioreactor.

1. High-Efficiency Thermal Management: In applications such as electronic device cooling, maximizing the heat transfer
rate is the primary objective. The optimal operation requires a high Rayleigh number (Ra=10°) and the use of spherical
nanoparticles, which provides a 313.6% increase in thermal performance. In this scenario, the bioconvection Rayleigh
number should be kept at lower levels (R, <10) to prevent the formation of secondary vortices that suppress primary
thermal circulation.

While spherical particles provide the highest value of Nuunder fixed conditions, platelet-shaped nanoparticles show
the highest sensitivity to wall amplitude. Therefore, in a system with high geometric complexity (large a), platelets
should be preferred to enhance the heat transfer rate.
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2. Targeted Bio-Mass Transport: For biomedical applications involving magnetotactic bacteria, such as targeted drug
delivery, maximizing the mass transfer rate and bacterial density is critical. The results indicate that platelet-shaped
nanoparticles should be preferred over spherical ones, as they enhance the Sherwood number. The system should be
maintained at a high bioconvection Rayleigh number (R, = 100), Peclet number (Pe = 10) and the amplitude of the wall
(a=1I) which increases the average density of bacteria and the mass transfer rate.

3. The Integrated Roadmap: By utilizing the derived fitting functions, an operator can input the desired thermal load and
required bacterial flux to determine the necessary wall amplitude and nanoparticle shape factor.

4. Conclusions

In this study, the bioconvection flow of a magnetite—water nanofluid containing MB is numerically investigated wghin )1 curved
enclosure. The primary focus is to evaluate how nanoparticle shapes, ranging from spherical to platelet, interxh physical
parameters Ra,R,, Pe, Le, Nr, a, and y. RBF method, supported by curve fitting, provides a robust framewgflg forthis analysis.

The main findings of this research are given below:
e The impact of nanoparticle shape: Nanoparticle geometry is a primary determinant of t efficiency. While
spherical nanoparticles yield the highest heat transfer rates, platelet-shaped nanoparticlgs outperform others in mass

transfer and bacterial density. Notably, for a fixed wall amplitude (a=0.1), platelet sh demonstrate a 33.47%

increase in Nuand a 24.10% increase in Sh, highlighting their superior sensitivity to sufféice curvature.
e The impact of Rayleigh and Bioconvection numbers: The intensification of the buoyancy ( Ra) significantly boosts
heat transfer; for spherical particles, an increase in Ra leads to a 313. 43% u. Conversely, increasing R, from

10 to 50 creates a secondary vortex that opposes the primary flow. This &f{e nce reduces heat transfer but improves
the average density of bacteria for all shapes, with platelets showin significant accumulation.

e The impact of Peclet number: Peclet number plays a dominant rol@wroorganism distribution, where the average
bacterial density for spherical shapes is enhanced by, 14245% Pe increases. Platelet and cylinder-shaped

nanoparticles diminish the mass transfer rate, but other sha ces it for 1<Pe<10.
e The impact of Lewis number: Higher Le values lead t se in Sh but increase in Nu for each particle.
e  Curve fitting: The study confirms that the RBF med with curve fitting, is a highly precise predictive tool.
The numerical results are fitted to surfaces wit l mse, proving that the model can reliably forecast transport
coefficients across the entire range of nanoparticle es and physical parameters.
The findings of this study offer significant insights i e design of bio-microfluidic devices. Specifically, the high heat transfer

platelet-shaped nanoparticles are more effec ma8s transfer applications, such as targeted drug delivery systems utilizing
magnetotactic bacteria. These results cAn guide Sfgineers in selecting optimal nanoparticle shapes to control thermal and solutal
gradients in curved-geometry micro-ghannels. Furthermore, the developed surface fitting models offer a computationally
efficient alternative for predicting syst@m behavior without the need for exhaustive numerical simulations. Future research could
extend this model to unsteady flow eongditions or examine the influence of variable magnetic field orientations to further enhance

the control over bacterial mo chsdnd heat distribution. Additionally, integrating artificial neural network (ANN) models to
predict complex interactionssi rid nanofluids.
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1. Initialization:
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Compute unknown boundary values using &**' = Py*! — Pyt

}

7. Solve Vorticity Equation: Compute o'+,

}
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Table 1. Coefficients C; and C: corresponding to the different shape of nanoparticles [21].

Brick Cylinder Platelet Blade
Rsh 3.7 4.9 5.7 8.6
Cr 1.9 13.15 37.1 14.6
C: 471.4 904.4 612.6 1233

Table 2. Thermophysical properties of water and Fe3O4 [43].

Property Water Fe304
p (kg /m®) 997.1 5200
¢, [J/(kgK)] 4179 670 (b
k W / (mK)] 0.613 6 ° O
Ax10° (1/K) 21 13

Table 3. Validation with Ghasemi et al. [60].

Ghasemi et al. [60] Cu St
¢ 174" Nu 74 Nu
0.02 11.313 4.820 11.309 4.752
0.04 11.561 4.896 bl.56 4.834

.

Table 4. Grid Independence for Ra=10* R, =10, L?,P‘ r=a=01n,=3.7.

NxN Wi UU Sh
31x31 -3.574 . 0.381
41x41 -3.601 218 0.367

1

51x51 -3.613 121 0.359

Biographies

(2012) and Ph.D. (2017) degrees in Mathematics from the Middle East Technical
ant Professor in the Department of Mathematics at TED University. Her research
focuses on applied mathematic 1cal analysis, and computational fluid dynamics, with particular emphasis on
magnetohydrodynamic (MH @tokes flows, bioconvection phenomena, and heat—mass transfer problems.

@

Merve Gurbuz-Caldag received her
University, Turkey. She is currently a;

O



