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This study investigates the influence of nanoparticle shape on the bioconvection flow of a magnetite-

water nanofluid containing magnetotactic bacteria in a curved cavity. The main aim is to examine how 

different nanoparticle shapes, which are spherical, brick, cylinder, platelet and blade, affect the heat and 

mass transfer characteristics alongside the swimming behavior of bacteria. The novelty of this research 

lies in the first-time analysis of nanoparticle shape impacts on bioconvection in a complex curved 

geometry, combined with the application of the radial basis function method to solve the nondimensional 

governing equations. Curve fitting is also employed to model the average Nusselt and Sherwood 

numbers as functions of nanoparticle shape and physical parameters. The results indicate that as 

Rayleigh number increases, spherical particles yield the highest increase in heat transfer  rate by 313.6%, 

while platelet-shaped particles reduce the mass transfer rate by 31.60%. Peclet numbers enhances the 

average density of bacteria for spherical nanoparticles by 14245%. As the amplitude of the wavy wall 

rises, the improvement in all average transport rates becomes more pronounced for platelet-shaped 

nanoparticles compared to other. By providing a high-accuracy predictive framework with a small mean 

squared error, this study establishes a practicle roadmap for engineers to select optimal particle shapes 

for bio-microfluidic design. 

 

Highlights 

• The impact of nanoparticle shape on heat and mass transfer of magnetite-water nanofluid flow is analyzed in a curved cavity filled 

by magnetotactic bacteria for the first time. 

• RBF method is implemented to solve the governing equations for different values of physical parameters. 

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

• Fitting functions of the average Nusselt and Sherwood numbers are obtained in terms of nanoparticle shape and each physical 

parameter. 

Graphical Abstract 

Graphical abstract is shown in Fig. 1. 

1. Introduction  

Nanofluids composed of the base fluid and nanoparticles are used in the heat and mass transfer problems due to the variety of 

applications such as cooling electronic devices, microelectronic devices, drug delivery systems, solar panels, etc. Choi [1] first 

conducted the theoretical study on the improvement of thermal conductivity (tc) of fluid including copper nanoparticles. 

Gumgum and Tezer-Sezgin [2] implemented the dual reciprocity boundary element method (DRBEM) to the natural convection 

flow of nanofluid for the variation of Rayleigh number ( )Ra , volume fraction (vf). It is reported that the augmentation of vf 

enhances the heat transfer. Jalili et al. [3] conducted an experimental investigation on the performance of refrigeration cycles 

using carbon nanotube (CNT) nanoparticles. Their results revealed that increasing the concentration of CNT particles 

significantly enhances the temperature gradient between the evaporator entry and discharge compared to pure water. In [4], 

Lattice Boltzmann method is applied to investigate nanofluid hydrothermal treatment in a cubic cavity in the presence of 

magnetic field. The influences of distinct nanoparticles and aspect ratio (ar) of the enclosure are investigated on the natural 

convection in [5]. It is observed that the heat transfer enhances as ar decreases. Sheikholeslami [6,7] anlayzed the Lorentz force 

impact on 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 Al2O3-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 Fe3O4-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 analysis using 

AGM and FEM  demonstrated that increasing the Hartmann number suppresses velocity profiles, while the vf of nanoparticles 

showed a minor impact on shear stress. In [20], the MWCNT-Fe3O4-water hybrid nanofluid is considered in a wavy micro-

channel under the impact of the magnetic field. The wavy of the channel is classified as uniform, increasing and 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 influence of nanoparticle 

shape on the thermal conductivity and viscosity of alumina-EG/water nanofluid. They reported that viscosity depends on the 

shape and surface properties of nanoparticles. Selimefendigil et al. [22] reported that Nu attains maximum value for cylindrical 

shape of SiO2-water nanofluid in a cavity with flexible wall containing cylinder. In [23,24], the impact of different nanoparticle 

shapes of Fe3O4-H2O and CuO-H2O 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 nanoparticle in both studies. Sheikholeslami et 

al. [25] found the same impact of platelet on the heat transfer in the porous curved cavity filled by  Fe3O4-water. The entropy 

generation of MHD flow   over a stretching sheet is investigated for different nanoparticle shapes of Al2O3-water nanofluid in 

[26]. The entropy production on the cold side is more for Os shape. Kim et al. [27] studied the impacts of vf and the shape of the 

nanoparticle on the different types of  nanofluids subjected to the magnetic field. They reported that the lamina shaped 

nanoparticle enhances the heat transfer more than the other nanoparticle shapes. 

The integration of machine learning techniques has emerged as a powerful tool for analyzing nanofluid systems. In [28], both 

the artificial neural network (ANN) and surface method are implemented to predict the viscosity of MgO-water nanofluid in 

terms of vf of nanoparticles, temperatures, and shear rates. Fitting surfaces for different vfs are presented and the absolute error 

of fitting method is obtained 0.0206. He et al. [29] obtained the model of knf of ZnO-Ag nanofluids by using ANN. They showed 

that surface fitted on the experimental data and calculated absolute error. The surface fitting function of knf of EG/MWCNT-

Al2O3-water hybrid nanofluid is obtained in terms of vf and temperature of the nanofluid by Fuxi et al. [30]. Rostami et al. [31] 

predicted knf  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 this process, the experimental dataset is obtained for the variation of temperature 

and vf. Chari et al. [33] investigated the combined effects of MHD convection, Joule heating, and radiation on hybrid nanofluid 

flow within a porous medium between rotating disks. By employing AGM to solve the transformed nonlinear governing 

equations, they provided a detailed sensitivity analysis through ANOVA. Their findings highlighted that the temperature profile 

is enhanced by magnetic field strength, while the Sherwood number shows a positive correlation with the chemical reaction 

parameter. 

The bioconvection is generated by the movement of microorganisms through light, gravity, oxygen and magnetic field. Many 

researchers have been studied the bioconvection problems in different geometries including oxytactic [34–37], gyrotactic [38–

42] and magnetotactic bacteria [43–45]. In addition to traditional numerical solutions, machine learning algorithms have recently 

been employed as a robust computational tool for analyzing bioconvectional problems. Chandra and Das [46] conducted a study 

on ANN model for the estimation of nanofluid flow over a stretchable vertically inclined surface containing gyrotactic bacteria. 

In [47], the average Nusselt, Sherwood and motile microorganism numbers of the mixed bioconvection flow of nanofluid of 

oxytactic bacteria through a porous cavity under the effect of periodic magnetic field is modeled using Light Gradient Boosting 

Machine algorithm. Mahboobtosi et al. [48] conducted a comprehensive study on the behavior of nanofluids containing 

microorganisms over a three-dimensional moving surface. By incorporating bioconvection and anisotropic slip effects, they 

developed 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 ( ) ,bR  Peclet ( )Pe and Lewis ( )Le numbers, nanoparticle shape 

parameter ( )shn  and the amplitude of the wall ( ).a  After generating numerical data, surface fitting functions of the average 
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Nusselt, Sherwood numbers are obtained in terms of nsh 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 Fe3O4-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 

     
( ) 1 sin( ), [0,1]

( ) sin( ), [0,1],

t

b

y x a x x

y x a x x





= + 

= − 
                  (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, while the Joule heating, 

the radiation, Thermophoresis and Brownian motion effects, and the viscous dissipation   are neglected.  

 

A single phase model for Fe3O4-water nanofluid is used and the physical properties are stated as [50] 

 (1 ) ,nf f s   = − +   (2) 

 ( ) (1 )( ) ( ) ,p nf p f p sc c c    = − +   (3) 

 ( ) (1 )( ) ( ) ,nf f s    = − +   (4) 
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nf

nf

p nf

k

c



=   (5) 
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f s sh f sh f s
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



+ − + − −
=

+ − + − −
  (6) 

where subindices nf, f, s denote the nanofluid, fluid and solid, respectively,    is the density,   is the thermal expansion 

coefficient, cp is the specific heat,   is the thermal diffusivity,   is the solid vf and knf is the nanofluid tc which is given in  [51]. 

nsh is empirical shape factor of nanoparticle. The dynamic viscosity of nanofluid ,nf  which is modeled by [21,52], is provided 

as  
2.5

2

1 2

(1 ) if    3   (Spherical)

(1

       

)      otherwise

f sh

nf

f

n

C C

 


  

− − =
= 
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                                                                                                                                    (7) 

where C1 and C2 are constants stated in Table 1. Thermophysical properties of water and Fe3O4 are tabulated in Table 2.  

 

Based on the above information, this problem is modeled by the dimensional equations given in [43,53,54]. 

              

                          

Continuity Equation:
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   (8) 

                          

( )

2

2

min

Momentum Equations:

1
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                          2

Energy Equation:

nf

T T
T u v

x y


  
   = +

  
   (10) 

                           2

Nanoparticle Concentration Equatio : n

c

C C
D C u v n

x y


  
    = + +

  

   (11) 

                           

The Number of Microorganism Equation: 

0c c
n n

bW C n bW C n
u n n D v n n D

x C x x y C y y

          
     + − + + − =                   

  (12) 
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In these equations,   is the kinematic viscosity, ,u v  are the velocity components, p' is the pressure, g is the gravitational 

acceleration,  is the mean volume of microorganism,
cD is the diffusivity of nanoparticle concentration, n is the density/number 

of bacteria, 
cW is the maximum cell swimming speed, b is the chemotaxis constant, 

nD is the diffusivity of microorganism, T' is 

the temperature, C' is the concentration, n  is the Fe3O4 consumption by the bacteria, 
minhC C C = −  and .cell nf   = −   

The non-dimensional transformation parameters are introduced as [55] 
2

min

2

0

1
( , ) ( , ),  ( , ) (  , ),   , ,   ,   ,c

m

f f f

L L T T C C n
x y x y u v u v p p T C N

L T C n  

  − −
    = = = = = =

 
                                                                       (13) 

where L is the characteristic length, T is the temperature difference between hot  and cold  walls, C is the concentration 

difference and  n0 is the reference average number of bacteria. 

Using the non-dimensional parameters Eq. (13), non-dimensional Eqs. (8)-(12) are obtained by 

      0,
u v

x y
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+ =

 
                               (14) 
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where  
2

0,  c

n c

D n L

D D C


 = =


.  Nm is the number of microorganisms. Prandtl, Rayleigh, bioconvection Rayleigh, Peclet numbers, 

buoyancy ratio parameter and Lewis numbers are given as [55]  
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Stream function ( , ) ,u v
y x

   
= − 

  
and the vorticity

v u

x y


 
= −

 
 are used to eliminate the pressure terms in the momentum 

equations and the governing equations of this problem are acquired by 

            2 ,  = −                                                         (21) 
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with non-dimensional boundary conditions given as [34,56]  
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on the left wall :

0, 1, 1,

on the right wall :

0 , 1,

on the bottom wall :

0, 0, 1, ,

on the top wall :

0, 0.

m

m

m
m

m

u v T C N

u v T C N

T C N
u v C PeN

y y y

T C N
u v

y y y









= = = = = =

= = = = = =
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= = = = = =

  

  
= = = = = =

  
  

The average Nusselt and the Sherwood numbers, and the average density of bacteria along the heated wall are evaluated by [34]  

1 1 1

0 0 0
 , , .

nf m
m

f

k T C N
Nu dy Sh dy N dy

k x x x

  
= − = − = −

                                                                                                                      (26)

   

3. Numerical Method 

The radial basis function (RBF) method is a powerful numerical technique for finding solutions to partial differential equations. 

In addition to its efficiency, it is easy to implement both regular and irregular geometries [57]. Furthermore, 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 does not need a structured grid or a complex 

mesh. By removing the need for mesh generation, we avoid mesh-related errors and difficulties. This approach provides high 

accuracy and saves computational time, especially when calculating the fluid flow and bacteria movement near the sinusoidal 

walls. 

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

    
1

   ( , ) (|| ( , ) ( , ) ||).
d bN N

i i i

i

x y a g x y x y
+

=

= −                 (27) 

Here,  Nd  and Nb  are the discretized domain and boundary points, respectively.   ( ) ( ) 2, ,  i ir x y x y= −  represents the Euclidean 

norm of the field ( ),x y and discretized points ( ), .i ix y The discretized form of Eq. (27) is Ga = , in which the dimensions of 

matrix   G   and the vector a are  ( ) ( )d b d bN N N N+  + and  ( ) 1d bN N+  , respectively.  

The partial derivatives of   acquired from the equations Eq. (27) and the discretized form can be expressed as follows: 

    1 1

, , , ,,       ,x y x y xx yy xx yyG G G G   − −= =                  (28) 

wherein the matrices   ,
,  ,  x y xx yy

G G G  are obtained by taking the corresponding partial derivatives of   g(r). 

In the current study, polyharmonic spline RBF  7( )g r r=  is employed to solve the system of Eqs.  (21)-(25) and the discretized 

form can be stated as 

        1 ,k k

LP + = −                                                                                                                                (29) 

                                                1 0,
nf k

L

f

P K T




+
 

− = 
 
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   (30) 

                                                ( ) 1 ,k k

L mP LeK C N+− =     (31) 

 ( )1 1 1 1 1[ ] ( [ ] [ ] ) 0, k k k k k

L L d m x d x y d y mP Le K PeP C N Pe P C P P C P N + + + + +− − − + =   (32) 

        1 1 1 1
( )

( ),
nf nf fk k k k

L x b x m x

f nf f nf

PrP K RaPrPT RaPr R P N NrP C
  


   

+ + + +
 

− = − + + 
 
 

  (33) 

where   1 1([ ] [ ] ),  ,  y d x x d y x x y yK P P P P P G G P G G  − −= + = = and  1( )L xx yyP G G G−= + .   .
d
 represents the diagonal matrix, k  denotes the 

iteration level. The iterative solution procedure and the sequential steps of the numerical algorithm are illustrated in Figure 3.  

,Nu Sh and mN 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 ( ),sfz f x y=

where  sff  is the fitting function. In this study, the cubic polynomial function 

   2 2 2 2 2 2 3 3

0 1 2 3 4 5 6 7 8 9 10( , )sff x y a a x a y a xy a x a y a x y a x y a xy a x 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 

     

2

1

( ( , ))
dS

i sf i i

i

d

z f x y

mse
S

=

−

=


                 (35) 

where  Sd is the size of the data and  zi is actual data. 

 

5. Results 

5.1. Validation and Grid Independence 

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

convection of Al2O3 -water in an enclosure by taking  Ra=105  at  Ha=0. Table 3 depicts that our results are in good agreement 

with the results in [60]. 

 

Grid independence is also checked, and the results given in Table 4 indicate that   41 41  uniform mesh points satisfy the grid 

independence. 

5.2. Numerical Results 

In this study, numerical results obtained by RBF method are presented in terms of  ,  Nu Sh and mN for different parameters in the 

ranges of  2 510 10 ,10 100,0.1 10,1 10,0.1 1,0 0.1bRa R Pe Le Nr a            and  nsh with a fixed   6.8, 1Pr = = in Figures 

4-5. In all these figures, results obtained by   
shn  =3.7  and  8.6  are close to each other due to the  

nf  computations in Eq. (7). 

Also, the variations of physical parameters are presented in terms of  contour plots of  , ,T C  and  Nm  for fixed  
shn  =5.7  in 

Figures 6-10. 

Figure 4a shows the effect of  Ra  and  
shn  on the average numbers ( ,  Nu Sh  and mN ) for  10, 0.5, 1, 0.1, 2.bR Pe Nr Le a = = = = = =

The rise in  Ra  enhances the heat transfer regardless of the nanoparticle shapes due to the transition from a conduction-dominated 

regime to a convection-dominated regime. Physically, a higher Ra  signifies a stronger buoyancy force relative to the viscous 

resistance. Conversely, the increase in 
shn  reduces the heat transfer. It is noted that spherical particles show the highest 

enhancement with the average Nu increasing by 313.6% as Ra  increases from 102  to  105. Regarding the mass transfer 

characteristics, a reverse relationship is observed between Ra  and  Sh .  A rise in Ra declines Sh  approximately 31% for each 

nanoparticle shape which indicates that the effect of the buoyancy-driven flow dominates over the localized geometric influences 

of the various nanoparticle shapes in this parameter range. As the thermal buoyancy force increases to 104,  mN  sharply 

decreases, but a slight increase in mN is observed when Ra  rises  105.  In Fig. 4b, bioconvection effect generated by MB is 

analyzed for different   
shn   keeping  410 , 0.5, 1, 0.1, 2.Ra Pe Nr Le a = = = = = = The augmentation of

bR diminishes Nu , but rises  

Sh  and mN for all nanoparticle shapes. Physically,  buoyancy force weakens the  natural convection strength, thereby reducing 

the heat transfer rate. The heat transfer is the highest for spherical and the lowest for the platelet nanoparticle shapes at   
bR  =10 

due to the viscosity-shape interaction. On the contrary, mass transfer and average density of bacteria reach their maximum for 

platelet-shaped particles and their minimum for spherical ones. As 
bR  reaches to 100, the influence of nanoparticle shape reduces 

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

particles result in a 29.89% decrease in Nu and a 31.13% increase in .Sh Figure 4c depicts the influence of  Pe , which is the ratio 

of the velocities because of the swimming cell and diffusion of MB, keeping   410 , 10, 1, 0.5, 0.1, 2.bRa R Le Nr a = = = = = =  Both  

Pe   and  
shn   show the same effects on the temperature gradient as in the augmentation of  

bR   and  
shn   comparing to Fig. 4b, 

where the bioconvective interaction slightly suppresses the thermal buoyancy. The influence of Pe  on the mass transfer is more 

pronounced for different nanoparticle shapes. From Pe =0.1 to Pe =0.5, Sh decreases since initial swimming motions disrupt the 

concentration stability. However, it increases from  Pe =0.5  to   Pe =1  for all  
shn  as higher swimming speeds begin to effectively 

pump microorganisms toward the hot wall. When1 10Pe  , cylinder and platelet shapes diminish the mass transfer, whereas 

the others enhance it which shows that the nanoparticle shapes gain an important effect on the mass transfer for1 10Pe  .  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 mN attains for spherical nanoparticles with 14245 %.  In Fig. 4d, the variation of Le  is examined for  

410 , 10, 0.5, 0.1, 2.bRa R Pe Nr a = = = = = =  The augmentation of Le  improves the convective heat transfer and  Nu   is the 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 increment in  
shn   improves 

the mass transfer. An augmentation of Le  reduces the average number of bacteria for all  
shn . Compared to nanoparticle shape 
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impacts, it is noted that platalet-shaped particles (
shn =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  mN .  

The influence of the buoyancy ratio parameter for the different nanoparticle shapes keeping 
410 , 10, 0.5, 1, 0.1, 2bRa R Pe Le a = = = = = =  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 

shn . For a fixed Nr spherical nanoparticle causes  Nu   to attain the highest value, while the lowest values of  Sh   and  mN   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
410 , 10, 0.5, 1, 2.bRa R Pe Nr Le = = = = = =  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 forces the 

fluid to interact more intensely with the boundaries. This geometric enhancement is particularly evident for platelet-shaped 

nanoparticles, where Nu  and Sh increase by 33.47% and 24.10%, respectively. On the other hand, as 
shn   rises with a fixed  a, 

the heat transfer diminishes but the mass transfer and the average number of bacteria enhance.  Fig. 5c represents the impacts of  

  and  
shn   for  410 , 10, 0.5, 1, 0.1.bRa R Pe Nr Le a= = = = = = The increase in   , which is defined by the increment of diffusivity 

of nanoparticle concentration or decrease in the diffusivity of MB, improves the heat transfer but weakens the mass transfer. Sh  

and mN   rise as  
shn   increases for a fixed  .  

Figure 6 depicts the impact of Ra   for fixed   10, 0.5, 1 bR Pe Nr Le= = = =  and  
shn =5.7 . As Ra  increases, the main vortex of the 

flow moves to the right cold wall with an increasing magnitude because of the thermal buoyancy force. Thermal boundary layers 

become more distinct and thinner at the cold and hot walls as the stronger flow carries heat more rapidly across the cavity. 

Isoconcentration lines transition into circular patterns, and solutal boundary layers develop at the left, right and the bottom walls 

with an increment in Ra . This indicates that the intensified flow pushes the nanoparticles toward the boundaries. Augmentation 

of Ra  causes MB to move down forming a circular shape with increasing magnitude. This shift is a direct result of the dragging 

effect from the main flow vortex; as the fluid circulation strengthens, it dominates the swimming motion of the bacteria, forcing 

them to follow the primary convective path and accumulate in the lower regions of the cavity. 

Bioconvection Rayleigh number effect is analyzed holding   410 , 0.5, 1Ra Pe Nr Le= = = = and 
shn =5.7 in Figure 7. The rise in 

bR  

forms a secondary vortex and squeezes the main vortex to the cold wall. This happens because 
bR  represents the downward force 

caused by MB. When this downward force becomes stronger, it pushes against the main upward thermal flow, forming a 

secondary circulation cell. The formation of the secondary vortex destroys the convective heat transfer and causes Nu to diminish 

as seen in Figure 4b. Isoconcentartion lines show the symmetric behaviour, but it is observed in Figure 4b that the increment in  

bR   improves the mass transfer. As 
bR  increases, MB move up. This upward shift is caused by the secondary vortex lifting the 

bacteria in certain regions of the cavity, overcoming their natural tendency to settle. 

 

Figure 8 presents the influence of Pe  fixing   410 , 10, 0.5, 1bRa R Nr Le= = = = and 
shn =5.7. As Pe  rises, the secondary vortex 

occurs at the left part of the cavity.  Physically, Pe  represents the ratio of the microorganisms' swimming speed to the fluid's 

thermal diffusion. A higher Pe  means the bacteria are swimming faster, creating their own local current that pushes against the 

main thermal flow. Because of this new secondary vortex, isolines of T, C and Nm show similar behaviors to the 
bR  case. The 

interaction between the thermal buoyancy 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 of Le  is examined for  410 , 10, 0.5bRa R Pe Nr= = = =  and   
shn =5.7.  The augmentation of Le  does not 

show the significant effect on the contours of  and  T. This is because Le  primarily affects the rate of mass diffusion rather 

than the thermal buoyancy that drives the fluid motion. Since flow has only one circulation, the isoconcentration lines move to 

center of the cavity forming a cell and the similar behavior is observed for MB. 

 

The impact of buoyancy ratio parameter, which represents the relative strength of buoyancy caused by nanoparticle concentration 

compared to thermal buoyancy, is shown in Figure 10 keeping  410 , 10, 0.5, 1bRa R Pe Le= = = =  and   
shn =5.7. An increase in Nr  

leads to the formation of the secondary vortex. Since the magnitude of  the secondary vortex is small, the contours of T, C and 

Nm do not 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 
3 4Fe 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 



8  

 

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  ,  ,  mNu Sh N   and 
min depending on each physical parameter ( Ra , 

bR , Pe , Le)  

and  
shn , four datasets are generated by implementing RBF method  for fixed  0.5, 0.1Nr a= =  and  2. =  In each dataset (DS)  

,shn  Nr, a  and    are taken as  [3,3.7,4.9,5.7,8.6], 0.5, 0.1  and  2 , respectively, but   the ranges of the other  parameters are set 

by 

 

2 3 4 5

4

4

4

 DS1:

[10 ,10 ,10 ,10 ],  10,  0.5, 1

 DS2:

[10,[25 : 25 :100]],  10 ,  0.5, 1

 DS3:

[0.1,0.5,1,[2 : 2 :10]],  10 ,  10, 1

 DS4:

[0.1,0.5,1,10],  10 ,  10, 0.5

b

b

b

b

Ra R Pe Le

R Ra Pe Le

Pe Ra R Le

Le Ra R Pe

= = = =

= = = =

= = = =

= = = =

   

The obtained cubic fitting functions of Nu and  Sh   are found as  

 
2 3

2 3

( , ) 0.008 0.0002 0.1146 0.0114 ,

( , ) 0.002 0.0381 0.0038 ,

sh sh sh shNu

sh sh shSh

f Ra n Ra n Ra n n

f Ra n Ra n n

= − + −

= + −
                                                                                                   (36) 

2 2 2 2 3

2 2 2

( , ) 4.2480 0.1091 0.2855 0.0161 0.0013 0.0203 0.0001 0.0013 0.0045 ,

( , ) 0.2452 0.0067 0.0142 0.0007 0.0001 0.0012 0.0001 0.0002

b sh b sh b sh b sh sh b sh b shNu

b sh b sh sh b b sh sh b sSh

f R n R n R n R n n R n R n

f R n R n n R R n n R n

= − − + + − − − +

= + + − − + + − 3 ,h

            (37) 

2 2 2 2 2 2

3 3

( , ) 3.5811 1.1133 0.1202 0.1642 0.1468 0.0408 0.0009 0.0117 0.0133

0.006                 0.0052 ,

( , ) 0.2917 0.0553 0.0157 0.008

  

4

sh sh sh sh sh sh shNu

sh

sh sh shSh

f Pe n Pe n n Pe Pe n n Pe n Pe n Pe

Pe n

f Pe n Pe n n Pe

= − − + + − + − −

− +

= + + − − 2 2 2 3 30.0069 0.0004 0.0007 0.0003 0.0001 ,sh sh shPe n Pe n Pe Pe n+ + + −

    (38) 

2 2 2 3 3

2 2 2 2 3

( , ) 2.3062 0.5 0.0035 0.0096 0.1574 0.0002 0.0002 0.0008 0.012 ,

( , ) 0.3303 0.0007 0.0074 0.0001 0.0036 0.0004 0.0006 0.0004 .

sh sh sh sh sh shNu

sh sh sh sh sh sh shSh

f Le n n n Le Le n Le n Le Le n

f Le n n n Le Le n n Le n Le n

= + − + − + + − +

= + − + + + + −
                  (39) 

 

These obtained Eqs. (36)-(39) serve as a practical tool for researchers to estimate the average Nusselt and Sherwood numbers 

without the need for conducting computationally intensive simulations for every parameter combination. 

Figures 11-14 depict the fitting surfaces of  ,  ,  mNu Sh N   and 
min for 

shn  and the other parameters. In these figures, * and    

represent the numerical RBF results and fitting values, respectively. Mean squared error is provided for each figure to quantify 

the accuracy of the model. It is observed that the numerical results are fitted on the surfaces with a small mse, which indicates a 

best fit scenario. This high level of accuracy proves that the RBF model successfully captures the non-linear relationship between 

the particle shapes (from spheres to platelets) and the resulting transport efficiency. Consequently, these fitting surfaces can be 

used as reliable predictive tools for designing nanofluid systems without the need for further expensive simulations. 

 

5.5. Case Study  

 

This subsection 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 5( 0 )1Ra =  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 ( 10)bR   to prevent the formation of secondary vortices that suppress primary 

thermal circulation.  

While spherical particles provide the highest value of Nu under 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 ( )00 , 1bR =  Peclet number ( )  10Pe = and the amplitude of the wall 

(a=1) 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 within a curved 

enclosure. The primary focus is to evaluate how nanoparticle shapes, ranging from spherical to platelet, interact with physical 

parameters  , ,  ,  ,  ,  ,bRa R Pe Le Nr a  and . RBF method, supported by curve fitting, provides a robust framework for this analysis. 

The main findings of this research are given below: 

• The impact of nanoparticle shape: Nanoparticle geometry is a primary determinant of transport efficiency. While 

spherical nanoparticles yield the highest heat transfer rates, platelet-shaped nanoparticles outperform others in mass 

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

increase in Nu and a 24.10% increase in ,Sh  highlighting their superior sensitivity to surface curvature. 

• The impact of Rayleigh and Bioconvection numbers: The intensification of thermal buoyancy ( Ra ) significantly boosts 

heat transfer; for spherical particles, an increase in Ra  leads to a 313.43% rise in Nu . Conversely, increasing 
bR from 

10 to 50 creates a secondary vortex that opposes the primary flow. This interference reduces heat transfer but improves 

the average density of bacteria for all shapes, with platelets showing the most significant accumulation.  

• The impact of Peclet number:  Peclet number plays a dominant role in microorganism distribution, where the average 

bacterial density for spherical shapes is enhanced by 14245% as Pe  increases. Platelet and cylinder-shaped 

nanoparticles diminish the mass transfer rate, but other shapes enhances it  for 1 10.Pe   

• The impact of  Lewis number: Higher Le  values lead to a decrease in Sh  but increase in Nu for each particle. 

• Curve fitting: The study confirms that the RBF method, combined with curve fitting, is a highly precise predictive tool. 

The numerical results are fitted to surfaces with a small mse, proving that the model can reliably forecast transport 

coefficients across the entire range of nanoparticle shapes and physical parameters. 

 

The findings of this study offer significant insights into the design of bio-microfluidic devices. Specifically, the high heat transfer 

efficiency observed with spherical nanoparticles suggests their suitability for high-performance cooling systems, whereas 

platelet-shaped nanoparticles are more effective for mass transfer applications, such as targeted drug delivery systems utilizing 

magnetotactic bacteria. These results can guide engineers in selecting optimal nanoparticle shapes to control thermal and solutal 

gradients in curved-geometry micro-channels. Furthermore, the developed surface fitting models offer a computationally 

efficient alternative for predicting system behavior without the need for exhaustive numerical simulations. Future research could 

extend this model to unsteady flow conditions or examine the influence of variable magnetic field orientations to further enhance 

the control over bacterial movement and heat distribution. Additionally, integrating artificial neural network (ANN) models to 

predict complex interactions in hybrid nanofluids. 
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Figure 11. Surface fitting of ,  ,  ,  m minNu Sh N   for 
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Figure 14. Surface fitting of ,  ,  ,  m minNu Sh N  for 
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Table 1. Coefficients C1 and C2 corresponding to the different shape of nanoparticles [21]. 

 Brick Cylinder Platelet Blade 

 nsh 3.7 4.9 5.7 8.6 

C1  1.9 13.15 37.1 14.6 

C2  471.4 904.4 612.6 123.3 

     

     

 

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

Property Water Fe3O4 
3 ( / )kg m   997.1 5200 

 [ / ( )]pc J kgK   4179 670 

 [ / ( )]k W mK   0.613 6 
510  (1/ )K −   21 1.3 

   

   

 

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

 Ghasemi et al. [60] Current Study 
     

max| |    Nu    
max| |   Nu   

0.02  11.313 4.820 11.309 4.752 

0.04  11.561 4.896 11.560 4.834 

     

     

 

Table 4. Grid Independence for  410 , 10, 1, 0.1, 3.7b shRa R Le Pe Nr a n= = = = = = = . 

                   N N    
min    Nu      Sh   

 31 31   -3.574 2.279                0.381 

               41 41   -3.601 2.182               0.367 

 51 51   -3.613 2.121               0.359 
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