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ARTICLE INFO ABSTRACT

Keywords: Nanoparticle-enhanced phase change materials (NEPCMs) have gained significant attention in recent years
Nanoparticle-enhanced phase change materials due to their unique ability to enhance the thermal properties and overall performance of phase change
Higher order GFEM

materials (PCMs). The present work investigates the bioconvection flow of nano-encapsulated phase change
material within a rectotrapezoidal cavity. The left wall of the is fixed at the constant high temperature
whereas the right vertical wall is kept at cold temperature. The higher order Galerkin finite element method
(GFEM) has been employed to simulate the proposed problem. The discrete systems of nonlinear equations
are linearized by implementing the adaptive Newtons method. Influence of various pertinent parameters such
as inclined magnetic field, oxytactic bacteria, radiation and Lewis number has been analyzed. It is observed
that the average Sherwood and Nusselt number exhibit a positive correlation with the Hartmann and radiation
parameter. Moreover, the average heat transfer exhibits a decreasing trend as the Hartmann, bioconvection
Rayleigh and Peclet increase.

Rectotrapezoidal cavity
Inclined magnetic field
Oxytactic bacteria

1. Introduction conductivity, cycling stability and phase change temperature range. In
recent years, the integration of nanoparticles into phase change materi-
als has emerged as an ingenious strategy to overcome these limitations.

Nanoparticles, with their high surface area-to-volume ratios and tun-

Nanoparticle-enhanced phase change materials (NEPCMs) have
emerged as a promising and innovative class of materials with a wide
range of applications across diverse fields. These materials combine the
advantageous properties of both nanoparticles and phase change ma-
terials (PCMs), resulting in enhanced thermal performance, improved

able properties, can significantly enhance the thermal conductivity,
heat capacity and cycling stability of PCMs. By judiciously selecting

energy efficiency, and novel functionalities. NEPCMs have garnered
significant interest from researchers and industries alike due to their
potential to address critical challenges in various applications, ranging
from energy storage and thermal management to electronics cooling
and beyond. Phase change materials are substances that undergo a
reversible phase transition, typically from solid to liquid and vice versa,
while absorbing or releasing latent heat. This unique behavior allows
PCMs to store and release thermal energy over a narrow temperature
range, making them ideal candidates for applications requiring efficient
heat storage and transfer. However, the practical utilization of PCMs
has often been limited by factors such as their relatively low thermal

* Corresponding author.
E-mail address: shafgat.hussain@math.tu-dortmund.de (S. Hussain).

https://doi.org/10.1016/j.jmmm.2024.171808

and incorporating nanoparticles into PCMs, researchers have unlocked
a multitude of possibilities for NEPCMs in various technological do-
mains. Khodadadi and Hosseinizadeh [1] have concluded from their
study that, the NEPCMs demonstrate improved heat conduction when
compared to the original material. Shaikh et al. [2] have discussed
the latent heat storage capacity was assessed for a system comprising
phase change materials (PCMs) infused with carbon nanoparticles and
concluded that the model’s projected latent energy values exhibited a
strong concurrence with the experimental findings. In the study of El
Hasadi and Khodadadi [3], the impact of nanoparticle mass transfer on
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Nomenclature

C, specific heat (J kg~! K1)

C oxygen concentration

D, oxygen diffusivity (m? s™!)

D, microorganisms diffusivity (m? s~!)

E activation energy parameter

g gravitational acceleration (m s~2)

H cavity dimension (m)

Ha Hartmann number

hyy latent heat of the core (K J kg™!)

k thermal conductivity (W m~! K1)

Le Lewis number

m motile microorganisms (dimensional)

m the reference density number

N motile microorganisms density

Nn density of the motile microorganisms num-
ber

Nugyg Nusselt number (average)

Pr Prandtl number

p pressure (N m~2)

Pe Peclet number

q, radiative heat flux

Ra Rayleigh number

Rd radiation parameter

Rb bioconvection Rayleigh number

Sh Sherwood number

Sc Schmit number

Shavg Sherwood number (average)

Ste Stefan number

T temperature (K)

Trr melting temperature range

u,v velocities (m s™1)

X,Y dimensionless Cartesian coordinates

X,y Cartesian coordinates (m)

Greek symbols

a thermal-diffusivity (m? s~!)
B thermal expansion coefficient (K~!)
n mass ratio of core to the shell
0 dimensionless temperature
u dynamic-viscosity (kg m~! s7!)
v kinematic-viscosity (m? s~!)
£ oxygen concentration
p) density (kg m~3)
[ nanoparticles concentration
W stream function
Subscripts
avg average
b bulk properties of the suspension
co properties of the core of NEPCM particle
c cold
f water properties
h hot
nanoparticle containing PCM
sh properties of the shell of NEPCM particle

the solid-liquid interface morphology and changing concentration dur-
ing the solidification process has been documented. Murugan et al. [4]
have explored the melting and solidification behaviors of NPCM. The
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formulation of NPCM involved the use of paraffin as the phase change
material and high-conductivity MWCNT as the nanoparticle, without
the use of any dispersant. Irwan et al. [5] have provided a compre-
hensive review of numerical simulations conducted to investigate the
solidification and melting processes of NEPCMs. Li et al. [6] have show-
cased the findings of a study involving a novel composite phase change
material (NCPCM) comprised of nanoparticles, paraffin, and ceramic,
designed for applications in latent heat thermal energy storage. Prado
and Lugo [7] have provided the formulation of innovative NEPCMs
through the dispersion of either graphene nanoplatelets (GnPs) or
MgO nanoparticles within a stearate phase change material (PCM).
Tariq et al. [8] have provided an extensive review of the methods
used to prepare NEPCMs and their diverse applications across various
domains such as thermal energy storage (TES), solar thermal energy
storage (solar TES), building technologies, electronic cooling, textiles,
solar collectors, heat exchangers, photovoltaics (PV), and medical and
food packaging. Faraji et al. [9] have examined the positioning of
electronic components and the tilt angle of the heat sink, specifically for
rectangular and square geometries, collectively influence heat transfer
and the flow patterns within a liquid NEPCMs. Within the investigation
of Jafarian et al. [10], paraffin wax was infused with aluminum oxide
and copper nanoparticles, serving to augment its thermophysical char-
acteristics. In Amidu et al. [11], a numerical model is formulated and
applied, integrating an advanced two-phase model for nanoparticles-
enhanced phase change materials with the enthalpy-porosity approach
to capture the transient phase change behavior.

Complex-shaped enclosures, ranging from irregularly structured en-
vironments to intricately designed microfluidic channels, represent a
challenging yet pivotal arena for engineering and scientific exploration.
The integration of NEPCMs within these complex geometries intro-
duces an unprecedented level of dynamic control over heat transfer
mechanisms. Moreover, the study of NEPCMs in complex-shaped en-
closures presents a fertile ground for fundamental scientific inquiry.
Due to the importance of study of NEPCMs in various complex-shaped
structures, many researchers have started their investigation in this
direction. Darzi et al. [12] presented a study that aims to employ
an enthalpy-based lattice Boltzmann method incorporating a multi-
distribution function model to examine the melting process within
a cavity containing an obstacle, with natural convection. Elbahjaoui
et al. [13] have proposed a numerical exploration of the melting process
within a latent heat storage unit (LHSU) using a phase change material
(PCM) consisting of Paraffin wax P116 infused with nanoparticles
(Al,03). Elbahjaoui and El Qarnia [14] have explored the laminar
pulsations in the heat transfer fluid (HTF) impact the melting process
of nanoparticle-enhanced phase change material within a shell-and-
tube latent heat storage unit (LHSU). Ghalambaz et al. [15] have
investigated the melting behavior of phase-change materials enriched
with nanoparticles within a square cavity, employing the finite el-
ement method. In the study of Masoumi and Khoshkhoo [16], the
nanoparticles were dispersed within the phase change material (PCM),
and longitudinal fins were simultaneously incorporated into the in-
ner tube to accelerate the melting rate of the PCM in a horizontal
shell-and-tube heat exchanger. Ghalambaz et al. [17] have assessed
the benefits of employing wavy tubes in unobstructed flows, where
convective heat transfer phenomena play a significant role. Abderrah-
mane et al. [18] have conducted a simulation of natural convection
flow within an inverse T-shaped enclosure, utilizing NEPCMs. Hus-
sain et al. [19] have discussed the analysis of bioconvection in an
omega-shaped porous enclosure involving oxytactic microorganisms
and nano-encapsulated phase change materials. Hussain et al. [20]
have presented two-dimensional simulations to analyze the bioconvec-
tion flow within a closed porous space containing a quadrant heater and
saturated with nano-enhanced phase change material. Qahiti et al. [21]
have provided the analysis of the thermal behavior of nanoparticle-
enhanced phase change material during discharge in the presence of
intricate geometrical configurations. Abdi et al. [22] have examined
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two-dimensional, steady-state, laminar flow and natural convection
heat transfer within an inclined square enclosure.

The integration of magnetohydrodynamics (MHD), NEPCMs, and
cavity fluid flow presents a promising synergy for advanced thermal
management applications. MHD principles can be leveraged to control
and enhance the fluid flow within enclosed cavities, optimizing heat
transfer processes. By incorporating nano-PCMs into the cavity, the
phase change material’s thermal properties are significantly improved,
allowing for efficient absorption and release of thermal energy during
phase transitions. This combined approach enables precise control over
temperature changes and enhances the overall thermal performance
of systems. Potential applications include advanced cooling systems
for electronic devices, energy storage with improved efficiency, and
thermal management in aerospace applications, where precise control
over temperature gradients is crucial for optimal performance and re-
liability. Rahmani et al. [23] conducted a study on the melting process
of phase change material (PCM) in a battery pack, specifically investi-
gating the impact of the MHD effect on PCM melting. Aly et al. [24]
focused on optimizing energy efficiency by controlling heat transfer
and fluid flow through the use of differently shaped materials under
various forces and boundary conditions. Specifically, they investigated
the impact of thermal radiation on MHD thermosolutal convection of
NEPCMs suspension within a horizontal wavy porous cavity featur-
ing embedded high-temperature crescents. Younis et al. [25] investi-
gated magnetohydrodynamic mixed convection of NEPCMs within a
lid-driven trapezoidal prism enclosure containing a hot-centered ellip-
tical obstacle. Zandie et al. [26] analyzed a 2D cubic chamber model
filled with paraffin, examining the effects of adding magnetic iron
oxide nanoparticles at different concentrations (0.5, 1, 1.5, and 2 wt%)
and subjecting the system to external magnetic fields with intensities
ranging from 0.005 to 0.02 T.

Oxytactic microorganisms and nanoparticle-enhanced phase change
materials represent two distinct yet interconnected realms of scientific
inquiry that hold great promise for advancing various fields, includ-
ing environmental remediation, bioengineering, and materials science.
Oxytactic microorganisms, characterized by their ability to exhibit
directed movement in response to oxygen gradients, have captivated
researchers for their potential applications in bioremediation, biofuel
production, and sensing technologies. The research (oxytactic microor-
ganisms and nanoparticle-enhanced phase change materials) endeavors
to investigate the potential applications and benefits of utilizing oxy-
tactic microorganisms to actively manipulate the thermal behavior of
NEPCMs, thereby paving the way for groundbreaking advancements in
various domains. Oxytactic microorganisms possess an innate ability
to migrate towards oxygen-rich environments, a phenomenon that
has inspired innovative strategies in environmental remediation. In-
tegrating these microorganisms with NEPCMs introduces a dynamic
element, wherein the microorganisms’ oxygen-seeking behavior can be
harnessed to induce localized phase transitions within the NEPCMs.
Such interactions open avenues for responsive thermal regulation, self-
healing materials, and controlled heat release mechanisms that could
find applications in self-sustaining temperature management systems
and next-generation thermal energy storage technologies. To the best of
the authors’ knowledge, the combination of oxytactic microorganisms
and nanoparticle-enhanced phase change materials within intricate
enclosures has not been previously explored in the literature. Given this
context, the present study is dedicated to investigating the bioconvec-
tion flow of NEPCMs within a rectotrapezoidal cavity. The investigation
employs the finite element method and considers the influence of an
inclined magnetic field, oxytactic bacteria, and radiation.

2. Model of the problem
Fig. 1 depicts the initial diagram of a physical model, which consists

of a rectotrapezoidal shaped cavity of side length H. The cavity is
saturated with a water based suspension of nano-encapsulated phase
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Fig. 1. The problem configuration.
Table 1
Thermal characteristics of NEPCM suspension [27,28].
Material p) Ax107° C, k
Host fluid Water 997.1 21 4179 0.613
Core Nonadecane 786 17.28 1317.7 -
Shell Polyurethane 721 - 2037 -
Porous matrix Glass balls 2700 - 840 1.05

change materials in the presence of oxytactic microorganisms. The
phase change nanoparticles are assumed to be well dispersed in the
base fluid. All the walls of the cavity are subjected to the no-slip
velocity boundary condition. The left vertical wall of the cavity is
maintained at the constant high temperature whereas the right vertical
wall is kept at cold temperature. All the remaining walls are kept insu-
lated. Under the prescribed boundary conditions, the proposed problem
is assumed to be natural convective, laminar, steady, incompressible,
and bioconvection flow. The nano-encapsulated phase-change materials
consists of the core and shell as the encapsulation material, see [27-29]
for further details. The core of NEPCM undergoes a phase transition at
the fusion temperature (Tf). During the phase transition to liquid, it
absorbs/releases its energy in the form of latent heat. The proposed
configuration is further subjected to the following assumptions:

 The suspension of nanoparticles is uniform and stable.

+ The local thermal equilibrium is applied amongst a base fluid and
NEPCMs.

+ Adding nanoparticles is not affecting on the velocity and direction
of bacteria’s swimming.

» The magnetic field is imposed to be an inclined with a strength
B,.

» The effect of activation energy and thermal radiations are also
taken into consideration.

+ Induced magnetic field, Joule heating and viscous dissipation
effects are neglected.

» The temperature variations are small and Boussinesq approxima-
tion is applied for the density changes.

2.1. The thermophysical features of the suspension

The thermophysical properties of the nanoparticles and the base
fluid are demonstrated in Table 1

The Thermophysical properties of the bulk suspension involved
in the controlling partial differential equations (PDEs) need to be
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evaluated before solving the obtained model, in which the related
characteristics of water and NEPCMs are denoted by the subscripts
f and p, respectively, [27,28]. The density of the suspension can be
computed as

py=0=ps+dp,. M
in which the density of NEPCMs particles (p,) is calculated as
(L +mpeopyy,

Psh T 1Pco .
Here, n is the mass ratio of the core to shell and is approximated as

n = 0.447. The heat capacity of the bulk suspension (Cp’,,) is evaluated
as

(2

Pp

A =®psCp s+ ¢p,Cp of f
Cpp= 3
’ )

where Cp,p‘ ; is the effective specific heat of NEPCMs particles and
e

computed as f{)llows in the absence of phase change

_ (Cp,co + nCpA,sh) PcoPsh

= )
eff (D5 +10c0) Py

PP

By taking into account the phase change transition, there is an increase
in specific heat capacity which can be achieved through the sinusoidal
profile [27]

P hgp . T-Ty
Cop s Copt+ {5 : <_TMr =C,p ) sin|x Tor, .

0 if T<T,
1 if T,<T<T 5)
0 if T>T,
The fe}lctor ’2—”Cp,b can be ignored as C,, is very small in comparison
with Tfh . Ty and T, denote the down and top margins of the melting
Mr
temperature, T),,, expressed as [27]
Ty Ty
TO=TfM—T', Ty =T+ 2’. (6)

where T;, is a fusion temperature. For a suspension, the thermal
volume expansion is:

By = b, + (1 $)B;. @

The following linear relationships are employed for viscosity and ther-
mal conductivity of the suspension:

Op

U k
Dot pd L=14 e = =1+ x50 ®
f

Ky ky
The constants, y,, v, and y; representing the corresponding numbers
of dynamic viscosity, thermal conductivity and electrical conductivity
are given as y, = 12.5, y, =23.8, and y; = 3.

2.2. The governing equations
The proposed problem can be modeled using the conservation laws

of mass, momentum, energy, oxygen and microorganism conservation
as follows [27-29]:

g_z " g_; -0 (92)
V=2 1, <g—z + Ug—‘;> 1, (9b)
Mbv2v=g_f/+ﬂb<”g_i+yg_$>+fu (99)
a, V2T = M?)_Z; + U% + % (9d)

ac | aC T\"
Dcvzczug T +6m+ k*(C = Cpiy) (T) exp(—E,/GT)  (9e)
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where the body forces are given as
(10a)
(10b)

fu= o',,B(Z) (vsiny cosy —usin’y)
fo=04B] (usinycosy — vcos’y) + (y*4p - m — (pp),(T — T,))g.

bW, bW,
)9 and 5 = c )€ explain the mean
AC ) ox AC ) 9y

swimming velocities of bacteria. C, represents the oxygen concentra-
tion for right and left walls, W, is the maximum cell swimming speed,
ém denotes the oxygen usage of bacteria, y* representing the mean
volume of bacteria and AC = C; — C,;, where C.;, is a minimum
oxygen concentration. The radiative heat flux is adopted by Rosseland
approximation [30] as g, = —(40/36)(0T*/dy), where o and f are
the Stefan-Boltzmann constant and the mean absorption coefficient,
respectively. Under the assumption of small temperature differences,
the temperature T* is approximated about T, using the well-known
Taylor series expansion

The symbols & =

T* % 47T - 3T} an
and

a 166,T3 \ 52

% _ _( 298%c )\ oT 12)
dy 38r 6y2

The dimensional system (9) is reduced to the dimensionless form with
the following transformations

X=2,y=2,U="4v="op =, (13a)
H H ar ap pray
T-T c-c, k

6= ¢ &= min N =g = L (13b)
T,-T, AC my, (pCp)y

The following dimensionless form of PDEs is achieved with the help
of above variables [27-29]:

LLU— (14)
0X oY
JP Py ou U
PrA+ N,pVU = o+ (L) (U +VES )+ F 14b
r(1+ N,o) 6X+<pf>< %t 0Y>+ U (14D)
oP Py 14 Vv
PrA+ N, oV == + (2 (U= +V F 14
r(1+ Ny¢) 5 +</_>< 5 aY>+ v (140)
ky [ 920 4Rd \ %6 20 90
2128 1+ 222 ) Y =2 v L 14d
kf[0X2+ T3 )| T Tax oy (40
1 o 714 & ¢ ReSc
—V¥=U=2+4V=+—=>N 1+¢,0)" exp(—~E/(1 +¢,0
o & 0X+ 5 +Le + o E(1+ € 0)" exp(—E/(1 + €,0))
(14e)
1, ON . 0N
— V2N U= +Vv=
Le ”( ox 0Y>
Pe 0% 0% 0N 0& QN Of
+=(N=4N= ==+ ), 14
Le< 0X2 oY2 0X dX  0Y oY (140
where
p
Fy = <ﬂ><—f> (Vsinycosy—Usinzy) (15a)
of Py
p
FV=(Q><—f) (Usinycosy—VCOSz}’)
of Py
— RaPr<&><&>(9— R,N) (15b)
pr ) \ Py

where y = D,/ D, depicts the diffusion ratio and ¢ = (myd H>/(D,AC))
denotes the consumption of oxygen. The heat capacity ratio Cr in
Eq. (14d) is given by

¢
Cr=(pCyy/(pCy)y = (1 = §) + A+ = . e)

The involved parameters in (14) such as Prandtl, Rayleigh, biocon-
vection Rayleigh, Hartmann, Peclet, Lewis, activation energy, reaction
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rate, Schmidt number and temperature difference are given by:

v H3ATP mo(Peerr = PV
pr=L Ra=’rs L Rp= Lt T HIT (17a)

ar v2 Pfﬂf(Th -T,)

c bW, a E

Ha=ByHqy|-L, Pe=—% Le=-L E=_—2%, (17b)

iy D, D, GT,

k*H? v T, —T 46,T3
Re=—— Sc=-L ¢ =-t""¢ pg=—Lc¢ (170

v, D, T, K/ Br

The ratio of the sensible-heat capacity of NEPCMs particles to the
base fluid (1), the dimensionless melting temperature range (5) and the
Stefan number (Ste) are defined as [27]:

AT (pC,) , (P +10c,)
RsppeoPsn(1+1)

(Cp,cn + rlcp,xh) PeoPsh _ TM,
(pcp)f (ﬂsh + npco) AT

B te =

(18)

The fusion function (f) can be written as a function of dimensionless
temperature
0 if 6<6,-2
V3 . T V4 . 1) é
r={5-sin(3(6-0,+3))}4 1 if 6,-2<6<6,+2 9
0

: 5
if >0 r + 3
Here the fusion temperature (¢ f) may be expressed as
T, -T,
0, = L.
T, T,

c

(20)

2.3. The dimensionless boundary conditions

The no-slip velocity U = V = 0 are prescribed for all the cavity
boundaries. Thermal and concentration components are subjected to
the following constraints
On the left vertical wall: £= N =1,0=1
On the right vertical wall: ¢ =N =1,06=0

On the bottom wall: 9% _ 0,¢é=1, PeNE =N
Yy aYy aYy
On the other walls: 20 _ 9% =N _
aYy dY 9Y

2.4. The stream function (y)

The stream function can be used in order to plot and analyze the
streamlines of the flow field. For the two-dimensional flow, the velocity
components and the stream function are related as

oy dy
=—-— ==, 21
v Y’ 4 0X (21
2.5. The Nusselt number (Nu), Sherwood number of oxygen (Sh) and
density of motile microorganisms (Nn)

The corresponding quantities of interest, namely, local and average
Nusselt number, Sherwood number of oxygen and density of motile
microorganisms. These quantities at the local level are defined as

ky 00 o0& oN
Nupe = ——=— Shipe = ===, Nhjpe =——=. (22)
oc f oc )7 oc () )7

For the corresponding average quantities, each of the above is inte-
grated over the heated section

S S S
Nutgyg = /0 NuggedS.  Shyyg = /0 ShigedS.  Nngyg = /O ShioedS.

(23)

where S is the length of the heated portion.
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Table 2

Comparison for the average Nu between the present study and Ref. [34] for ¢ = 0.04.
Ha Nugyg [ | max

Present Ref. [34] Present Ref. [34]

0 4.899 4.896 11.589 11.561
15 4.217 2.211 8.759 8.734
30 3.131 3.124 5.668 5.642
45 2.324 2.317 3.652 3.629
60 1.821 1.815 2.433 2.415

Table 3

The grid sensitivity analysis.
¢ #EL Nty Shyyg Nty
1 186 7.87060 0.60035 0.42177
2 322 8.07888 0.61314 0.43396
3 503 8.30065 0.61802 0.43634
4 896 8.46359 0.62503 0.43949
5 1356 8.57452 0.62844 0.43889
6 2214 8.64343 0.63197 0.43998
7 5904 8.87773 0.64130 0.44117
8 15245 9.03287 0.64656 0.44142
9 23301 9.03041 0.64660 0.44167

3. Numerical procedure

The dimensionless form (14) of a physical problem is simulated by
using the Galerkin based finite element method (FEM). The compu-
tational domain is discretized using quadratic (P,) elements for the
U,V,0,& N and linear (P,;) finite elements for the approximation of
pressure. The discrete system of nonlinear equations has been handled
with the help of adaptive Newtons method. The linear system of
equations in each nonlinear sweep, has been solved using the Gaussian
elimination method. The nonlinear outer loop is terminated when the
nonlinear residual drops down by 10~¢ and the last iteration is accepted
as the approximate solution. The solution procedure has already been
employed and explained in our earlier work, see for example, [31,32]
for details.

3.1. The validation tests

The adopted solver has been validated in [33] against the nu-
merical and experimental studies. To check the authenticity of the
designed solver for the magnetohydrodynamics natural convection flow
of nanofluid, it is also validated for the reference study [34] for various
values of Hartmann number. A very close agreement between the
results is demonstrated in Table 2.

3.2. The grid independence study

The grid independence test is performed for the average Nu, Sh
and Nn for Pe = 1,Ste = 0 =05y =¢=1Pr =062¢ =
0.05,Ha = 25,y = 0,Ra = 10°,Rd = 1,Rc = 0.5,S¢ = 1,E = 0.5,n =
0.5 and Rb = 10. The total number of elements (EL) at each level # and
the corresponding obtained results are demonstrated in Table 3 which
shows insignificant variations in the chosen quantities for the highest
computed level # = 8 (see Fig. 2). So, £ = 8 is found appropriate for
the numerical simulation.

4. Numerical results

The numerical findings of this work demonstrate the influence of
a sloped Lorentz force on the motion of a Newtonian nanoliquid in
a cavity with complex geometric features. The cavity is filled with
NEPCMs and oxytactic microorganisms. The combination of nano-
enhanced phase change materials with oxytactic microorganisms forms
a highly efficient system capable of efficiently storing and releasing
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Fig. 2. The designed grid at level # = 8.

thermal energy. The NEPCMs function as reservoirs, whilst the mi-
crobes serve as the distribution mechanism. This combination has
versatile potential for a range of applications, including but not limited
to temperature regulation in buildings, enhancement of solar panel
efficiency, and the development of self-heating apparel. This section
focuses on the influence of various fluid parameters, including the
Hartmann number (Ha = 25 — 100), Rayleigh number (Ra = 10° - 107),
thermal radiation (Rd = 0 — 4), and Lewis number (Le = 0.1 — 10),
on several quantities such as streamlines (y), isotherms (6), oxygen
concentration (£), motile microorganisms (N), heat capacity ratio (Cr),
Nusselt number (Nu), oxygen sherwood number (Sh), and density of
motile microorganisms (Nn) within a cavity that possesses intricate
geometric characteristics (refer to Fig. 1). The parameters have been
assigned the following standard values unless otherwise mentioned:
Pe =1, Ste = Gf =05 y=¢(=1,Pr=62,¢ =005 Ha =25y =
0,Ra = 10°,Rd = 1,Rc = 0.5,Sc¢c = 1,E = 0.5,n = 0.5 and Rb = 10.
Additionally, the Pr is held constant at a value of 6.2, signifying the
utilization of water at a temperature of 25°C.

4.1. Impact of Hartmann number (H a)

The investigation focuses on the analysis of the impact of the
manipulated magnetic field by altering the Hartmann number within
the range of 25 to 100, while maintaining a constant Prandtl number
of 6.2. Fig. 3 has been constructed in order to observe the impact of
the Ha on various profiles, including y,0,&, N,Cr. In the context of
the streamline pattern, the Hartmann number affects the flow patterns
of the electrically conductive fluid within the enclosure. At a magnetic
field strength of Ha = 25, the presence of clockwise recirculating
eddies over the obstacle within both the top and bottom edges of the
enclosure has been observed. The majority of the streamlines exhibit
a pronounced concentration in close proximity to the lower flexible
surface, suggesting a heightened fluid velocity in this particular region.
Conversely, a sparser distribution of streamlines has been noted at a
greater distance from the top flexible surface. As the magnetic field
approaches Ha = 50, there is a decrease in the circulation of flow,
indicating a reduction in the fluid flow. Additionally, a concentration
of streamlines is observed in close proximity to the upper movable
wall. When the value of Ha is set to 100, it can be observed that
the streamlines are confined to a localized region resembling a plume
over the complex-shaped enclosure. This confinement occurs due to the
influence of a magnetic field, which generates a Lorentz force opposing
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the direction of fluid flow. As a result, there is a decrease in the fluid
flow entering the cavity. The presence of a magnetic field induces
curvature and torsion in the isotherms. An increased Hartmann number
corresponds to an intensified magnetic field, resulting in augmented
heat transfer as a consequence of the magnetic drag exerted on the
fluid. Consequently, this phenomenon has an impact on the distribution
of temperature and leads to modifications in the patterns of isotherms.
The presence of a magnetic field can impede fluid motion, leading to
a decrease in heat transfer within specific regions. The impact of the
Hartmann number on concentration patterns is contingent upon the
particular problem at hand and the characteristics of the substances
being transported. When the distribution of some species is affected
by the flow of fluids and changes in temperature, such as in natural
convection or diffusion-driven processes, the Hartmann number can
indirectly affect the patterns of concentration by changing the flow
patterns and temperature distribution. Applying a magnetic field may
cause the solute to gather in certain areas of the fluid flow. The
Hartmann number has an impact on the diffusion rate of the solute,
with higher Hartmann numbers resulting in decreased diffusion rates.
Moreover, the existence of a magnetic field influences the movement
of mobile microorganisms in a Hartmann flow. The application of a
magnetic field can induce concentrations of the solute within specific
regions of the fluid flow. The diffusion rate of the solute is influenced by
the Hartmann number, whereby higher Hartmann numbers correspond
to reduced diffusion rates. Additionally, the presence of a magnetic field
affects the locomotion of motile microorganisms within a Hartmann
flow. The presence of a magnetic field has the potential to induce
the deflection or capture of microorganisms. The swimming speed of
microorganisms is influenced by the Hartmann number, whereby an
increase in the Hartmann number results in a decrease in swimming
speed. The heat capacity ratio affects the temperature distribution in
a Hartmann flow. The temperature distribution exhibits greater unifor-
mity due to the presence of a high heat capacity ratio. The Hartmann
number may be used to determine the thickness of the boundary layer
when a fluid is flowing through a complicated geometric cavity in the
presence of a magnetic field. The magnetic field exerts influence on the
adjacent fluid layer, which is a thin layer of fluid in close proximity to
the cavity. Fig. 4 depicts the variations of average Nu, Sh, and Nn with
respect to y, considering different values of Ha. It has been observed
that the average Nu decreases as the Ha increases. Conversely, the
Sh and the Nn exhibit an opposite trend, increasing in value as the
Ha increases. The oxygen concentration rate and the swimming speed
of microbes in fluid flow are both enhanced by increasing the Ha
parameter, which decreases the Lorentz force. A higher Ha indicates
a stronger magnetic field, which restricts fluid flow.

4.2. Impact of Rayleigh number (Ra)

Fig. 5 depicts the strong impact of Rayleigh number Ra = 103, 10*
and 10° on y,0,&, N, Cr. The Ra = w is a dimensionless param-
eter that describes the buoyancy—inducevd convective flow of a fluid. The
Rayleigh number is contingent upon the intrinsic characteristics of the
fluid, the structural configuration of the enclosure, and the disparity in
temperature existing between the enclosing complex shaped enclosures.
The flow patterns will initially appear as two distinct vortices, emerging
on the left and right sides of the enclosure in a complex geometric
enclosure with heated bottom and cooled top walls. As the Rayleigh
number exhibits an upward trend, the vortex will undergo a greater
degree of elongation, while concurrently witnessing an increase in
the complexity of the streamlines. Over time, the vortex will undergo
fragmentation, resulting in the formation of multiple vortices that
manifest in the uppermost region of the primary vortex. Furthermore,
it can be observed that the dimensions of the vertices exhibit a positive
correlation with the rise in Ra. As the values of Ra exhibits an upward
trend, the isotherms 6 within the enclosure undergo a heightened
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Ha =100

Fig. 3. The contours of y,6,¢, N, and Cr for the variations of Ha at Pe=1,Ste=0, =05,y ={=1,Pr=62,¢ =005y =0,Ra = 105,Rd =1, and Rb = 10.

level of intricacy and distortion in Fig. 5. At low Ra, the isotherms
may display a high degree of uniformity or demonstrate relatively
uncomplicated patterns. Nevertheless, as the values of Ra increase,
the temperature gradients become more prominent, resulting in the
emergence of intricate and complex isotherm patterns. The Ra is a cru-
cial parameter that governs the magnitude of convective heat transfer

occurring within the enclosed system. An increase in Ra is associated
with heightened convective currents, resulting in accelerated rates of
heat transfer. The relationship between Ra and oxygen concentration is
depicted as a symmetrical, concave upward parabolic curve, which may
not always exhibit a linear progression when Ra is incremented. The
elevated magnitude of Ra demonstrates the presence of non-uniformity
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within the open upward parabolic curve. In certain scenarios, the
augmentation of buoyancy-driven convection can result in a reduction
in oxygen concentration. This phenomenon occurs due to enhanced
convective activity, which can result in the generation of vortices that
possess the capability to confine fluid with reduced oxygen content
within their central region. The Ra has the potential to influence the be-
havior and spatial arrangement of motile microorganisms, as depicted
in Fig. 5. Convective motion may occur within the enclosure when the
Ra surpasses a specific critical threshold. The process of convection has
the potential to facilitate the homogenization of nutrients, chemicals,
and oxygen, thereby exerting an impact on the spatial arrangement of
mobile microorganisms. Regions characterized by higher Ra can po-
tentially exhibit more intense convection and increased mixing, which
can have implications for the availability of resources for motile mi-
croorganisms. The formation of vortices in a complex enclosure shape
can be influenced by the Ra. As the Ra exhibits an upward trend,
the vortices become more discernible, thereby potentially resulting in
heightened fluid mixing. The influence of the Ra on the heat capacity
ratio within a complex-shaped enclosure is contingent upon the precise
characteristics of the enclosure’s geometry. In a broader context, it can
be observed that the Ra serves as an indicator of the magnitude of the
buoyancy forces responsible for propelling natural convection. As the
Ra escalates, the buoyancy forces experience amplification, leading to a
typical reduction in the heat capacity ratio. The enhanced fluid mixing
resulting from buoyancy forces leads to a reduction in temperature
gradients and heat capacity ratios. The graph exhibits a distinct division
into two symmetrical and homogeneous sections when Ra = 10°. If the
Ra(= 10%,10°) increases, there is a possibility for the transformation
of uniform regions into non-uniform regions, resulting in a conversion

100 150
Y

Shqyg and Nn,,, for the variation of Ha and y at Ste=0, =05,y ={=1,Pr=62,¢=0.05,Ra= 10°,Rd = 1, and Rb = 10.

of the core component’s motion from linear to nonlinear. Fig. 6 shows
the average Nu, Sh, and Nn as a function of the Rb and Ra. The figure
demonstrates a notable observation wherein, for higher Rb, a sudden
increase is observed across all plots, including the Nu, Sh, and Nn.
In the scenario where the Ra is not considered, there is an observed
increase in the Nu. Conversely, when the Ra is taken into account, a
decrease in the Nu is observed. The observed behavior of both Sk, and
Nn exhibits a mixed pattern as the values of the Rb and Ra increase.

4.3. Impact of thermal radiation (Rd)

Fig. 7 illustrates the significant influence of thermal radiation (Rd =
0,2,4) ony,0,&, N, Cr. The occurrence of the tri-vortex phenomenon in
the streamlines is observed when the thermal radiation Rd approaches
zero. The intensity of the bolus vortex is positively correlated with
higher levels of thermal radiation. In the case of a complex enclo-
sure with a uniform temperature, it can be observed that for higher
values of thermal radiation, the isotherm lines within the enclosure
would exhibit a linear pattern. Nevertheless, within a geometrically
intricate enclosure where thermal radiation is absent, the isotherms
may exhibit curvature or irregularity. Isotherm distortion is directly
proportional to both the amount of heat radiation and the complexity
of the enclosure. In cases when concentration occurs near the heated
enclosure wall, which has a complicated form, the number of contours
has been increased due to the intensified values of the thermal radiation
parameter. A comparable pattern can be observed in the distribution
of motile microorganisms. The influence of Rd on the heat capacity
ratio can be observed in Fig. 7, presented in a contour format. In the
absence of thermal radiation, the contour graph depicting the heat
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Ra = 10°

Fig. 5. The contours of y,0,¢, N, and Cr below the variations of Ra at Pe=1,Ste=0, =05,y ={=1,Pr=62,¢=0.05, Ha=25y =0,Rd =1, and Rb = 10.

capacity ratio exhibits a nonlinear pattern characterized by streamlines.
The heat capacity ratio exhibits a linear pattern in response to higher
values of thermal radiation, indicating the influence of the complex
shape of enclosures. Fig. 8 shows the Nu,Sh, and Nn as a function
of the Rd and E. The Nusselt number exhibits a consistent and linear
growth pattern as the thermal radiation parameter increases, while

keeping the activation energy constant. Because radiation warms the
material in question directly, temperature gradients close to the heat
source become more pronounced. As a result, the total heat transfer
rate is increased since conduction and convection are both driven more
strongly. The inclusion of thermal radiation as a supplementary heat
transfer mechanism can effectively augment the overall rate of heat
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transfer. The analysis suggests that the mean velocity of swimming
and population density of mobile microorganisms exhibit a positive
correlation with both the Rd and E (see Fig. 3).

4.4. Impact of Lewis number (Le)

Fig. 9 illustrates the significant influence of the Lewis number Le
values of 0.1,1, and 10 on the variables v, 8, &, N, Cr. The presence of
two vortex centers in close proximity to the complex shaped walls is
noted for lower values of the Lewis number. However, as the Lewis
number approaches unity, the top vortex centers vanish and transform
into two micro-bolus structures. Vortex centers have been observed
for higher Lewis number. Additionally, the streamlines become more
pronounced as the Lewis number increases. It has been discovered
that thermal energy is able to permeate throughout the enclosure,
with the exception of the higher walls. This phenomenon leads to
temperatures that are mostly increased in the vicinity of the lower
walls of the nanofluid. Subsequently, as a consequence of elevated
temperatures experienced by the lower wall of a structurally intricate
enclosure, discernible alterations in the isotherm patterns occur. For a
given concentration near the bottom wall of a heated enclosure, the
number of contours has increased as the Lewis number has increased.
The distribution of motile microorganisms follows a similar pattern,
with the vortex centers being detected at the middle of the complex
walls. When the Lewis number is low, the rate of mass diffusion is
expected to be slower compared to the rate of heat conduction. The con-
sequence of this phenomenon is the emergence of a non-homogeneous
temperature distribution within the enclosure, wherein the temperature
in close proximity to the center of the intricately shaped wall exhibits
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a significantly higher value compared to the temperature of the heated
fluid. This phenomenon will result in an elevation of the heat capacity
ratio, as the enclosure will exhibit an enhanced capacity to retain
and accumulate thermal energy. The impact of Le and Pe on the
Nu, Sh, and Nn have been portrayed in Fig. 10. The figure illustrates
a noticeable decline in all plots, including average Nu and Sh, for
higher values of Pe. The minimal value of the Pe is associated with a
higher average Nu. This revised behavior is observed in the average
Sh and Nn. The average Sh exhibits mixed behavior as the values
of Le and Pe increase. The analysis illustrates a positive correlation
between the average N» and the variables Le and Pe. This combination
favors fast transfer of both Nu, Sh, and Nn. Rapid diffusion aided by
strong convection leads to efficient removal of energy, species, motile
microorganisms and from the surface.

5. Conclusions

The present study focuses on the computational analysis of the MHD
bioconvection flow of NEPCMs within a complexly shaped enclosure.
The effects of factors such as thermal radiation, activation energy and
oxytactic microorganisms have also been taken into account. The flow
model is calculated using the sophisticated finite element method.
The present study illustrates the effects of various parameters on the
characteristics of the y,0,& N,Cr, average Nu,Sh and Nn profiles
using visual representations. The primary outcomes of the present study
are as follows:

» Increases in the Ha and the Le reduce the number of bolus
in contour streamlines, whereas increases in the Rd have been
shown to increase the number of bolus in streamlines.
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Fig. 7. The contours of y,0,¢, N, and Cr for the variations of Rd at Pe=1,Ste=0, =05,y ={=1,Pr=62,¢ =005 Ha=25y=0,Ra= 10°, and Rb = 10.
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Rd and Ha have a significant impact on heat transmission. In-
creased Rd enhances heat transfer. The heat transfer rate falls as
Ha rises because convective fluxes weaken.

Increasing magnetic field intensity decreases convection heat
transfer, reducing cavity re-circulation eddy. After that, conduc-
tion heat transfer dominates.

The Nu exhibits a decreasing trend as the Ha, Rb and Pe in-
creases.

The Sh and Nn exhibit a positive correlation with the Ha and
Rd.

For greater values of Le in the oxygen concentration contour
graph, the vortex centers have been formed towards the bottom
walls.

In the oxygen concentration and motile microorganisms contour
graphs, it can be observed that as the Le value increases, the
vortex centers tend to form closer to the bottom walls.

The future work of this research on NEPCMs could involve several
avenues for exploration and refinement. Firstly, there is an opportunity
to extend the investigation to include a wider range of nanoparticle
concentrations and types, exploring their effects on bioconvection flow
within the rectotrapezoidal cavity. Additionally, further analysis could
be conducted on the interaction between multiple parameters, such as
the simultaneous influence of inclined magnetic fields, oxytactic bacte-
ria, radiation, and Lewis number on the bioconvection flow of NEPCMs.
The study could also benefit from exploring different cavity geometries
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and boundary conditions to assess the robustness and generalizability
of the findings.
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