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A B S T R A C T

Nano-enhanced phase change materials is an effective way to improve the thermal characteristics and to
minimize energy consumption. The bioconvection flow of nano-enhanced phase change materials is gaining
more attention in recent investigations due to its significant applications in engineering and medical sciences.
The present study aims to numerically explore magneto-bioconvection flow of nano-enhanced phase change
materials in H-type cavity including oxytactic microorganisms. The cavity is constantly heated from the left
and a right wall is maintained at cold temperature. The major focus of the current investigation is analyzing
the flow and thermal features of the suspension of nano-enhanced phase change materials and a host fluid. The
governing system is reduced to the dimensionless form by applying the appropriate transformation. Impact of
pertinent parameters, porosity, cavity aspect ratio, Darcy, Hartmann, Lewis, Rayleigh, bioconvection Rayleigh
numbers, radiation parameter, and Péclet number on bioconvection flow of oxytactic microorganisms in H-
type cavity has been analyzed. Six various artificial neural network models are explored in order to estimate
critical parameters with an artificial intelligence approach. It is found that the variations of a cavity aspect ratio
are enhancing the bioconvection flow and phase change material. Increasing Hartmann number reduces the
nanofluid velocity and distributions of oxygen and microorganisms. The Rayleigh and bioconvection Rayleigh
numbers are playing an importance role in enhancing bioconvection flow and varying phase change material.As
𝐻𝑎 increases from 10 to 100, at 𝛾 = 900, there is a 1.67% decrease in the values of 𝑁𝑢avg and a 0.247% increase
in 𝑆ℎavg. Among the study findings, the developed artificial neural networks can predict each parameter with
high accuracy.
1. Introduction

In the recent years, there are several applications of bioconvection
flows in biomicrosystems, heat exchangers, fuel cells, biological wastes,
and oil recovery, etc., [1–4]. The bioconvection flow is produced by
the traveling microorganisms under the influences of an oxygen as a
chemical reaction. Additionally, the spare bacteria supports the biocon-
vection flow since the bacteria is heavier than water. The bioconvection
flow investigates spontaneous design formation and mass stratification
in the specific situation of direct communication between microbes,
forces, and nanoparticles. Many fields and technologies make use of

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

bioconvection, including medicine, biological polymer synthesis, en-
vironmental protection, renewable technology, microbial oil recovery,
biosensors, and biotechnology. Shen et al. [5] investigated the effects
of temperature jump on bioconvection flow of a nanofluid including
gyrotactic microorganisms. Zohra et al. [6] investigated the influences
of Stefan processing on bioconvection flow of a nanofluid. Nanofluids
with magneto-transport phenomena were studied by Rana et al. [7],
determining how gyrotactic behavior in an algal suspension affected
the flow of the fluid along an expanding cylinder. The research was
carried out using Cattaneo-heat Christov’s flux and mass flux concepts
in a modified Buongiorno model. Nabwe et al. [8] examined Carreau
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Nomenclature

𝐶 oxygen concentration
𝐶𝑝 specific heat (J kg−1 K−1)
𝐷𝑐 oxygen diffusivity, m2 s−1

𝐷𝑛 microorganisms diffusivity, m2 s−1

𝑔 gravitational acceleration (m s−2)
𝐻 length (m)
𝐻𝑎 Hartmann number
ℎ𝑠𝑓 latent heat of the core (KJ kg−1)
𝑘 thermal conductivity (W m−1 K−1)
𝐿 cavity dimension (m)
𝐿𝑒 Lewis number,

𝛼𝑓
𝐷𝑐

𝑚 motile microorganisms (dimensional)
𝑚0 the reference density number
𝑁 motile microorganisms density
𝑁𝑢 Nusselt number (local)
𝑁𝑢avg Nusselt number (average)
𝑝 pressure, (N m−2)
𝑃𝑒 Peclet number
𝑃𝑟 Prandtl number,

𝜈𝑓
𝛼𝑓

𝑞𝑟 radiative heat flux
𝑅𝑎 Rayleigh number
𝑅𝑏 bioconvection Rayleigh number
𝑅𝑑 Radiation parameter
𝑆ℎ Sherwood number (local),
𝑆ℎavg Sherwood number (average)
𝑆𝑡𝑒 Stefan number
𝑇 temperature (K)
𝑇𝑀𝑟 melting temperature range
𝑢, 𝑣 velocities (m s−1)
𝑥, 𝑦 Cartesian coordinates (m)
𝑋, 𝑌 dimensionless Cartesian coordinates

Abbreviations

MSE Mean squared error
MLP Multilayer perceptron
ANN Artificial neural network
MoD Margin of deviation
R Coefficient of determination
AR Cavity aspect ratio

Greek symbols

𝛼 thermal-diffusivity (m2 s−1)
𝛽 thermal expansion coefficient (K−1)
𝛾 angle of magnetic field
𝜖 porosity
𝜂 mass ratio of core to the shell
𝜃 dimensionless temperature
𝜇 dynamic-viscosity (kg m−1s−1)
𝜈 kinematic-viscosity (m2 s−1)
𝜉 oxygen concentration
𝜌 density (kg m−3)
𝜙 nanoparticles concentration
𝜓 stream function

Subscripts

avg average
𝑏 bulk properties of the suspension
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𝑐𝑜 properties of the core of NEPCM particle
𝑐 cold
𝑓 water properties
ℎ hot
𝑝 nanoparticle containing PCM
𝑠 solid
𝑠ℎ properties of the shell of NEPCM particle
𝑤 wall

nanofluid and swimming gyrotactic microorganisms over an angled
stretchable cylinder. Hussain et al. [9] investigated bioconvection flow
of a hybrid nanofluid with an obstruction, and oxytactic bacteria within
a porous enclosure.

The industrial system is reliant on a base fluid that is insufficient
to meet the requirements of industrial processes. To address this is-
sue, a new phase of nanotechnology is proposed to assist them in
achieving their goals. Nanofluids can be used in machines to improve
refrigeration and air conditioning, as well as for cooling and shock ab-
sorption. Guided by these applications, several researchers investigated
the flow of nanoliquids past various surfaces. Choi and Eastman [10]
was the first to demonstrate an innovative method of increasing ther-
mal conductivity using nanofluid and, thus, heat transfer performance
of industrial systems. An unusual property of nanofluids is the in-
creased heat transfer rates that result from their exceptionally high
thermal conductivity compared to that of conventional fluids. Numer-
ous scientists have investigated the peculiar behaviors of nanofluids,
and numerous metallic nanoparticles have been examined [11–13].
Mebarek et al. [14] investigated the influences of five different thermal
sources on convection of nanofluids in two coaxial cylindrical tubes
using the finite volume technique. Ahlawat and Sharma [15] investi-
gated the effects of heated block and porous stratum on heat convection
inside a micropolar hybrid nanofluid-occupied an enclosure.

The bioconvection flow of the nanofluid and oxytactic microor-
ganisms are introduced in [16–18]. The water’s density is increasing
by swimming of the motile microorganisms. Das et al. [18] presented
hydromagnetic bioconvection of nanofluid with gyrotactic microorgan-
isms over a porous plate. Oreyeni et al. [19] investigated the impact of
MHD heat, and mass transfer, along with the behavior of gyrotactic mi-
croorganisms, on the flow of bioconvective micropolar nanofluid over a
stretched surface subject to triple stratifications and Cattaneo–Christov
double diffusion. Shamshuddin et al. [20] concentrate on applying
bioconvective treatment to study the flow of a reactive Casson hybrid
nanofluid past an exponentially stretching sheet under the influence of
Ohmic heating and mixed convection.

Many problems in fluid dynamics have been solved using Boussi-
nesq approximations, with most cases having successful results com-
pared to experiments. Mastiani et al. [21] investigated the mixed
convection within a lid-driven enclosure. Vasu et al. [22] presented
a theoretical work using the nonlinear Boussinesq approximation for
transient mixed convection of a nanofluid. Asmadi et al. [23] used
Boussinesq approximation for natural convection inside a nanofluid-
occupied U-shaped enclosure. Ramesh et al. [24] employed mathe-
matical modeling to analyze nanofluid behavior in the presence of
electro-magnetohydrodynamics (EHD) and thermal radiation. They uti-
lize the Jeffrey fluid model to investigate the Graetz problem in a
micro-channel, considering lubrication effects. Additionally, the study
incorporates Poisson–Boltzmann and Navier–Stokes equations to model
electro-osmotic nanofluid flow with a heat sink source.

Due to the uses of NEPCMs in improving heat transfer, many inves-
tigations on natural/mixed convection flows of NEPCM inside cavities
are performed in [25–28]. The bioconvection flow inside cavities con-
taining oxytactic microorganisms and suspended by NEPCMs is recently
introduced by Hussain et al. [29,30]. In this study, the magnetic field
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impacts on the bioconvection flow within H-type cavity containing
NEPCM and oxytactic microorganisms are studied numerically by using
the Galerkin FEM and artificial intelligence approach.

The primary motivation for the present investigation in deepening
our understanding of intricate fluid dynamics and heat transfer phe-
nomena within biological and thermal contexts. This interdisciplinary
approach employs AI techniques to analyze and enhance the behav-
iors of microorganisms and nano-enhanced materials a midst fluid
dynamics, thereby enabling various specific applications: In Biomed-
ical Engineering, the comprehension of microorganisms’ responses to
magnetic fields and fluid motion offers potential for the advancement
of targeted drug delivery systems or medical interventions reliant on
biological fluids. In the realm of Renewable Energy, the exploration of
phase change materials’ behavior within fluid flows provides insights
for designing more efficient thermal energy storage mechanisms for
renewable energy solutions like solar power. Within Material Science,
the investigation into the interplay between nano-enhanced materials
and fluid dynamics propels the development of advanced materials
tailored to specific thermal properties, applicable in diverse fields such
as aerospace or electronics cooling. Overall, the integration of AI into
the exploration of such complex systems promises to reveal unique
insights, streamline processes, and stimulate the emergence of inno-
vative technologies with varied practical implications across multiple
domains. The selection of an H-type enclosure for study is driven by its
practical applicability, adaptable geometry, scalability, and potential
for comparative analysis, rendering it an invaluable tool for exploring
fluid dynamics and heat transfer in engineering contexts.

2. The physical model

The proposed model consists of H-type cavity as depicted in Fig. 1
saturated with laminar, steady, incompressible, and natural-bio
convective flow. The cavity is filled with a water based suspension of
nano-encapsulated phase change materials in the presence of oxytactic
microorganisms. The cavity side length is denoted by 𝐿. The aspect
ratio of the cavity is defined as 𝐴𝑅 = 𝐻∕𝐿, where 𝐻 is length as
demonstrated in the figure. The left wall of the cavity is fixed at
constant hot temperature (𝑇ℎ) while the right wall of the cavity is
kept cold at temperature (𝑇𝑐). All the remaining walls are perfectly
insulated. The nano-encapsulated phase-change materials consists of
the core and shell as the encapsulation material. 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, see [31–33] for further details. The proposed problem is
further subjected to the following assumptions:

• The phase change nanoparticles are assumed to be well dispersed
in the base fluid.

• The magnetic field is imposed to be an inclined with a strength
𝐵0.

• The physical domain is saturated with a stable suspension of
nanoparticles.

• The local thermal equilibrium is applied amongst a base fluid and
a porous medium.

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

• The density variation is accounted using Boussinesq approxima-
tion.

Table 1 provides the thermal properties of nanoparticles, base fluid,
and a porous medium.

The bulk features of thermo-physical are involved in the controlling
PDEs need to be evaluated before solving the obtained model related
characteristics of water and NEPCMs, see [33,34] for the utilized
thermo-physical properties in the dimensional form.
3

Fig. 1. Problem configuration.

Fig. 2. Architecture of the developed MLP network.

Table 1
Thermal features of NEPCM suspension [32].

Material 𝝆 𝜷 × 𝟏𝟎−𝟓 𝑪𝒑 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

The proposed problem is controlled by laws of mass, momentum,
energy, oxygen and microorganism conservation [33,34]:

𝜕𝑢
𝜕𝑥

+ 𝜕𝑣
𝜕𝑦

= 0 (1a)

𝜇𝑏
𝜖
∇2𝑢 =

𝜕𝑝
𝜕𝑥

+
𝜌𝑏
𝜖2

(

𝑢 𝜕𝑢
𝜕𝑥

+ 𝑣 𝜕𝑢
𝜕𝑦

)

+ 𝑓𝑥 (1b)

𝜇𝑏
𝜖
∇2𝑣 =

𝜕𝑝
𝜕𝑦

+
𝜌𝑏
𝜖2

(

𝑢 𝜕𝑣
𝜕𝑥

+ 𝑣 𝜕𝑣
𝜕𝑦

)

+ 𝑓𝑦 (1c)

𝑘𝑒𝑓𝑓
(𝜌𝐶𝑃 )𝑏

∇2𝑇 = 𝑢 𝜕𝑇
𝜕𝑥

+ 𝑣 𝜕𝑇
𝜕𝑦

+ 1
(𝜌𝐶𝑃 )𝑏

𝜕𝑞𝑟
𝜕𝑦

(1d)

𝐷𝑐∇2𝐶 = 𝑢 𝜕𝐶
𝜕𝑥

+ 𝑣 𝜕𝐶
𝜕𝑦

+ 𝛿𝑚 (1e)

𝜕
[

𝑢𝑚 + 𝑢̃𝑚 −𝐷𝑛
𝜕𝑚

]

+ 𝜕
[

𝑣𝑚 + 𝑣̃𝑚 −𝐷𝑛
𝜕𝑚

]

= 0, (1f)

𝜕𝑥 𝜕𝑥 𝜕𝑦 𝜕𝑦
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Fig. 3. The contours of 𝜓, 𝜃, 𝜉,𝑁 , and 𝐶𝑟 below the variations of 𝐻𝑎 at 𝑃𝑟 = 6.2, 𝐿𝑒 = 𝑃𝑒 = 1, 𝑅𝑎 = 105 , 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜙 = 0.05, 𝜖 = 0.8, 𝛾 = 0, 𝐴𝑅 = 1∕3, 𝐷𝑎 = 10−3 , 𝑅𝑑 = 1, 𝜒 = 𝜁 =
1, and 𝑅𝑏 = 10.
where the body forces are given as

𝑓𝑥 =
𝜇𝑏
𝐾
𝑢 +

𝜌𝑏𝐶𝑓
√

𝐾
𝑢
√

𝑢2 + 𝑣2 +
𝜎𝑏𝐵2

0
𝜌𝑏

(

𝑣 sin 𝛾 cos 𝛾 − 𝑢 sin2 𝛾
)

(2a)

𝑓𝑦 =
𝜇𝑏
𝐾
𝑣 +

𝜌𝑏𝐶𝑓
√

𝐾
𝑣
√

𝑢2 + 𝑣2 +
𝜎𝑏𝐵2

0
𝜌𝑏

(

𝑢 sin 𝛾 cos 𝛾 − 𝑣 cos2 𝛾
)

+ (𝛾⋆𝛥𝜌 ⋅ 𝑚 − (𝜌𝛽)𝑏(𝑇 − 𝑇𝑐 ))𝑔 (2b)

where 𝐶𝑓 = 1.75∕
√

150𝜖3 stands for the Forchheimer coefficient,
𝑘 = (1 − 𝜖)𝑘 + 𝜖𝑘 denotes the effective thermal conductivity,
4

𝑒𝑓𝑓 𝑠 𝑓
𝐾 = 𝜖3𝑑2𝑝𝑠∕150(1 − 𝜖)2 is the permeability, 𝑑𝑝𝑠 stands for the average

size of particle of a porous matrix, 𝑢̃ =
(

𝑏𝑊𝑐
𝛥𝐶

)

𝜕𝐶
𝜕𝑥

and 𝑣̃ =
(

𝑏𝑊𝑐
𝛥𝐶

)

𝜕𝐶
𝜕𝑦

explains the mean swimming velocities of bacteria. 𝐶0 represents the
oxygen concentration for right and left walls, 𝑊𝑐 is the maximum cell
swimming speed, 𝛿𝑚 denotes oxygen usage of bacteria, 𝛾⋆ representing
the mean volume of bacteria and 𝛥𝐶 = 𝐶0 − 𝐶min where 𝐶min is a
minimum oxygen concentration. The radiative heat flux is adopted
by Rosseland approximation as 𝑞𝑟 = −(4𝜎𝐵∕3𝛽𝑅)(𝜕𝑇 4∕𝜕𝑦). Under the
assumption of small temperature differences, the temperature 𝑇 4 is
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Fig. 4. The 𝑁𝑢avg and 𝑆ℎavg below the variations of 𝐻𝑎 and 𝛾 at 𝐴𝑅 = 1∕3, 𝑃 𝑟 = 6.2, 𝑅𝑎 = 105 , 𝐷𝑎 = 10−3 , 𝐿𝑒 = 𝑃𝑒 = 1, 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜖 = 0.8, 𝜙 = 0.05, 𝑅𝑑 = 1, 𝜒 = 𝜁 = 1, and 𝑅𝑏 = 10.
approximated on 𝑇 using the well-known Taylor series expansion.

𝑇 4 ≈ 4𝑇 3
𝑐 𝑇 − 3𝑇 4

𝑐 (3)

and

𝜕𝑞𝑟
𝜕𝑦

= −

(

16𝜎𝐵𝑇 3
𝑐

3𝛽𝑅

)

𝜕2𝑇
𝜕𝑦2

. (4)

The dimensional system of Eq. (1) is reduced to the dimensionless form
with the following transformations:

𝑋 = 𝑥
𝐿
, 𝑌 =

𝑦
𝐿
, 𝑈 = 𝑢𝐿

𝛼𝑓
, 𝑉 = 𝑣𝐿

𝛼𝑓
,

𝑃 =
𝑝𝐿2

𝜌𝛼2𝑓
, 𝜃 =

𝑇 − 𝑇𝑐
𝑇ℎ − 𝑇𝑐

, 𝜉 =
𝐶 − 𝐶min
𝛥𝐶

, 𝑁 = 𝑚
𝑚0
.

(5)

Once the dimensionless system of PDEs is achieved with the help of
above variables. Thus, the dimensionless system becomes:

𝜕𝑈
𝜕𝑋

= − 𝜕𝑉
𝜕𝑌

, (6a)

𝑃𝑟(1 +𝑁𝑣𝜙)∇2𝑈 = 𝜕𝑃
𝜕𝑋

+ 1
𝜖2

(

𝜇𝑏
𝜌𝑓

)(

𝑈 𝜕𝑈
𝜕𝑋

+ 𝑉 𝜕𝑈
𝜕𝑌

)

+ 𝐹𝑋 (6b)

𝑃𝑟(1 +𝑁𝑣𝜙)∇2𝑉 = 𝜕𝑃
𝜕𝑌

+ 1
𝜖2

(

𝜇𝑏
𝜌𝑓

)(

𝑈 𝜕𝑉
𝜕𝑋

+ 𝑉 𝜕𝑉
𝜕𝑌

)

+ 𝐹𝑌 (6c)

𝑘𝑚,𝑏
𝑘𝑓

[

𝜕2𝜃
𝜕𝑋2

+
(

1 + 4𝑅𝑑
3

) 𝜕2𝜃
𝜕𝑌 2

]

= 𝐶𝑟
(

𝑈 𝜕𝜃
𝜕𝑋

+ 𝑉 𝜕𝜃
𝜕𝑌

)

(6d)

1
𝐿𝑒

∇2𝜉 = 𝑈
𝜕𝜉
𝜕𝑋

+ 𝑉
𝜕𝜉
𝜕𝑌

+
𝜁
𝐿𝑒
𝑁 (6e)

1
𝐿𝑒

∇2𝑁 = 𝜒
(

𝑈 𝜕𝑁
𝜕𝑋

+ 𝑉 𝜕𝑁
𝜕𝑌

)

+ 𝑃𝑒
𝐿𝑒

(

𝑁
𝜕2𝜉
𝜕𝑋2

+𝑁
𝜕2𝜉
𝜕𝑌 2

+ 𝜕𝑁
𝜕𝑋

𝜕𝜉
𝜕𝑋

+ 𝜕𝑁
𝜕𝑌

𝜕𝜉
𝜕𝑌

)

, (6f)

where

𝐹𝑋 = 1
𝐷𝑎

𝑈 +
𝐶𝑓

√

𝐷𝑎𝜖3
𝑈
√

𝑈 2 + 𝑉 2 +
(

𝜎𝑏
𝜎𝑓

)(

𝛽𝑏
𝛽𝑓

)

(

𝑉 sin 𝛾 cos 𝛾 − 𝑈 sin2 𝛾
)

(7a)

𝐹𝑌 = 1
𝐷𝑎

𝑉 +
𝐶𝑓

√

𝐷𝑎𝜖3
𝑉
√

𝑈 2 + 𝑉 2 +
(

𝜎𝑏
𝜎𝑓

)(

𝛽𝑏
𝛽𝑓

)

(

𝑈 sin 𝛾 cos 𝛾 − 𝑉 cos2 𝛾
)

+ 𝑅𝑎𝑃𝑟
(

𝜌𝑏
𝜌𝑓

)(

𝛽𝑏
𝛽𝑓

)

(𝜃 − 𝑅𝑏𝑁) (7b)

where 𝜒 = 𝐷𝑐∕𝐷𝑛 depicts the diffusion ratio and 𝜁 = (𝑚0𝛿𝐿2∕(𝐷𝑐𝛥𝐶))
denotes the consumption of oxygen. The heat capacity ratio 𝐶𝑟 and
effective thermal conductivity of a suspension and porous medium
5

(𝑘𝑚,𝑏) in (6d) are given by

𝐶𝑟 = (𝜌𝐶𝑝)𝑏∕(𝜌𝐶𝑝)𝑓 = (1−𝜙)+𝜙𝜉+
𝜙

𝛿𝑆𝑡𝑒
𝑓 ,

𝑘𝑚,𝑏
𝑘𝑓

= (1−𝜖)
𝑘𝑠
𝑘𝑓

+𝜖(1+𝑁𝑐𝜙).

(8)

The involved parameters in (6) such as Prandtl number, Rayleigh,
bioconvection Rayleigh, Hartmann, Peclet, Darcy, Lewis numbers and
thermal radiation parameter are given by:

𝑃𝑟 =
𝜈𝑓
𝛼𝑓
, 𝑅𝑎 =

𝛽𝑇 𝑔𝐿3𝛥𝑇𝑃 𝑟
𝜈2

, 𝑅𝑏 =
𝑚0(𝜌𝑐𝑒𝑙𝑙 − 𝜌𝑓 )𝛾
𝜌𝑓 𝛽𝑓 (𝑇ℎ − 𝑇𝑐 )

, (9a)

𝐻𝑎 = 𝐵0𝐿

√

𝜎𝑓
𝜇𝑓
, 𝑃 𝑒 =

𝑏𝑊𝑐
𝐷𝑛

, 𝐿𝑒 =
𝛼𝑓
𝐷𝑐

, 𝐷𝑎 = 𝐾
𝐿2
, 𝑅𝑑 =

4𝜎𝐵𝑇 3
𝑐

𝑘𝑓 𝛽𝑅
. (9b)

The heat capacity ratio (𝜉), Stefan number (𝑆𝑡𝑒), and melting temper-
ature interval (𝛿), are:

𝜆 =

(

𝐶𝑝,𝑐𝑜 + 𝜂𝐶𝑝,𝑠ℎ
)

𝜌𝑐𝑜𝜌𝑠ℎ
(

𝜌𝐶𝑝
)

𝑓

(

𝜌𝑠ℎ + 𝜂𝜌𝑐𝑜
) , 𝛿 =

𝑇𝑀𝑟
𝛥𝑇

,

𝑆𝑡𝑒 =
𝛥𝑇

(

𝜌𝐶𝑝
)

𝑓

(

𝜌𝑠ℎ + 𝜂𝜌𝑐𝑜
)

ℎ𝑠𝑓 𝜌𝑐𝑜𝜌𝑠ℎ(1 + 𝜂)
.

(10)

The following is the fusion-function, demonstrated as a function of
temperature

𝑓 =
{𝜋
2
⋅ sin

(𝜋
𝛿

(

𝜃 − 𝜃𝑓 + 𝜋
2

))}

⋅

⎧

⎪

⎨

⎪

⎩

0 if 𝜃 < 𝜃𝑓 − 𝛿
2

1 if 𝜃𝑓 − 𝛿
2 < 𝜃 < 𝜃𝑓 + 𝛿

2
0 if 𝜃 > 𝜃𝑓 + 𝛿

2

(11)

where the fusion temperature
(

𝜃𝑓
)

can be reduced as

𝜃𝑓 =
𝑇𝑓 − 𝑇𝑐
𝑇ℎ − 𝑇𝑐

. (12)

The boundary conditions in the dimensionless form are subjected to the
no-slip velocity 𝑈 = 𝑉 = 0. Thermal and concentration components are
subjected to the following constraints

On the right wall: 𝜉 = 𝑁 = 1, 𝜃 = 0

On the bottom walls: 𝜕𝜃
𝜕𝑌

= 0, 𝜉 = 1, 𝑃 𝑒𝑁
𝜕𝜉
𝜕𝑌

= 𝜕𝑁
𝜕𝑌

On the left wall: 𝜃 = 1, 𝜉 = 𝑁 = 1

On the other walls: 𝜕𝜃 =
𝜕𝜉

= 𝜕𝑁 = 0.

𝜕𝑌 𝜕𝑌 𝜕𝑌
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Fig. 5. The contours of 𝜓, 𝜃, 𝜉,𝑁 , and 𝐶𝑟 below the variations of 𝐷𝑎 at 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝑅𝑎 = 105 , 𝑃 𝑟 = 6.2, 𝜒 = 𝜁 = 1, 𝛾 = 0, 𝐴𝑅 = 1∕3, 𝜖 = 0.8, 𝜙 = 0.05,𝐻𝑎 = 25, 𝑅𝑑 = 1, 𝐿𝑒 = 𝑃𝑒 =
1, and 𝑅𝑏 = 10.
3. The Nusselt (𝑵𝒖) and Sherwood (𝑺𝒉) numbers

The corresponding quantities related to the rates of heat and mass
transport are:

𝑁𝑢avg = −
𝑘𝑚,𝑏
𝑘𝑓 ∫

1

0

𝜕𝜃
𝜕𝑋

𝑑𝑌 , 𝑆ℎavg = −∫

1

0

𝜕𝜉
𝜕𝑋

𝑑𝑌 . (13)

4. Numerical procedure

The dimensionless form of a physical problem is solved by Galerkin
finite element method. After achieving the weak formulation for system
6

of Eqs. (6), a hybrid grid has been constructed discretized. All the
solution components except the pressure have been discretized using
the quadratic (P2) elements while the pressure is approximated by
utilizing the (P1) finite elements. Adaptive Newtons method has been
implemented to linearize the resulting system of nonlinear equations.
Within each nonlinear sweep, the linear system of equations was re-
solved through the application of the Gaussian elimination method. The
nonlinear outer loop terminated when the nonlinear residual decreased
to 10−6, with the last iteration deemed acceptable as the approximate
solution. This technique has already been employed and explained in
our earlier work, see [35,36] for details.



Thermal Science and Engineering Progress 49 (2024) 102497S. Hussain et al.
Fig. 6. The 𝑁𝑢avg and 𝑆ℎavg under variations of 𝜖 and 𝐷𝑎 at 𝜒 = 𝜁 = 1, 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜙 = 0.05,𝐻𝑎 = 25, 𝑃 𝑟 = 6.2, 𝐿𝑒 = 𝑃𝑒 = 1, 𝐴𝑅 = 1∕3, 𝑅𝑎 = 105 , 𝛾 = 0, 𝑅𝑑 = 1, and 𝑅𝑏 = 10.
Table 2
Comparison of the present study and available data of Ref. [38] for
𝜙 = 0.04.
𝐻𝑎 𝑁𝑢avg |𝜓|max

Present Ref. [38] Present Ref. [38]

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.
𝓁 𝑁𝑢avg 𝑆ℎavg

1 2.558040 0.241041
2 2.542574 0.241400
3 2.540252 0.241448
4 2.522573 0.241624
5 2.521363 0.241662
6 2.522014 0.241662
7 2.516018 0.241664
8 2.514013 0.241607

4.1. The validation and grid sensitivity tests

The adopted solution has been validated in [37] against numerical
and experimental studies. Further, in order to test the reliability of the
designed solver for the MHD natural convection flow of nanofluid in a
cavity, the present solver is validated for the against the available data
of [38]. A close agreement of the results shown in

Table 2 provided us the confident to carry out the simulations of
the proposed problem.

The grid independence check is performed for the average 𝑁𝑢 and
𝑆ℎ numbers for 𝑃𝑟 = 6.2, 𝐷𝑎 = 10−3, 𝐿𝑒 = 𝑃𝑒 = 1, 𝜖 = 0.8, 𝑆𝑡𝑒 =
𝜃𝑓 = 0.5, 𝜒 = 𝜁 = 1, 𝜙 = 0.05, 𝐴𝑅 = 1∕3, 𝑅𝑎 = 105, 𝑅𝑑 = 1,𝐻𝑎 =
25, 𝛾 = 0, and 𝑅𝑏 = 10. The results are demonstrated in Table 3 which
shows insignificant variations in the chosen quantities for the highest
computed level 𝓁 = 8. So, 𝓁 = 8 is found appropriate for the numerical
simulation.

5. ANN model development

Six different artificial neural networks (ANNs) have been estab-
lished to forecast 𝑁𝑢avg and 𝑆ℎavg values with an artificial intelligence
approach. Six different ANN models were proposed because the inde-
pendent input variables for the 𝑁𝑢 and 𝑆ℎ values estimated at
7

avg avg
each stage were different. Multilayer perceptron (MLP) structure is used
as the architecture in ANNs. MLP networks consist of layers and each
layer is directly connected to each other. The first layer of the MLP
network is the input layer, and in the input layer, input parameters are
defined to the system. After the input layer, there is a hidden layer, and
there is at least one hidden layer in each MLP network. The next layer
after the hidden layer is the output layer where the prediction values
are obtained. Independent variables were definite as input parameters
in the input layer of the MLP network, and𝑁𝑢avg and 𝑆ℎavg values were
gained in the output layer. There are 10 neurons in the hidden layer
of each model. The basic architecture of the developed MLP network is
shown in Fig. 2. Ideal grouping of the data set used in ANN models is
one of the significant parameters that affects the prediction correctness
of the model [39]. The methodology obtained from the literature was
used to group the data set used in training the models [40]. 70% of the
data was used for training the model, 15% for validation and 15% for
testing. In each ANN model, Levenberg–Marquardt training algorithm
was used as the training algorithm and Tan-Sig and Purelin functions
were used as transfer functions. Performance parameters commonly
used in the literature were discussed in order to investigate the training,
learning and prediction accuracies of ANN models. The equations used
to calculate the mean squared error (MSE), coefficient of determination
(R) and margin of deviation (MoD) parameters, which were used as
performance parameters, are given below [41]:

The performance parameters MSE, R and MoD can be written
as [42]:

MSE = 1
𝑁

𝑁
∑

𝑖=1
(𝑋targ(𝑖) −𝑋ANN(𝑖))2 (14)

R =

√

√

√

√

√1 −
∑𝑁
𝑖=1(𝑋targ(𝑖) −𝑋ANN(𝑖))2

∑𝑁
𝑖=1𝑋trag(𝑖)

(15)

MoD =

[

𝑋targ −𝑋ANN
]

𝑋targ
× 100(%) (16)

6. CFD numerical results

This section introduces the representative visualizations of the per-
formed numerical simulations under the pertinent physical parameters.
The streamlines 𝜓 , temperature 𝜃, Oxygen 𝜉, Microorganisms, 𝑁 , and
heat capacity ratio 𝐶𝑟 as well as 𝑁𝑢avg and 𝑆ℎavg for different Hart-
mann number (𝐻𝑎), inclination angle of a magnetic field 𝛾, Darcy
number (𝐷𝑎), cavity aspect ratio (𝐴𝑅), nanoparticles parameter (𝜙),
Lewis number (𝐿𝑒), Péclet number (𝑃𝑒), bioconvection Rayleigh (𝑅𝑏),
porosity parameter (𝜖), Rayleigh number (𝑅𝑎), and radiation parameter
(𝑅𝑑) are conducted in Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13. The
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Fig. 7. The contours of 𝜓, 𝜃, 𝜉,𝑁 , and 𝐶𝑟 below the variations of 𝐴𝑅 at 𝐷𝑎 = 10−3 , 𝐿𝑒 = 𝑃𝑒 = 1, 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜖 = 0.8, 𝜒 = 𝜁 = 1, 𝑃 𝑟 = 6.2, 𝜙 = 0.05,𝐻𝑎 = 25, 𝛾 = 0, 𝑅𝑎 = 105 , 𝑅𝑑 =
1, and 𝑅𝑏 = 10.
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Fig. 8. The 𝑁𝑢avg and 𝑆ℎavg below the impacts of 𝐴𝑅 with 𝜙 for 𝑅𝑎 = 105 , 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜒 = 𝜁 = 1, 𝑃 𝑟 = 6.2,𝐻𝑎 = 25, 𝐷𝑎 = 10−3 , 𝛾 = 0, 𝑅𝑑 = 1, 𝐿𝑒 = 𝑃𝑒 = 1, 𝜖 = 0.8, and 𝑅𝑏 = 10.
ranges of pertinent parameters are Hartmann number (10 ≤ 𝐻𝑎 ≤ 100),
an inclination angle (15 ≤ 𝛾 ≤ 90), Darcy number (10−5 ≤ 𝐷𝑎 ≤ 10−2),
cavity aspect ratio (1∕6 ≤ 𝐴𝑅 ≤ 1∕3, nanoparticles parameter (0.01 ≤
𝜙 ≤ 0.05), Rayleigh number 103 ≤ 𝑅𝑎 ≤ 106), porosity parameter
(0.2 ≤ 𝜖 ≤ 0.8), Péclet number (0.1 ≤ 𝑃𝑒 ≤ 1), bioconvection Rayleigh
(0 ≤ 𝑅𝑏 ≤ 20), Lewis number (1 ≤ 𝐿𝑒 ≤ 10), and radiation parameter
(0 ≤ 𝑅𝑑 ≤ 4).

6.1. Effect of the Hartmann number (𝐻𝑎)

Fig. 3 depicts the influences of 𝐻𝑎 on the contours of 𝜓 , 𝜃, 𝜉, 𝑁 , and
𝐶𝑟. 𝐻𝑎 signifies the ratio of magnetic to viscous forces in a conductive
fluid under a magnetic field. Physically, 𝐻𝑎 gauges the relative influ-
ence of magnetic and viscous effects in fluid flow. A high 𝐻𝑎 indicates
magnetic dominance, altering flow behavior significantly. Conversely, a
low𝐻𝑎 suggests viscous forces prevail. Physically, Lorentz force powers
by an increment in 𝐻𝑎 and this force shrinks the nanofluid velocity. As
a result, an increment in 𝐻𝑎 declines the strength of 𝜓 across H-shaped
cavity. The uniform streamlines are appearing at low 𝐻𝑎 = 10, while
according to an extra of 𝐻𝑎, the streamlines contour is shrinking on
the right area of H-shaped cavity. Further, the isotherms are affected
by variation of 𝐻𝑎. The contours of oxygen and microorganisms are
reducing across H-shaped cavity as 𝐻𝑎 increases. The region of a
phase change is slightly shifted by an increment in 𝐻𝑎 due to the less
contributions of 𝐻𝑎 in changing heat transfer within H-shaped cavity.

Fig. 4 presents 𝑁𝑢avg and 𝑆ℎavg under the variations of 𝐻𝑎 and 𝛾.
Here, the values of 𝑁𝑢avg are decreasing according to an increment in
𝐻𝑎. The alterations of 𝑁𝑢avg are appearing clearly at lower 𝐻𝑎 and
𝑁𝑢avg declines as 𝛾 boosts from 15◦ to 90◦. The values of 𝑆ℎavg are
enhanced according to an increment in 𝐻𝑎 and 𝛾. At 𝛾 = 90◦, the
values of 𝑁𝑢avg declines by 1.67% and 𝑆ℎavg increases by 0.247 as 𝐻𝑎
increases from 10 to 100.

6.2. Effect of the Darcy number (𝐷𝑎)

Fig. 5 indicates the influences of 𝐷𝑎 on the contours of 𝜓 , 𝜃, 𝜉, 𝑁 ,
and 𝐶𝑟. Physically, 𝐷𝑎 plays the factor of a porous resistance of the
nanofluid flows. 𝐷𝑎 reveals the influence of pressure gradients and
viscous forces on fluid flow through porous materials. A high 𝐷𝑎 sug-
gests pressure gradients drive flow, while a low one indicates significant
viscous resistance within the porous medium. Knowledge of the 𝐷𝑎
is critical in engineering and geophysical fields, such as groundwater
flow, oil reservoir modeling, and soil permeability analysis. It aids in
predicting fluid behavior and optimizing processes involving porous
media flow. Consequently, increasing 𝐷𝑎 reduces the porous resistance
and enhances the nanofluid velocity. The strength of 𝜓 is enhanced as
9

𝐷𝑎 increases du to a low porous resistance. The isotherms are enhanced
across the right area of H-shaped cavity when 𝐷𝑎 increases. Also, the
contours of 𝜉, and 𝑁 are clearly improved as 𝐷𝑎 increases. The phase
change zone in the cavity’s center shifts towards the left area according
to an increment in 𝐷𝑎.

The impacts of 𝐷𝑎, and 𝜖 on the values of 𝑁𝑢avg and 𝑆ℎavg are
introduced in Fig. 6. Since the porous permeability increases by a
decrease in 𝜖, then the value of 𝑁𝑢avg decreases by a reduction in
𝜖. While, the value of 𝑆ℎavg enhances by a reduction in 𝜖. Further,
a decrease in 𝐷𝑎 enhances 𝑁𝑢avg and reduces 𝑆ℎavg. Physically, the
changes of intensity of bioconvection flow according to the changes of
the porous resistance.

6.3. Effect of the cavity aspect ratio (𝐴𝑅)

Fig. 7 shows the effects of 𝐴𝑅 on the contours of 𝜓 , 𝜃, 𝜉, 𝑁 , and
𝐶𝑟. The cavity aspect ratio 𝐴𝑅 offers understanding of a cavity’s shape
and size and how they impact flow or heat transfer. A high aspect
ratio signifies elongation, while a low one indicates a squat shape. This
insight aids in optimizing systems involving cavities, like in electronics
cooling, combustion chambers, and aerodynamics. Because of changes
in H-shaped geometry due to the alterations on 𝐴𝑅, the contours of
𝜓 are altered by the variations of 𝐴𝑅. The uniform distributions of
streamlines are established clearly when 𝐴𝑅 increases from 1∕6 to
1∕3. Hence, the geometry’s factor plays a well role in adjusting the
bioconvection flow within a closed domain. Also, the isotherms are
extended according to the lower values of 𝐴𝑅. There are changes on
the contours of 𝜉, and 𝑁 , according to the variations of 𝐴𝑅. The phase
change zone is shrinking across the cavity’s center as 𝐴𝑅 increases from
1∕6 to 1∕3.

Fig. 8 presents the 𝑁𝑢avg and 𝑆ℎavg for different values of 𝐴𝑅 with
𝜙. Increasing 𝐴𝑅 declines the values of 𝑁𝑢avg and enhances 𝑆ℎavg.
Adding extra concentration of nanoparticles from 1% to 5% enhances
the values of 𝑁𝑢avg and 𝑆ℎavg.

6.4. Effect of the Rayleigh number (𝑅𝑎)

Fig. 9 introduces the impacts of 𝑅𝑎 on the contours of 𝜓 , 𝜃, 𝜉,𝑁 , and
𝐶𝑟. Physically, 𝑅𝑎 accelerates the bioconvection flow by boosting the
buoyancy forces. 𝑅𝑎 is a dimensionless quantity used in fluid dynamics
and heat transfer to characterize the relative significance of buoyancy
forces to viscous forces within a fluid undergoing convective motion
due to thermal gradients. A high 𝑅𝑎 signals buoyancy forces over-
powering viscosity, triggering convection due to temperature gradients.
Conversely, a low Rayleigh number implies viscosity dominates, result-
ing in mainly laminar flow without notable convection. Accordingly,
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Fig. 9. The contours of 𝜓, 𝜃, 𝜉,𝑁 , and 𝐶𝑟 below the variations of 𝑅𝑎 at 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝐷𝑎 = 10−3 ,𝐻𝑎 = 25, 𝜙 = 0.05, 𝜒 = 𝜁 = 1, 𝑃 𝑟 = 6.2, 𝜖 = 0.8, 𝐿𝑒 = 𝑃𝑒 = 1, 𝛾 = 0, 𝐴𝑅 = 1∕3, 𝑅𝑑 =
1, and 𝑅𝑏 = 10.



Thermal Science and Engineering Progress 49 (2024) 102497S. Hussain et al.
Fig. 10. The 𝑁𝑢avg and 𝑆ℎavg under the impacts of 𝑅𝑏 and 𝑅𝑎 at 𝐷𝑎 = 10−3 , 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝑃 𝑟 = 6.2, 𝐿𝑒 = 𝑃𝑒 = 1,𝐻𝑎 = 25, 𝛾 = 0, 𝜖 = 0.8, 𝐴𝑅 = 1∕3, 𝜙 = 0.05, 𝑅𝑑 = 1, and 𝜒 = 𝜁 = 1.
the strength of 𝜓 increases by an increment in 𝑅𝑎. Also, the contours
of 𝜃, 𝜉, and 𝑁 are improved according to an increase in 𝑅𝑎. The phase
change zone shifts towards the right area according to an increase in
𝑅𝑎. These results are representing the importance of 𝑅𝑎 in improving
the bioconvection flows.

Fig. 10 shows the influences of 𝑅𝑏 and 𝑅𝑎 on the values of 𝑁𝑢avg
and 𝑆ℎavg. Here, an increase in 𝑅𝑏 reduces 𝑁𝑢avg and improves 𝑆ℎavg.
Further, an increase in 𝑅𝑎 enhances 𝑁𝑢avg and reduces 𝑆ℎavg.

6.5. Effect of the Lewis number (𝐿𝑒)

Fig. 11 presents the contours of 𝜓 , 𝜃, 𝜉, 𝑁 , and 𝐶𝑟 under the
variations of 𝐿𝑒. Physically, 𝐿𝑒 represents the ratio amongst ther-
mal to mass diffusivity. A high 𝐿𝑒 means heat diffuses faster than
mass, indicating thermal diffusion dominance, while a low 𝐿𝑒 suggests
mass diffusivity prevails over thermal diffusivity. Comprehending 𝐿𝑒
is vital in fields like combustion, chemical reactions, and transport
phenomena, aiding in predicting heat and mass transfer rates in fluids.
Consequently, increasing 𝐿𝑒 suppresses the intensity of the streamlines
across H-shaped cavity. The contours of oxygen and microorganisms
are enhanced relevant to an augmentation in 𝐿𝑒. The changes on 𝐿𝑒
has minor influences in 𝐶𝑟.

The values of 𝑁𝑢avg and 𝑆ℎavg for different values of 𝑃𝑒 and 𝐿𝑒
are introduced in Fig. 12. An augmentation in 𝑃𝑒 reduces the value
of 𝑁𝑢avg and enhances 𝑆ℎavg. Fig. 13 shows the values of 𝑁𝑢avg and
𝑆ℎavg under the changes on radiation parameter 𝑅𝑑 and 𝜙. Physically,
𝑅𝑑 relates transfer of a conduction to thermal radiation. As a result,
the values of 𝑁𝑢avg are enhanced according to an augmentation in 𝑅𝑑
and 𝜙. 𝑆ℎavg increases as 𝜙 boosts and their values are reduced when
𝑅𝑑 increases.

7. ANN model results

To investigate the prophecy performance for the ANN models,
firstly, the prediction values gained from the ANN models were as-
sociated with the target values. In Figs. 14 and 15, 𝑁𝑢avg and 𝑆ℎavg
are computed from the ANN archetypal and target values are given
for separately data point. For each data point, it can be perceived
that the values gotten from the ANN model and the data expressing
the target values are in ideal harmony. This ideal harmony of the
𝑁𝑢avg and 𝑆ℎavg values contracted from the ANN model with the
target values indications that the established ANN models can foresee
the 𝑁𝑢avg and 𝑆ℎavg values with extraordinary accurateness. Figs. 16
and 17 show the deviation rates between the 𝑁𝑢avg and 𝑆ℎavg values
gotten from the ANN archetypal and the target values. When the values
given for each data point are surveyed, it is perceived that the points
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expressing the deviation rates are generally neighboring to the zero
deviation line. Low deviation rates mean that the deviation in the
middle of the 𝑁𝑢avg and 𝑆ℎavg values attained from the ANN and the
target values is low. The results gotten from the deviation rates show
that the settled ANN models are adept of predicting 𝑁𝑢avg and 𝑆ℎavg
values with identical truncated fault rates. In order to accomplish a
supplementary exhaustive fault scrutiny of ANN models, the alterations
amongst the target values for each output parameter and the values
achieved from the ANN model are shown in Figs. 18 and 19. When the
difference values calculated for each data point are scanned, it is seen
that generally very low error values are obtained. The small difference
amongst the values gotten from the ANN model and the target values
confirms that the technologically advanced ANN models are talented
of predicting 𝑁𝑢avg and 𝑆ℎavg values with very low errors. The target
values are shown on the 𝑥-axis of Figs. 20 and 21, and the 𝑁𝑢avg and
𝑆ℎavg values acquired from the ANN model are shown on the y-axes,
respectively. When the locations of the data points are examined, it
is realized that generally all data points are positioned on and near
the zero error line. When the performance parameters given in Table 4
are scrutinized, it is grasped that the MSE values are identical stumpy,
while the R values are premeditated very close to 1. All these results
clearly prove that the 6 diverse ANN representations industrialized can
foresee 𝑁𝑢avg and 𝑆ℎavg values with very extraordinary accurateness.

8. Conclusions

This work computationally investigated the impacts of different
Hartmann number, inclination angle of a magnetic field, bioconvec-
tion Rayleigh, Darcy number, porosity parameter, cavity aspect ratio,
nanoparticles parameter, Péclet number, Rayleigh number, Lewis num-
ber, and radiation parameter on bioconvection flow of oxytactic mi-
croorganisms in H-type cavity. In this work, the streamlines, isotherms,
heat capacity ratio, oxygen and microorganisms as well as 𝑁𝑢avg and
𝑆ℎavg were calculated for the pertinent parameters.

The important numerical results of this work are listed as follow:

• Alternating H-type geometry by variations of cavity aspect ratio
𝐴𝑅 has a well role in controlling the bioconvection flow and
phase change material.

• The Hartmann number shrinks the nanofluid velocity and deduces
the contours of oxygen and microorganisms.

• Increasing Darcy parameter helps in deducing the porous resis-
tance which enhances the intensity of isotherms, streamlines,
oxygen and microorganisms.

• The bioconvection Rayleigh and Rayleigh numbers are effective in

enhancing bioconvection flow and varying phase change material.
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Fig. 11. The contours of 𝜓, 𝜃, 𝜉,𝑁 , and 𝐶𝑟 below the variations of 𝐿𝑒 for 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜙 = 0.05,𝐻𝑎 = 25, 𝐷𝑎 = 10−3 , 𝑃 𝑟 = 6.2, 𝜖 = 0.8, 𝑅𝑎 = 105 , 𝛾 = 0, 𝐴𝑅 = 1∕3, 𝜒 = 𝜁 = 1, 𝑅𝑑 =
1, 𝐿𝑒 = 1, and 𝑅𝑏 = 10.
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Fig. 12. The 𝑁𝑢avg and 𝑆ℎavg under the impacts of 𝑃𝑒 with 𝐿𝑒 for 𝑅𝑎 = 105 , 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝜒 = 𝜁 = 1, 𝜙 = 0.05, 𝑃 𝑟 = 6.2, 𝐷𝑎 = 10−3 ,𝐻𝑎 = 25, 𝛾 = 0, 𝐴𝑅 = 1∕3, 𝑅𝑑 = 1, 𝜖 =
0.8, and 𝑅𝑏 = 10.
Fig. 13. The 𝑁𝑢avg and 𝑆ℎavg under the impacts of 𝑅𝑑 with 𝜙 for 𝐷𝑎 = 10−3 , 𝜒 = 𝜁 = 1, 𝑅𝑎 = 105 , 𝑆𝑡𝑒 = 𝜃𝑓 = 0.5, 𝑃 𝑟 = 6.2,𝐻𝑎 = 25, 𝜖 = 0.8, 𝐴𝑅 = 1∕3, 𝐿𝑒 = 𝑃𝑒 = 1, 𝛾 = 0, and 𝑅𝑏 = 10.
Table 4
Performance parameters for the ANN models.

Model-1 Model-2 Model-3 Model-4 Model-5 Model-6

MSE 6.62E−10 1.04E−07 9.19E−06 8.97E−09 2.02E−05 3.23E−08
R 0.99999 0.99999 0.99997 0.99999 0.99995 0.99999
• The distributions of oxygen and microorganisms are improving
across H-type cavity according to an increment in Lewis number.

• The values of 𝑁𝑢avg are enhancing according to an increment
in porosity parameter, Darcy parameter, bioconvection Rayleigh
number, Rayleigh number, thermal radiation parameter, and
nanoparticles parameter. While, the 𝑁𝑢avg deduces as an augmen-
tation in Hartmann number, cavity aspect ratio, a slope angle of
a magnetic field, Péclet number, and Lewis number.

• Due to the difference of temperature amongst the left/right area
of H-type cavity, the phase change zone appears in the center area
between them.
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• MSE values computed from ANN models were found to be smaller
than 2.02E−05.

• R values for each model were calculated to be higher than 0.9999.
• With an increase in 𝐻𝑎 from 10 to 100 at 𝛾 = 90◦, the values of
𝑁𝑢avg decreases by 1.67%, while 𝑆ℎavg increases by 0.247%.

• The obtained results demonstrated that the ANN models devel-
oped in this study can predict the high accuracy.

Future works
Future research will investigate the interaction between NEPCM

and oxytactic microorganisms using advanced multi-phase modeling
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Fig. 14. Compatibility of 𝑁𝑢avg values from the ANN-model and target-values.
to capture system behavior accurately. Additionally, the effects of
nanoparticle types and concentrations on NEPCM’s thermal and rhe-
ological properties will be explored, potentially through experimental
validation for specific applications. Strategies to optimize system per-
formance, including controlling microorganism distribution and ma-
nipulating magnetic fields for improved heat transfer efficiency, may
be explored using optimization techniques like genetic algorithms or
machine learning.
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Fig. 15. Compatibility of 𝑆ℎavg values from the ANN-model and target-values.
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Fig. 16. Deviation rates between 𝑁𝑢avg values from the ANN-model and target-values.
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Fig. 17. Deviation rates between 𝑆ℎavg values from the ANN-model and target-values.
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Fig. 18. Error values between 𝑁𝑢avg values from the ANN-model and target-values.
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Fig. 19. Error values between 𝑆ℎavg values from the ANN-model and target-values.
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Fig. 20. The 𝑁𝑢avg and target values from the ANN model.
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Fig. 21. The 𝑆ℎavg and target values from the ANN model.
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