
Research Article

Zahir Shah*, Muhammad Rooman, Naeem Ullah Khan, Muhammad Sulaiman, Mansoor H. Alshehri,
Narcisa Vrinceanu*, and Mihaela Racheriu

Modeling and heat transfer analysis of
magnetized hybrid micropolar blood-based
nanofluid flow in Darcy–Forchheimer porous
stenosis narrow arteries

https://doi.org/10.1515/phys-2025-0139
received November 17, 2024; accepted March 12, 2025

Abstract: This article provides a concise comparative exami-
nation of how heat generation affects the flow of a magnetized
micropolar blood-based hybrid nanofluid (HNF) via a stenotic
artery. The effects of Joule heating and viscous dissipation are
considered. The purpose of this model is to evaluate and con-
trast the efficiency of HNF models. Our objective is to compre-
hend the complex process of hybridization by studying the
behavior of titaniumdioxide (TiO2) and gold (Au) nanoparticles
scattered in blood. The mathematical model has been con-
verted into a dimensionless form by applying similarity trans-
formations. Thismodifiedmodel is then efficiently solved using
numerical methods, specifically bvp4c, which is a built-in com-
mand in MATLAB for solving boundary value problems, and
facilitates the efficient handling of nonlinear ordinary differ-
ential equations with high accuracy and stability. The cylind-
rical surface is employed for the computation of flow
measures, and the results are visually depicted using tables
and graphs. This study makes a substantial contribution by
uncovering previously unidentified flow characteristics. The

use of Au nanoparticles demonstrates efficacy in improving
the blood flow and offers a promising approach for addressing
arterial disorders, as opposed to aluminumoxide nanoparticles.
Moreover, an inquiry is carried out to examine the skin friction
and heat transfer related to the dynamics of blood flow. The
results demonstrate that the inclusion of Au and TiO2 nanopar-
ticles enhances heat transfer compared to single-component
nanofluids (NFs) while effectively moderating the velocity and
temperature profiles under varying conditions. Also, the HNF
shows a reduction in temperature rise compared to NFs with
only Au nanoparticles, under specific parameter settings.

Keywords: computational modeling, hybrid nanofluid, heat
source, Darcy–Forchheimer, curved surface, stenotic artery,
vicious and Joule dissipation, blood, gold nanoparticles

Nomenclature

B micro-inertia density parameter (kg m2)
Ec Eckert number
Fr coefficient of inertia
K micropolar material parameter
M magnetic parameter
N microrotation (rad/s)
P pressure (Pa)
Pr Prandtl number
S unsteady parameter
T temperature (K)
V velocity vector (m/s)
kf thermal conductivity (W/m K)
cp specific heat of nanoparticles (J/Kg K)

Greek

α, β, and γ gyroviscosity coefficients
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κ vortex viscosity (Pa s)
uf dynamic viscosity (Pa s)
ρp density of nanoparticles (kg/m3)
σe electrical conductivity (mS/m)

Subscript

hnf hybrid nanofluid
f base fluid

1 Introduction

Micropolar fluids possess distinct microscopic properties
and are characterized by the manifestation of rigid, sphe-
rical, or erratically oriented particles. When the micropar-
ticles are suspended in a thick liquid, they display distinct
spins and little rotations. These are a class of polar fluids
that possess a wide range of microscale activities, which
are observed in a range of phenomena physically, such as
blood circulation, liquid crystals, and bubbling liquids. As a
result, this topic has gained significant recognition in the
literature. Xu and Pop [1] have established a connection
between advancements in nanofluids (NFs) and bioconvec-
tion through their latest study on micropolar fluids. Aziz
et al. [2] proposed a theoretical model for the flow of an NF
at the bio-convection boundary layer. Agarwal et al. [3]
employed the finite element method to investigate the
flow and heat transmission of a micropolar fluid over a
stretching sheet. Hassanien and Gorla [4] studied the
steady flow of boundary layers formed by permeable and
impermeable sheets with micropolar movement. Rehman
et al. [5] analyzed the stability influenced by shape factors
in radiative magneto-hydrodynamic couple stress hybrid
nanofluids (HNFs), and this work highlights how shape
factors affect the stability of thermal and flow fields in
complex fluids, with potential applications in industrial
fluid systems.

The study conducted by Nadeem et al. [6] focused on
examining the axisymmetric stagnation flow of a micro-
polar NF within a rotating cylinder. Balaram and Sastri
[7] studied the natural flow of a micropolar fluid in a ver-
tical tube with parallel plates. Lok et al. [8] constructed a
continuous flow of data in two dimensions.

An HNF is a novel fusion of two or more dispersed
nanoparticles in a base fluid. The objective of discovering
HNFs is to optimize the heat transmission, enhance the
thermal conductivity, and achieve stability by successfully

merging the benefits and drawbacks of distinct suspen-
sions. This is accomplished by the combined impact of
nanomaterials, carefully adjusted proportions, an excep-
tional thermal network, and extensive utilization in
diverse nuclear power-related domains, including gen-
erator cooling, machinery coolant, electronic cooling, and
general cooling applications. The enhanced thermal con-
ductivity exhibited by HNFs offers an opportunity to con-
sider their potential application in addressing real-world
thermal energy challenges. In their investigation, Waini
et al. [9] investigated the effects of a hybrid nano-liquid
on a surface that is both moving and permeable. The liquid
included a constant volume portion for alumina nanopar-
ticles and varying volume fraction for copper (Cu) nano-
particles. Ashwinkumar et al. [10] used non-linear thermal
radiation to investigate the flow of an HNF consisting of
CuO–Al2O3 in water. They specifically examined the para-
meters of the HNF flow past a vertical plate and a cone.
Samrat and his team [11] investigated the impact of a
stretched surface on heat transfer in the flow of dusty NF
and HNF. Acharya [12] developed a simulation using spec-
tral quasi-linearization to study the hydrothermal proper-
ties of HNFs when applied to a tilted spinning disc, and
Sarwar and Hussain [13] worked on flow characteristics of
the Au–blood NF in stenotic arteries. The results suggest
that both the rotational speed of the disc and the propor-
tion of nanoparticles in the volume have a significant influ-
ence on temperature distributions. Garia et al. [14] inves-
tigated the flow of HNFs on two different shapes. A
mathematical correlation was constructed to quantify the
magnitude of skin friction and the Nusselt number. The
micro-polar liquid theory is a theoretical framework that
considers the rotation of nanoparticles within a boundary
layer. The studies of Eringen, Shah et al., and Deebani et al.
[15–17] suggest that micropolar fluids can be regarded as
an enhancement of the Navier–Stokes condition. These
systems are considered a subset of microfluidics due to
consideration of the microstructure and the inertial char-
acteristics of the particles inside the fluid that enable the
experiment. In their study, Hassanien and Gorla [18] exam-
ined the heat transportation process from a stretching
sheet to a micropolar fluid. The time-dependent flow of
micropolar magnetohydrodynamic (MHD) fluid in a pene-
trable medium on a two-dimensional plane was examined
by Subhani and Nadeem [19]. Hasegan et al. [20–22] inves-
tigated the blood flow and medical applications. MHD fluid
refers to a fluid that experiences the influence of magnetic
and electromagnetic forces. Some applications that utilize
MHD are solar panels, polymer synthesis, and efficient
boilers. A comprehensive study was carried out in this
area to examine the manipulation of NFs using
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electromagnetic forces, due to their considerable impor-
tance. Ghadikolaei et al. [23] investigated the manipulation
of microliquid flow in a medium using magnetic field
effects. The study conducted by Ullah et al. [24] investigated
the impact of Newtonian heating and slip conditions on the
MHD flow of a Casson fluid across a nonlinearly stretching
sheet that is saturated in a porous medium. The study
conducted by Gul et al. [25] investigated the heat transport
in a fluid flow of ferrofluids with MHD mixed convection
on a vertical passage. Saqib et al. [26] conducted a study on
the natural convection channel flow of the CMC-based CNT
NF. The results suggest that greater enhancement in heat
transmission is achieved when lower volume fractions are
used, matching the base fluid. Augmentation of the propor-
tion of volume was demonstrated to lead to an elevation in
the localized Nusselt number. A numerical examination of
the MHD convection in NFs within a baffled U-shaped
region was conducted by Ma et al. [27], whereas Khan
et al. [28] studied how various models of nanoparticles
influence the properties of peristaltic flow in MHD NFs in
an irregular passage. Ghalambaz et al. [29] examined the
presence of unstructured convection in an enclosed region
containing a mix of nanoparticles of copper and aluminum
oxide, recognized as Cu–Al2O3 HNFs. Zeb et al. [30] inves-
tigated the melting heat transfer and thermal radiation
effects on MHD tangent hyperbolic NF flow, incorporating
chemical reactions and activation energy. Das et al. [31]
examined the production of entropy in the motion of
Cu–Al2O3 HNFs in a porous channel under the effect of
MHD. The findings indicate that when the volume fraction
of nanoparticles increases, the production of entropy is
reduced. The impact of viscous dissipation on the flow of
micropolar fluids over a small stretching surface was
explored by Anantha Kumar et al. [32], and they observed
that as the value of micropolar parameters and viscous
dissipation increase, the temperature decreases. Khan
et al. [33] explored the dynamics of micropolar fluids
within porous channels through a semi-analytical
approach, focusing on the behaviors of fluids with micro-
polar characteristics and their interactions with porous
structures. In studies of Hasegan et al., Mihai et al., Boicean
et al., Pirvut et al., and Dawar et al. [20,21,34–36] the beha-
vior of chemically reactive MHD flow in micropolar NFs
was investigated. The researchers conducted a focused
investigation on the impacts of velocity slips and fluctua-
tions in the heat source/sink. The study demonstrated sev-
eral applications, such as wire drawing, liquid composite
molding, metal spinning, gas blowing, extrusion of
polymer sheets, and manufacture of hot rolling and plastic
films. Sakiadis [37] presented the results of a study inves-
tigating the characteristics of fluid flow over a solid border

under constant conditions. Tsou et al. [38] explored the
heat transfer onto a stretched sheet, and Crane [39]
inspected an analytical solution for the flow of a viscous
fluid generated by a surface that is linearly stretched. In
their study, Gupta and Gupta [40] examined the impact of
linear velocity on a flexible sheet while also considering
the effects of suction or blowing. Grubka and Bobba [41]
employed linear velocity in their investigation of heat
transfer characteristics under different temperature
distributions.

The flow of blood through arteries is a fundamental
part of the cardiovascular system, responsible for distri-
buting oxygen-rich blood from the heart to various tissues
and organs throughout the body, which is not only crucial
for the delivery of essential nutrients and oxygen but also
plays a significant role in the removal of waste products
and carbon dioxide. Recent work on blood through arteries
includes the study of Das et al. [42] who examined the
effects of Hall currents on blood flow through mildly ste-
nosed, inclined arteries using a homotopy perturbation
method, while Karmakar et al. [43] investigated the
dynamics of blood containing trihybrid nanoparticles
pumped through an eccentric endoscopic arterial canal
using an electro-osmotic mechanism, which enhanced the
understanding of targeted drug delivery systems within
complex vascular architectures. More recently, Ali and
Das [44] applied neuro-computing and fractional calculus
to analyze blood flow carrying modified trihybrid nano-
particles in a diseased ciliated artery, and Paul et al. [45]
demonstrated the use of a balloon catheter for angioplasty
in arteries containing a tetra-hybrid nano-bloodstream
under a magnetic field, analyzed via artificial neural net-
works, and their work contributes to the development of
precision interventions in cardiology, particularly in mag-
netically influenced environments.

Fluid flow over curved surfaces is a highly intriguing
subject in the field of fluid mechanics, having a wide range
of practical uses in areas such as aerospace engineering
and biomedical devices. When a fluid moves across a
curved surface, various significant phenomena arise
because of the interaction between the fluid and the cur-
vature of the surface. Given the significance and practical
relevance of fluid flow over curved surfaces, it has gar-
nered considerable attention in the literature. Haq et al.
[46] explored periodic heat transfer through extended sur-
faces, shedding light on the periodic nature of heat transfer
processes and its implications for optimizing thermal man-
agement across diverse applications. A study conducted by
Ahmed and Khan [47] investigated the causes of fluid flow
on a curved surface with pores incorporating magneto-
nanomaterials. Sheikholeslami et al. [48] formulated a
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mathematical model to describe the fluid flow of nanoma-
terials when employing MHD on an inclined surface. Addi-
tionally, Ahmed and Khan [44] conducted research in this
area. Computational modeling of MHD flow of the Sisko NF
past a curved surface in motion.

The aim of this work is to examine the characteristics
of magnetized micropolar blood including Cu and gold (Au)
nanoparticles in an HNF as it moves across a curved sur-
face. This work demonstrates innovation and originality by
integrating the following concepts:
• Unsteady flow.
• Magnetized micropolar blood-based NF.
• An HNF that incorporates both Cu and Au nanoparticles.
• Consideration of complicated geometry with curved
surfaces.

• The study examines different factors, including the Prandtl
number, volume proportion of nanoparticles, and blood
flow parameters.

The present study uniquely integrates MHD and micro-
polar fluid dynamics with HNFs in a medically relevant
model of blood flow through stenotic arteries. Unlike pre-
vious studies, such as the exploration of HNF heat transfer
over different geometries by Ashwinkumar et al. [10] or the
experimental analysis of Au–blood NF flow in stenotic
arteries by Sarwar and Hussain [13], this study introduces
a comprehensive framework for modeling blood flow
under the simultaneous influence of magnetic fields, slip
effects, and porous stenosis conditions. Building on the
foundational theory of micropolar fluids established by
Eringen [15], it incorporates advanced numerical methods
to capture the unsteady behavior of HNFs (blood–Au +

TiO2), revealing significant improvements in heat transfer
and flow dynamics. Additionally, the thermal performance
findings of Waini et al. [9] and the axisymmetric flow
explored by Nadeem et al. [6] are extended to address
curved, porous surfaces, with specific attention to the

implications for cardiovascular treatments. By unifying
these elements, the current work advances the under-
standing of HNF dynamics in biomedical applications,
offering new insights into optimizing drug delivery and
managing arterial disorders. Additionally, Table 1 explains
the novelty with reference to the available literature.

1.1 The investigation progresses in a
systematic manner

First, the governing equations are solved with great atten-
tion to detail, resulting in a numerical solution achieved
with MATLAB software. Afterward, a detailed representa-
tion of the physical measurements linked to various para-
meters is given by displaying graphs. The results of this
research are highly relevant to a wide range of biomedical
applications.

2 Formulation

2.1 Geometry and physical description of the
model

The 2D flow model of a micropolar time-dependent hybrid
magnetized NF moving through a stenosis artery is scruti-
nized in the present study context. We considered that
blood flowing through an artery stenosis of length L

2

0

behaves like an incompressible unsteady Newtonian
micropolar fluid flow. The blood flow is assumed to be
along the x-axis and perpendicular to the r-axis. The artery
has a cosine-shaped stenosis having a width of unob-
structed region of R2

°
,0 where R x( ) is the artery’s radius

Table 1: Comparative summary of key features addressed in previous and current studies on hybrid nanofluid and methods applied

References MHD
HNF

Blood-
based NF

Micropolar
dynamics

Heat
transfer

Numerical
methods

Experimental
methods

Medical
relevance

Ashwinkumar
et al. [10]

✓ ✗ ✗ ✓ ✓ ✗ ✓

Sarwar and
Hussain [13]

✓ ✓ ✗ ✓ ✓ ✓ ✓

Waini et al. [9] ✓ ✗ ✗ ✓ ✓ ✗ ✓

Ghalambaz et al. [29] ✓ ✗ ✗ ✓ ✓ ✗ ✓

Nadeem et al. [6] ✗ ✗ ✓ ✗ ✓ ✗ ✓

Eringen [15] ✗ ✗ ✓ ✗ ✗ ✗ ✗

Current study ✓ ✓ ✓ ✓ ✓ ✗ ✓
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which is the stenosis’s greatest height. The following pro-
file is adopted for the stenosed area (Figure 1) [13,45]:
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2.2 Assumptions

• Blood behaves as a micropolar fluid with inherent micro-
structural behaviors.

• The flow is unsteady, with varying flow characteristics
over time.

• The fluid is a magnetically influenced HNF.
• Blood flow is assumed incompressible, maintaining con-
stant density under pressure variations.

• Artery stenosis is modeled with a cosine-shaped profile
for precise geometric simulation.

• Blood flow is directed along the x-axis and perpendi-
cular to the r-axis, simplifying the analysis to two
dimensions.

• Incorporates gyration tensor, micro-inertia, and micro-
stress in the fluid’s constitutive equations, reflecting
complex internal and magnetic interactions.

2.3 Mathematical modeling

The vector form of the constitutive equations which
describe the micropolar nature of the fluid is written by
combining novel kinematic features, such as the gyration
tensor and the micro-inertia, moment tensor, as well as the

thoughts of micro-stress, body, and stress moments. These
equations also consider the magnetic effect as fol-
lows [13,46]:
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The inequalities are as follows [45]:
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f
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The thermal energy and nanoparticle diffusion equa-
tions, which adhere to the Fourier and Fick laws, are
expressed in accordance with Buongiorno’s model [13].
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Here, ρ
f
and cf refer to the density and specific heat of

nanoparticles, respectively. The variables in the given
equation are given in Table 2.

2.4 Reduced equations after
implementation of assumptions and
boundary conditions

The equations that regulate the flow and heat transfer for
Newtonian NFs in an unstable boundary layer are defined,
assuming certain conditions [13,46]
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Figure 1: Geometrical demonstration of the problem.
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For this model, the workable boundary conditions
are [13]

= = = = =u u v N N T T r R x,   0,    and   at  ,0 0 0 ( )
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2.5 Hybrid nanomaterial properties

To accurately forecast the heat transmission characteris-
tics of NFs, a thorough examination of their thermophy-
sical properties is essential. Nanoparticles can significantly
improve heat conductivity compared to larger particles in
suspension, such as millimeter-sized and micrometer-sized
particles. Empirical research has shown that the thermal
conductivity of NFs is affected by various elements, such as
the temperature, the composition of the base fluid, the
percentage of particle volume, the material composition
of the particles, the size of the particles, and the form of
the particles. The influence of NF additions on the improve-
ment of heat conductivity has been found to be dependent

on their features, such as kind, amount, and acidity. The
thermo-physical characteristics and relationship of nano
and hybrid nanomaterials are shown in Tables 3 and 4,
respectively. Diagrams for the preparation and factors
influencing the HNFs and application of Au and titanium
dioxide (TiO2) are given in Figure 2.

2.6 Similarity transformation

Similarity transformation is a technique used to simplify
the solution of partial differential equations (PDEs) by
identifying scaling properties that allow the equations to
be transformed into a dimensionless form. The principle
behind similarity transformations lies in recognizing that
certain physical systems or phenomena exhibit self-simi-
larity. We use similarity transformation to reduce the
given modeled equation. The appropriate transformations
of similarity are specified as follows:
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2.7 Non-dimensional system of ordinary
differential equations (ODEs)

After introducing similarity transformation, the following
transformed governing equations are obtained.
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Table 2: Variables used

Parameter Symbol

Velocity vector =V u v w, ,( )

Pressure p

Microrotation N

Current density = ×J σ V Be( )

Electrical conductivity σe

Magnetic field B

Fluid density ρ
f

Dynamic viscosity μ
f

Vortex viscosity κ

Microinertia density j

Gyroviscosity coefficients α β γ, ,

Temperature T

Specific heat cf

Thermal conductivity kf

Density nanoparticles ρ
p

Specific heat of nanoparticles cp

Table 3: Thermo-physical attributes of both the base fluid and the HNF
+ =Φ Φ Φ1 2 analyzed and reported in detail in previous studies [24–26]

Components ⎛
⎝

⎞
⎠cp

 J

kg K

⎛
⎝

⎞
⎠k

 W

m K

⎛
⎝

⎞
⎠σ  

m S

m

⎛
⎝

⎞
⎠ρ    

m

kg

3

Gold (Au) 129 318 4.1 × 106 19,300
Titanium dioxide (TiO2) 4,250 8.9538 6.27 × 10−5 686.20
Blood 3,594 0.492 6.67 × 10−1 1,063
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The non-dimensional boundary conditions are as
follows:

= ′ = = =
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f f g θ

f η g η θ η η f

0 0, 0 0   0 1,

0,   0 at  . 

( ) ( ) ( ) ( )

( ) ( ) ( )
(15)

2.7.1 Obtained physical parameters

The dimensionless parameters after modeling in Eqs.
(12)–(15) are given with details in Table 5.

3 Calculation of physical quantities

The Nusselt number is a dimensionless parameter which is
used in heat transfer analysis to describe the convective
heat transfer between a fluid and a solid surface. It repre-
sents the ratio of convective heat transfer to conductive
heat transfer over the thermal boundary layer. The
Nusselt number essentially indicates the efficiency of con-
vective heat transfer relative to conductive heat transfer. A
higher Nusselt number signifies a higher convective heat
transfer rate relative to conduction, indicating more effi-
cient heat transfer. The Nusselt number is used to design
and optimize heat exchangers, cooling systems, and other
thermal devices.

Skin friction is another primary concept in the study of
fluid flow. Skin friction refers to the drag force exerted by the
fluid on a solid surface due to viscous shear stresses within
the boundary layer. It is essential in various engineering
applications, including hydrodynamics, aerodynamics, and

heat transfer. The skin friction coefficient depends on the
flow conditions, geometry of the surface, and properties of
the fluid. Skin friction plays a role in convective heat
transfer, particularly in forced convection where fluid
flow over a surface enhances heat transfer. Comprehension
and precise calculation of skin friction are essential for
designing efficient vehicles, aircrafts, ships, and other struc-
tures where minimizing drag is crucial for performance and
fuel efficiency. The physical quantities, i.e., skin friction coef-
ficientCf and heat transfer coefficientNu of the flow field are
defined as:

= =
− ∞

C
τ

ρ U

xq

k T T
,  Nu ,

w

w

w

f w

f 1

2 f
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where shear stress τ  w and q
w
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where −
Rex

1/2 is the local Reynolds number.

4 Solution methodology

In this section, the solution procedure for this model
is determined by using a shooting method with the bvp4c
solver. The model’s ODEs are numerically solved using the
MATLAB tool’s bvp4c solver, which uses a shooting
strategy. The first step in using this method is to convert
the higher-order system into a first-order system. To

Table 4: Thermo-physical interactions of NFs and HNFs [46]

Properties NF and HNF

Viscosity = − −
μ

μ ϕ ϕ
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1 g
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complete this conversion, several guidelines will be fol-
lowed:

= ′ = ″ = = ′ = =
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Figure 2: (a) Diagram for the preparation of HNFs. (b) Factors impacting
the HNF properties. (c) Application of TiO2. (d) Applications of Au
nanoparticles.

Table 5: Physical parameters and details

Parameter Symbol Mathematical form

Micropolar material parameter K =K
K

μ

⁎

f

Micro-inertia density parameter B = −
B  

ϑ αt L
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5 Results and discussion

This study presents a detailed scrutiny of the impact of
heat generation on the unsteady magnetized micropolar
blood-based HNF flow through a porous stenotic artery.
The bvp4c method was used to compute results numeri-
cally in a nonlinear system. To attribute influential para-
meters on velocity, microrotation and temperature profiles
are examined in this section.

5.1 Velocity profile

Figure 3 indicates the effects of the β
0
porosity parameter

on ′f η( ) for the HNF (blood–Au + TiO2) and the NF

(blood–Au). It is observed that ′f η( ) decreases for both
fluids as the porosity parameter increases. This is attrib-
uted to the fact that introducing more pores on the porous
surface creates additional resistance to fluid flow. The velo-
city behavior is almost the same for both NFs which is
clearly reflected in the graph. Figure 4 showcases the rela-
tion between the coefficient of inertia Fr and velocity pro-
file ′f η( ). When the coefficient of inertia Fr is increased, the
velocity decreases for both the HNF and NF because the
fluid’s resistance to acceleration or velocity changes may
rise with a higher coefficient of inertia. In regions where
the flow is changing, this higher resistance may cause a
drop in the overall velocity profile. Variations in this coef-
ficient can have an impact on the equations’ acceleration
terms, which in turn can have an impact on the velocity
profile. Higher inertia coefficients increase resistance to

Figure 3: Effects of porosity parameter β0 on the velocity profile f η′( ) for both the HNF (blood–Au + O2) and NF (blood–Au).

Figure 4: Influence of the coefficient of inertia Fr on the velocity profile f η′( ) for the HNF (blood–Au + TiO2) and NF (blood–Au).
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changes in motion, thus decreasing velocity as the fluid
struggles to accelerate. Figure 5 illustrates the effect of
curvature parameter γ on the velocity profile ′f η( ). The
velocity declines for increasing values of curvature para-
meter γ because centripetal acceleration is a factor in fluid
flow along a curved surface. This acceleration is aimed at
the center of curvature and acts perpendicular to the velo-
city direction. The centripetal acceleration rises with
increasing curvature, causing the total velocity to decrease.
Increased curvature enhances centripetal forces acting
perpendicular to the flow, reducing the velocity due to
higher directional force requirements. Figure 6 portrays
the influence of the micropolar material parameter K on
the velocity profile ′f η( ), that is, when the material

parameter K increases, the micropolar velocity profile
decreases for both the HNF and NF. The micropolar mate-
rial parameter, often referred to as the spin gradient visc-
osity or microinertia, is represented by the parameter K in
the context of micropolar fluid theory. It measures the
impact of the fluid’s microrotations. A rise in K indicates
a corresponding increase in the fluid’s microinertia, or
resistance to micro-rotations. The fluid therefore becomes
more resilient to internal deformations or small-scale
rotating movements. This higher resistance has the ten-
dency to restrict the micro-rotations, which has an impact
on the fluid’s overall velocity profile. Figure 7 depicts the
relation between the magnetic parameter M and velocity
profile; it can be noted that for higher values of magnetic

Figure 5: Impact of the curvature parameter γ on the velocity profile f′ η .( )

Figure 6: Variation of the velocity profile f η′( ) with the micropolar material parameter K for the HNF (blood–Au + TiO2) and NF (blood–Au).
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parameter M , the velocity profile decreases for both the
HNF and NF because the Lorentz force is an important
component of MHD. The interaction of the magnetic field
with the fluid’s generated electric currents produces this
force. The fluid motion may encounter resistance from the
Lorentz force, which would affect the velocity. In Figure 8,
the impact of volume fraction ϕ on the velocity profile is
displayed, and it is revealed that for increasing values of ϕ

the velocity profile enhances for both the HNFs and NFs.
This is due to the change in thermal as well as dynamic
viscosity of the fluids. Also, the increasing value of ϕ

enhances the concentration rate which further increases
the fluid convection. This increasing trend of convection
further increases the velocity profile. Particularly, when
the volume fraction ϕ of TiO2 nanoparticles is increased
while maintaining the volume fraction ϕ of Au constant,

the velocity profile in the HNF is observed to sharply
increase. This observation implies that, under the given
conditions, TiO2 nanoparticles may have a more pro-
nounced effect on fluid dynamics than Au nanoparticles.
Figure 9 manifests the fluctuations between the value of ϕ

and velocity profile ′f η( ). When the volume fraction ϕ is
augmented, the velocity profile increases for both the HNF
and NF because the viscosity and thermal conductivity of
the NF may both be improved by adding Au nanoparticles.
While higher viscosity may have an impact on fluid flow
and perhaps increase velocity dispersion, enhanced
thermal conductivity can result in better heat transfer. It
appears that Au nanoparticles under these circumstances
have a greater influence on the flow dynamics than TiO2

nanoparticles based on the observation that velocity
increases by increasing the volume fraction ϕ of Au while

Figure 7: Relationship between the magnetic parameter M and the velocity profile f′(η).

Figure 8: Effect of the volume fraction ϕ on the velocity profile f η′( ) for both the HNF (blood–Au + TiO2) and NF (blood–Au).

Magnetized hybrid micropolar blood-based nanofluid flow in Darcy–Forchheimer porous stenosis narrow arteries  11



maintaining the volume fraction ϕ of TiO2 in the HNF.
Figure 10 highlights the effects between the ϕ and velocity
profile. It is observed that for the boosted volume fraction
ϕ the velocity profile increases for both the HNF and NF
because, among other things, the addition of nanoparticles
to a fluid can change its viscosity and thermal conductivity.
When the volume fraction ϕ increases, the concentration
of nanoparticles in the fluid also increases. The fluid’s
behavior may alter because of this concentration increase,
raising the velocity profile. Particularly, when the volume
fraction ϕ of TiO2 nanoparticles is increased while main-
taining the volume fraction ϕ of Au constant, the velocity
profile in the HNF is observed to sharply increase. This
observation implies that, under the given conditions, TiO2

nanoparticles may have a more pronounced effect on fluid
dynamics than Au nanoparticles. Figure 11 exhibits the

interdependence between the unsteady parameter S and
velocity profile ′f η( ). The velocity profile decreases for
both the HNF and NF if the unsteady parameter S is
increased because time-dependent variations in pressure
and velocity are characteristics of unsteady flows. A higher
level of unsteadiness in the flow is indicated by a rise in the
unsteady parameter S . The velocity field may experience
oscillations or changes as a result.

5.2 Temperature profile

It is recorded in Figure 12 that with the increase of the
porosity parameter β ,

0
the temperature increases for

both the HNF and NF because the fluid’s and the porous
medium’s interaction can be affected by the porosity

Figure 9: Influence of ϕ on the velocity for both the HNF (blood–Au + O2) and NF (blood–Au).

Figure 10: Variation of ϕ on the f η′( ) for the HNF (blood−Au + TiO2) and NF (blood−Au).
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parameter. Elevated temperature profiles may result from
enhanced heat transfer between the fluid and solid due to
a higher degree of contact between the fluid and the
porous structure. The variation between the magnetic
parameter M and temperature profile θ η( ) is presented
in Figure 13, and it is recognized that as fog enlarged the
value of the magnetic parameterM the temperature profile
increases for both the HNF and NF because the fluid’s
ability to transmit heat can be improved by the magnetic

field. This is especially true for NFs in which the base fluid
contains scattered nanoparticles (like Au). These nanopar-
ticles’ mobility may be influenced by the magnetic field,
which can enhance heat conduction. The dominance of Ec
on temperature profile θ η( ) is shown in Figure 14; it is
noted that the increment in the Ec causes an enhancement
in the temperature for both the HNF and NF because an
increase in the Ec indicates a higher kinetic energy relative
to internal energy, which can lead to enhanced convective

Figure 11: Variation of S on f η′( ) for the HNF (blood–Au + TiO2) and NF (blood–Au).

Figure 12: Effect of porosity parameter β
0
on temperature, showing an increase in temperature with higher porosity due to improved fluid–porous

medium interaction.
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heat transfer and higher temperature profiles. The Ec is
frequently associated with the balance between kinetic
energy and internal energy (enthalpy) in a fluid flow.
With the increase in the curvature parameter γ, the tem-
perature decreases for both the HNF and NF, which is
shown in Figure 15, because heat conduction and convec-
tive heat transmission can be balanced differently
depending on curvature changes. Heat transmission
away from the surface may be improved by higher curva-
ture due to greater convective processes. However, lower
temperature profiles might arise if this improvement is

insufficient to offset any decrease in heat conduction.
Figure 16 displays the modification between the unsteady
parameter S and temperature profile θ η( ), which shows
that with the increase in the unsteady parameter S the
temperature increases for both the HNF and NF, because
higher levels of unsteadiness in the flow are frequently
indicated by a rise in the unsteady parameter. There might
be more transient heat transfer processes because of this
enhanced unsteadiness. Temperature variations can be
caused by transient heat transfer, and under some circum-
stances the temperature profile may rise overall.

Figure 13: Influence of the magnetic parameter M on temperature.

Figure 14: Effect of the Ec on temperature, indicating that higher Ec increases the temperature by enhancing convective heat transfer.
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Figure 15: Influence of the curvature parameter γ on temperature, showing a decrease in temperature with increasing curvature due to changes in
heat transfer dynamics.

Figure 16: Impact of the unsteady parameter S on temperature, where an increase in S results in a higher temperature due to enhanced transient
heat transfer.

Figure 17: Effect of micro-inertia density parameter B on the micropolar profile g η ,( ) showing an increase in profile with higher B for both hybrid and
conventional NFs.
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5.3 Micro-rotation profile

Figure 17 demonstrates the control of the micro-inertia
density parameter B on micropolar profile g η( ); with the
increase of the micro-inertia density parameter B, the
micropolar profile increases for both the HNF and NF
because micro-inertia and nanoparticle dynamics may
combine to provide a synergistic impact in an HNF that
contains both micropolar effects and nanoparticles. In
comparison to the conventional NF, the HNF may exhibit
a greater rise in the micropolar profile due to the com-
bined impact of micro-inertia and nanoparticle dispersion.
Figure 18 highlights the variant linking the curvature

parameter γ and micropolar profile g η( ). When the curva-
ture γ is increased, the micropolar profile decreases for
both the HNF and NF, because micro-rotation and micro-
deformation effects are a result of the fluid’s micropolar
character. A decrease in the micropolar profile g η( ) can
occur from modifications in the microstructure and flow
patterns of the micropolar fluid caused by an increase in
curvature γ. When the micropolar material parameter K is
boosted, the micropolar profile decreases for both the HNF
and NF as shown in Figure 19, because the degree of micro-
deformation and micro-rotation in the fluid is character-
ized by the micropolar material parameter K . An increase
in K can cause the fluid’s micro-deformation and micro-

Figure 18: Influence of the curvature parameter γ on the micropolar profile g(η).

Figure 19: Impact of the micropolar material parameter K on the micropolar profile g η .( )
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rotation to rise, which can alter the flow patterns and
concentration profiles and decrease the micropolar profile
g η( ). The persuasion of the unsteady parameter S on
micropolar profile g η( ) is displayed in Figure 20. When
there is an increase in the unsteady parameter S , the
micropolar profile increases for both the HNF and NF,
because a more dynamic flow field is suggested by an
increase in the unsteady parameter S . The micropolar pro-
file g η( ) increases because of increased mixing and trans-
port caused by unsteady flows.

Table 6 exhibits the values of skin friction coefficient for
numerous parameters. It is noteworthy that the skin friction
coefficient drops for large values of porosity, unsteady, mag-
netic, and flow parameters. Table 7 highlights how the var-
ious parameters and the Nusselt number are interdependent.
It is recorded that the Nusselt number lowers for large values

of porosity parameter, Eckert number, flow parameter and
unsteady parameter. Table 8 shows a comparison with the
already published work, which shows the validity of our
results. The comparison is made for different values of the
parameters γ (shear parameter) and ϕ (volume fraction of
nanoparticles) in terms of the dimensionless friction factor.
The close agreement between the results of the present study
and those from the published work validates the accuracy
and reliability of the current model.

6 Conclusions

In the present investigation, we developed a mathematical
model to describe the unsteady magnetized flow of a

Figure 20: Effect of the unsteady parameter S on the micropolar profile g(η).

Table 6: Impact of different parameters on skin friction coefficient

β
0

S γ M NF HNF

0.10 0.10 0.10 −2.114507 −2.512631
0.20 −2.181286 −2.607065
0.30 −2.246348 −2.698726
0.1 0.1 0.1 −2.114507 −2.512631

0.2 −2.240494 −2.659066
0.3 −2.35676 −2.795233

0.1 0.1 0.1 −2.114507 −2.512631
0.2 −2.198743 −2.634848
0.3 −2.279811 −2.752537

0.1 −2.114507 −2.512631
0.2 −2.1593 −2.577853
0.3 −2.203312 −2.641736

Table 7: Influence of some parameters on the Nusselt number

β
0

Ec γ S NF HNF

0.1 1.0 1.0 0.1 0.6531922 2.177478
0.2 0.6358387 2.153595
0.3 0.6187621 2.130125
0.1 1.0 1.0 0.1 0.6531922 2.177478

1.1 0.5627625 2.063243
1.2 0.4723327 1.949009

0.1 1.0 1.0 0.1 0.6531922 2.177478
1.1 0.6807187 2.265521

0.706238 2.34732
0.1 1.0 1.0 0.1 0.6531922 2.177478

0.2 0.5178419 2.001518
0.3 0.3775971 1.821829
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micropolar fluid across a curved surface, considering the
slip effects. The governing PDEs were transformed into
nonlinear ODEs using the similarity transformation tech-
nique. The dimensionless system was then numerically
solved using the BVP4C method in MATLAB. Various key
parameters were systematically varied to analyze the
behavior of velocity and temperature profiles. The fol-
lowing summarizes the main conclusions drawn from
the current study:
• The velocity profile of the HNF improves with increasing
volume fraction ϕ, suggesting that the use of HNFs could
enhance the blood flow through narrowed arteries by
improving fluid dynamics.

• Velocity decreases with higher values of porosity
parameter, coefficient of inertia, curvature parameter,
micropolar material parameter, unsteady parameter,
and magnetic parameter. This indicates that the resis-
tance to flow in a stenotic artery is influenced by these
factors, affecting blood circulation in diseased or
narrowed arteries.

• The temperature profile of the fluid increases with the
porosity parameter, Eckert number, and unsteady para-
meter, highlighting the importance of efficient heat transfer
for thermal regulation in blood flow through arteries.

• The HNF (blood–Au + TiO₂) demonstrates better heat
transfer performance compared to the NF (blood–Au),
especially with an increased porosity parameter. This sug-
gests that the combination of TiO₂ and Au nanoparticles in
HNFs can improve the thermal efficiency and offer poten-
tial for controlling temperature within arterial flow.

• The curvature parameter influences the micropolar pro-
file with an increase in curvature leading to a decrease in
micropolar behavior, which reflects how the narrowing
and curvature of arteries affect fluid dynamics in the
region of stenosis.

• Micropolar behavior is enhanced in HNFs (blood–Au +

TiO₂), as compared to conventional NFs, under the influ-
ence of micro-inertia density and unsteady parameters.
This behavior is critical in modeling blood flow in

arteries where complex dynamics, such as micro-rota-
tions and fluid deformations, are present.

The current study provides valuable insights into the
flow dynamics of magnetized micropolar HNFS in stenotic
arteries. However, several areas remain open for future
exploration to further enhance our understanding and
broaden the application of HNFs in medical contexts.
While the current study employs numerical simulations,
future research could focus on experimental studies to
validate the numerical predictions of HNF behavior under
real-world conditions. These experiments could focus on
simulating arterial stenosis in laboratory settings and
comparing results with computational models. Including
biological factors such as red blood cell behavior, plasma
blood viscosity, and the effects of pulsatile nature of blood
flow could enhance the realism of the simulations and
provide a more comprehensive understanding of blood
flow dynamics in diseased arteries. By addressing these
research directions, future studies could significantly con-
tribute to the development of more effective medical treat-
ments using HNFs for improving the blood flow, heat
transfer, and overall vascular health.
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