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In this paper, the impact of a magnetic field on blood flow with nanofluid particles through an inclined porous stenosed artery and
dilatation was studied. Here blood is treated as micropolar fluid. The equations are solved by using Homotopy perturbation method
[HPM] under the assumption of mild stenosis. The closed form solutions of velocity, temperature profile, and concentration distribution
are obtained. The effects of pertinent parameters on flow phenomena have been observed and results are analyzed graphically. This
study examines the impact of the magnetic parameter on flow characteristics and reveals that the presence of a magnetic field increases
resistance to the flow while decreasing shear stress at the wall. A result is found that the flow resistance and shear stress at the wall
decreased for heights of the stenosis dilatation. Additionally, the study finds that resistance to the flow increases and shear stress at the
wall decreases with viscosity. The stream lines are drawn to examine the flow pattern and properties of momentum transfer.
Keywords: Stenosis, Dilatation; Micropolar fluid; Flow resistance; Wall shear stress, Brownian motion parameter; Thermophoresis
parameter

PACS: 47.15.-x, 47.63.-b, 47.63.Cb

1. INTRODUCTION

Atherosclerosis, which is the narrowing of the blood vessel lumen, or the inner open space or lumen of an artery,
due to fatty substance formation, is one of the most dangerous health risks in the modern world. This may result in
hypertension, myocardial infarction, and further complications. Consequently, stenosis occurs when abnormal and
irregular growth impedes normal blood circulation, with significant research indicating that hydrodynamic characteristics,
including wall shear and flow resistance, contribute to the onset and progression of this medical condition. A
comprehensive understanding of the blood flow dynamics in a stenosed vessel would facilitate precise diagnosis and
treatment of cardiovascular conditions.

As a result, several researchers have explored mathematical models for confined duct flows [1,2,3,4,5]. All these
mathematical analyses have characterized blood as a Newtonian fluid. Moreover, when the diameters of the artery or tube
are small and the shear rate is low, blood demonstrates non-Newtonian behavior. The quantity of red blood cells (RBCs)
in erythrocytes affects this behavior. Young D. F., Tsai F. Y., and P. Chaturani and R. P. Samy [6,4] conducted theoretical
and experimental investigations on blood flow in arteries exhibiting mild stenosis. All these investigations aim to elucidate
how stenosis influences the properties of blood flow, encompassing velocity profile, wall shear stress, and resistive
impedance. Prasad K.M. and Yasa P.R. [7] developed a mathematical explanation for the flow of a micropolar fluid within
a tapering stenosed artery including porous walls.

However, all these investigations concentrated on the effects of individual arterial stenosis assuming a uniform
cross-section of the tube. It is acknowledged that many blood arteries display small changes in cross-section over their
length and can develop multiple segments, especially at bends and junctions (Schneck et al. [8]). Addressing this
complexity, Maruthi Prasad, and Radhakrishnamacharya [9] investigated blood flow in arteries with multiple stenoses
and a non-uniform cross-section, modeling blood as a Herschel-Bulkley fluid.

A Cemal Eringen's [10] described simple microfluids as concentrated suspensions of neutrally buoyant deformable
particles in a viscous fluid, in which the individuality of substructures influences the physical outcome of the flow. Such
fluid models can be used to rheologically characterize polymeric suspensions and normal human blood, and they have
been used to physiological and technical concerns Micropolar fluids are a subclass of microfluids characterized by rigid
fluid microelements. Basically, these fluids may support couple strains and body couples while also exhibiting micro
rotational and micro inertial effects. The fundamental benefit of using a micropolar fluid model to analyze blood flow in
comparison to other types of non-Newtonian fluids is that it takes care of the rotation of fluid particles by means of an
independent kinematic vector known as the microrotation vector. G. R. Charya [11] described blood flow as micropolar
fluid flow through a constricted channel. Fluid circulation in a non-symmetric vessel with continuous, constrained borders
is investigated in this paper. Theoretical velocity profiles are calculated using the micropolar fluid to simulate blood flow
in small arteries, and the results show good agreement with the experimental data. Ariman et al. [12] presented a
comprehensive examination of microcontinum fluid mechanics, illustrating numerous applications in physiological
phenomena. Prasad, K. M. et al. [13] examined a mathematical explanation for two-layered fluid flow through a stenotic
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artery, in which the core region contains a micropolar fluid with nanoparticles, acting as a non-Newtonian fluid, while
the peripheral region behaves as a Newtonian fluid. Srinivasacharya, D, et al. [14] studied the peristalsis of a micropolar
fluid in a tube. Prasad, K. M. & Yasa, P. R. [15] examined the micropolar fluid flow through a permeable artery.

Blood is appropriately described as a micropolar fluid due to its complicated and changeable rheological behaviour,
which is heavily influenced by changes in artery diameter. As arteries contract, microelements like red blood cells (RBCs)
become compressed, increasing collision impacts and frictional interactions. These microstructural dynamics have a
major effect on the viscosity and velocity profiles of blood flow [16]. Furthermore, the formation of cholesterol plaques
over time can constrict the carotid artery, increasing the risk of stroke or temporary vision loss caused by disturbed or
misdirected blood flow. Because plaque development and progression are controlled by local flow conditions, a
micropolar fluid model is appropriate for illustrating blood's crucial micro rotational and shear-dependent behaviour in
such pathological conditions [17].

Fluids that contain nanoparticles, which are incredibly tiny particles with a nanometer scale, are known as
nanofluids. Nano-fluids have generated significant interest from researchers because of their increased thermal
conductivity, a concept first introduced by Choi [18]. Nadeem and Noreen Sher Akbar [19] studied the flow of a micro-
polar fluid infused with nanoparticles in the smaller intestine. Many researchers focused on this field because of its
significance in the biomedical field [20,21,22]. Maruthi Prasad and Prabhakar Reddy [23] studied the thermal effects of
two immiscible fluids within a permeable stenosed artery having Newtonian fluid in the peripheral region and a nano-
fluid in the core region. Prasad, K. M. et al. [24] explored a mathematical model peristaltic pumping of Jeffrey model
with nanoparticles in an inclined tube. Dawood, A. S. et al. [25] investigates nanofluid behavior in stenosed arteries by
introducing a variable pressure gradient and analyzing the impact of magnetic fields on nano-blood flow. The presence
of nanoparticles suspended in the base fluid is insufficient to improve thermal conductivity, as this enhancement is
contingent upon the particles' shape and size of the particles.

In the human vascular system, magnetic fields are essential for controlling blood flow. Magnetohydrodynamic
(MHD) applications have been demonstrated to lower blood artery fluid flow rates and aid in the treatment of
cardiovascular diseases. Numerous biological uses, including drug administration, cell separation, and cancer treatment,
have led to the development of magnetic devices. Ikbal et al. [26], Bali and Awasthi [27] and Misra et al. [28] have all
done significant work on biofluid dynamics in the context of magnetic fields, while He [29,30] investigated the application
of Homotopy perturbation method. A moving electrically conducting fluid will produce both electric and magnetic fields
when exposed to a magnetic field. A body force called the Lorentz force is created when these fields interact, and it tends
to oppose the liquid's movement [31]. When Sud et al. [32] investigated how a moving magnetic field affected blood
flow, they found that a suitable moving magnetic field accelerated blood flow. Utilizing a long wavelength approximation
technique and a fundamental mathematical model for blood flow in a uniformly branching channel with flexible walls.
Agrawal and Anwaruddin [33] examined the influence of a magnetic field on blood flow. The research demonstrated that
a magnetic field could serve as a blood pump in cardiac processes to improve blood circulation in arteries impacted by
arterial abnormalities such as stenosis or arteriosclerosis.

The various uses of porous medium, such as fluid filtration, water flow across riverbeds, surface water and oil
transportation, bile duct fluid mechanics, and blood circulation in small arteries, make their impact on fluid dynamics
noteworthy. Researchers have been inspired by these real-world uses to study flow dynamics in various geometries that
incorporate porous media [34]. The impact of magnetic forces on the fluid flow of a nanofluid through an inclined channel
with permeable walls and different constrictions, located within a porous medium, was investigated by Prasad, K. M.,
and Yasa, P. R. [35]. Azmi, W. F. W. et al. [36] studied fractional Casson fluid flow in small arteries, highlighting the
impact of slip conditions and cholesterol porosity on blood flow dynamics.

In the human body, arteries are rarely aligned horizontally or vertically. Many arteries, including the carotid,
femoral, and coronary arteries, are naturally inclined as a result of anatomical form and posture. Modelling the artery as
inclined allows us to include gravitational forces that influence blood flow and pressure distribution. According to studies,
arterial inclination has a considerable impact on velocity profiles, wall shear stress, and pressure gradients, all of which
are important in diagnosing vascular disorders like stenosis. Therefore, including an inclined configuration in
cardiovascular models provides a more realistic and comprehensive knowledge of blood flow dynamics under various
physiological conditions. Prasad, K.M. and Yasa, P.R. [37] investigated micropolar fluid behavior in an inclined
permeable tube with a non-uniform cross-section with an explanation for non-newtonian fluid flow in tubes with multiple
stenoses. Their results illustrate the importance of fluid dynamics in the development and potential treatment of
cardiovascular diseases.

Many researchers describe the stenosis as mild and single or multiple, but arterial disease often involves a
combination of stenotic and post-stenotic dilated segments. Sudha, T. et al. [38] analyzed the impact of stenosis and
dilatation on arterial blood flow with suspended nanoparticles utilizing the Homotopy method. Maruthi Prasad, K. et al.
[39] investigates the impact of stenosis and post-stenotic dilatation on Jeffrey fluid flow in arteries. Pincombe et al. [40]
investigated the effects of post-stenotic enlargements in coronary arteries, emphasizing the need for a more
comprehensive approach to modeling arterial disease. While considering the issue of post-stenotic dilations as an
interesting mathematical problem with applications frequently in the vascular system, this article focuses on post-stenotic
dilatations since they have more medicinal significance.
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Motivated from the above investigations a mathematical model has been developed for fluid flow across an inclined
stenosis and dilatation with the influence of a magnetic field through a porous medium. Blood has been described as a
micropolar fluid flow that contains nanoparticles.

2. MATHEMATICAL MODEL
A Cylindrical polar coordinate system (7, 8, z) is considered, where the Z—axis coincides with the center line of the tube,
and flow is assumed to be axisymmetric. Consider the flow of a micropolar fluid across an inclined stenosed artery with
dilatation, characterized by fluid viscosity p and density p.

N

Stenosis
—
&,

Dilatation

Figure 1. Geometry of the problem

The geometry of the problem, as shown in Figure 1, is given as

o ki | |
h(z) = R0_3<1+C051i (z a; 2)), for a;<z < f;

R, ;elsewhere

)

Where the maximum distance of the i abnormal segment is denoted by &;, while R and R, signifies the radius of the
affected artery and normal artery, respectively. The length of the i abnormal segment is given by [;, and the distance
between the origin to the start of this segment is denoted by «; as defined (Maruthi Prasad K. et al. [39] & Dhange M. et.
al [41])

a; = (Zj=1(d; + 1)) - b )
And B; denotes the distance from the origin to the end of the i abnormal segment and is given by
Bi= (Zj=a(d; +1)) ©)

The distance between the start of the i abnormal section from the end of the (i-1)" segment is represent by d;, for
from the start of the segment if i =1
Accordingly, these are the governing equations for the fluid flow (Prasad, K. M. et al. [42])
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where T = (i?f is the ratio between the effective heat capacity of the nano particle material and heat capacity of the fluid.
P
2
Here F = i, N = £ is the coupling number (0 < N <1), m= a K(@utk) is the micro polar parameter. vy is the
g utK y(u+K)

micro rotation in the 8 direction.
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In this context, p denotes fluid density, p represents fluid pressure, K indicates the permeability of the porous media,
j micro gyration parameter, () refers to viscosity, and F corresponds to body force. | X B represents the Lorentz force
term in magnetohydrodynamics (where ] denotes the current density vector and B signifies the magnetic field vector).
Here, the microrotation vector and velocity are represented by V = (0,vy,0) & W = (w,, 0, w,) respectively
The non-dimensional variables are
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By using mild stenosis approximation, (Ri & 1,Re * (26/L0) <K 1 and 2R,/ L0(1)> and non-dimensional scheme to the
0

equations (4) to (9), the equations become
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The axial velocity, denoted by w, has a radius of Ry. The temperature profile, nanoparticle phenomena, local
temperature, and local nanoparticle Grashof numbers, Brownian motion number, Thermophoresis parameter, micropolar
parameter and coupling number are represented by 8, g, By, G, N, N, m and N . Additionally, M = oBZ is the magnetic
parameter, u is the viscosity, and k is the porous medium permeability.

The non-dimensional boundary conditions (Prasad, K. M., & Sudha, T. [43])

w=0,Vy,=060=00=o0atr =h(z) (15)
ow _ 99 _ g9 _ -

E—O,ar—O,GT—Oatr—O (16)

Vy is finite at r = h(z) (17)

3. METHOD OF SOLUTION
The coupled equations are solved using the Homotopy Perturbation Method (HPM). The Homotopy perturbation
method (HPM) has been used to determine the solutions of the coupled equations (13) and (14).
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Where, q is the embedding parameter (0 < g < 1),L = —5 (r . %) is a linear operator, 8, ahd o, are the initial guesses,
given by
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o(r,z) = 0y + qo; + q°0, +

24

The Convergence of equations (23) and (24) is depending up on the non — linear component of the expression.
Utilizing the same procedure as applied by (30), the solutions for temperature profile (8) and nanoparticle phenomenon

(o) forg=1 are
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where, I; (mr) and K; (mr) the 1% and 2" order modified Bessel functions, respectively.

Substitute equation (28) into equation (27), and by applying the boundary conditions (15-17), the velocity is
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Dimension less flux (Q) can be determined as follows:
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Equation Ap is used to calculate the pressure drop when there is no stenosis h = 1, which is indicated by Ap,,.
The normal artery's flow resistance is represented by
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A
Ay = Apn (35)
q
The Normalized flow resistance denoted by
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A== (36)
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4. RESULT AND ANALYSIS

The pressure drop, resistance of the flow, and wall shear stress are denoted by Equations (33), (36) and (39 & 40),
respectively. The impact of various flow characteristics on flow resistance and wall shear stress have been studied by
considering the parameter values as d; =0.2,d, =0.2,L, =0.2,L, =02,L=1, N=0.1,q =03,F =0.3,B, =

0.3,G, = 0.2,N, = 0.3,N, = 0.8,a = 1/6,k = 0.05. (Prasad, K. M., & Sudha, T. [43]).

Figures (2-10) depict the impact of various parameters on flow resistance (1) for various values of stenoses (3;) and
dilatation heights (J,), inclination (@), Thermophoresis parameter (N;), Local Nanoparticle Grashof number (B,),
Brownian motion number (N,,), local temperature Grashof number (G,.), Viscosity (1), Permeability of Porous medium

(k) and Magnetic parameter (M).

From the Figures (2-10), it is observed that when the height of the stenosis (§,) increases the resistance of the flow

increases and height of the dilatation (J,) increases the flow resistance decreases.
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Figure. 2. Variation of 1 with for §; varying of &,

Figure 3. Variation of A with for §; varying of @

It is also observed from the Figures (2-10) that, the flow resistance (1) increases with Inclination (@), Local
Nanoparticle Grashof number (B,), Magnetic Parameter (M) and Viscosity (1) and the flow resistance (1) decreases
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with thermophoresis parameter (N;), Brownian motion parameter (N;), Local Temperature Grashof number (G,) and
Permeability of Porous medium (k).

From the Fig. 5 and Fig. 8, it is interesting to observe that the flow resistance increases with increasing of Local
Nanoparticle Grashof number (B,.) and viscosity (¢). Because of variation in temperature, buoyancy forces become more
significant than viscous forces, influencing flow behaviour. Whereas buoyancy increases fluid motion, the combined
impacts of viscosity and nanoparticle interactions contribute to increased flow resistance.
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From the Fig. 9, it is interested to notice that the impedance to the flow increases with stenosis height (6;) and
permeability (k) this increase is significant when stenosis height(§;) exceeds the value 0.03. i.e in small arteries, the
permeability effect is less than plaque deposition.
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From the Fig. 10, it is interesting to observe that the flow resistance increases with increase in magnetic parameter
(M), However it is noticed that this increase is only significance when the stenosis height (§) exceeds the value 0.03.

A magnetic field applied perpendicular to the flow interacts with charged nanoparticles, causing a drag force that
reduces the fluid and increases flow resistance. However, by controlling the magnetic field appropriately, it becomes
possible to control blood pressure and improve conditions such as poor circulation

Nanoparticles in a fluid strengthen the thermal properties by enhancing molecular collisions, however they also
introduce increased flow resistance. Temperature fluctuations produce buoyancy effects, defined by the local nanoparticle
Grashof number, while the permeability of porous medium affects blood flow efficiency. In systems such as vascular
networks and drug delivery devices, the optimization of blood flow can be obtained through systematic adjustment of
these parameters.
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Figures (11-19) demonstrate the effect of velocity profiles for various values of Brownian motion number (N,),
Magnetic parameter (M), Local temperature Grashof number (G,.), micropolar parameter (m), local nanoparticle Grashof
number (B,), Permeability of porous medium (k), Thermophoresis parameter (N;), Viscosity (1) and Inclination (@).

It is noted that from the Figures (11-19) the velocity profiles increase with the increase of local nanoparticle Grashof
number (B,.), Permeability of porous medium (k) and Thermophoresis parameter (N, ), but decreases with the increasing
of brownian motion parameter (N, ), Local temperature Grashof number (G,), Micropolar parameter (m), Viscosity (1)
and Inclination (@).
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From the Fig. 12. It is interesting to identified that, the effect velocity profile decreases in the range of —0.5 to 0.5
with an increase of magnetic parameter (M) is and increasing in the other region.

Figures (20-37) demonstrate the variations of wall shear stress (t,, & 7, ) versus z are shown to understand the
progression of arterial disorders with various flow parameters for various values of micropolar parameter (m), Magnetic
parameter (M), Brownian motion number (N,), local temperature Grashof number (G, ), Thermophoresis parameter (N,),
Local Nanoparticle Grashof number (B,.), Viscosity (1), Inclination (@) and Permeability of Porous medium (k)

It is noticed that from the Figures (20-37) micropolar parameter (m), Magnetic parameter (M), Brownian motion
parameter (Np), local temperature Grashof number (G,.), Thermophoresis parameter (N, ), and Local Nanoparticle Grashof
number (B,) Inclination (@), Permeability of Porous medium (k) decrease with the wall shear stress.

Increasing magnetic field effect, which produce a Lorentz force that decreases the flow momentum. Consequently,
wall shear stress values decrease along z at every position.

The viscosity(u), thermophoresis parameter (N, ), and magnetic parameter (M) all lead to the minimized wall shear
stress, which is favourable in systems where excessive shear stress may be harmful. This is particularly relevant in delicate
microfluidic devices and the human circulatory system, where maintaining optimal shear stress is required to minimize
tissue injury and provide effective fluid flow.
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Figures (38-40) displays the streamlines for various values of k, M and B, , It has been seen that the stream lines
are getting closure with increase of k, M and B,. It is seen that, the streamlines in the middle are becoming widen, it
shows that the blood velocity is increasing and these reduces the resistance to flow decreases with the increase in values
of k,M.
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5. CONCLUSIONS

The influence of magnetic field on a micropolar fluid through an inclined porous medium with multiple abnormal
segments has been studied. It was possible to evaluate the impact of various factors with different stenosis heights on the
flow impedance and shear stress at the wall by finding solutions to the flow characteristic expressions.

The Observations are:

Magnetic Parameter, Inclination, Local Nanoparticle Grashof number and Viscosity increases with flow
resistance.

The heights of stenotic dilatation, Thermophoresis parameter, Permeability of Porous medium, Local
Temperature Grashof number and Brownian motion parameter decreases with the flow resistance.

The resistance of the flow and shear stress at the wall decreasing for the values of heights of the stenosis dilatation
It is identified that the effect of velocity profile with the increase of magnetic parameter (M) is decreasing in the
region —0.5 to 0.5 and increasing in the other region.

The heights of stenotic dilatation, Magnetic Parameter, Brownian motion number, Inclination, Local
Temperature Grashof number, Thermophoresis parameter, Local Nanoparticle Grashof number and Permeability
of Porous medium decreases with the shear stress at the wall.

Study on micropolar nanofluids improves understanding of blood’s microstructure and particle behaviour in
magnetic fields. Incorporating micropolarity, magnetic effects, and nanoparticle dynamics (such Brownian
motion and thermophoresis) improves the accuracy of blood flow models, especially for arterial stenosis or
dilatation. These advanced simulations can enhance the design of medical devices such as stents and blood
pumps, enable more precise targeted drug delivery systems, and support advanced diagnostic tools that simulate
pathological blood flow conditions.

The study demonstrates that blood flow resistance and wall shear stress in stenosed and dilated arteries are
influenced by important factors such magnetic field strength, nanoparticle dynamics, and arterial geometry.
Significantly, these results have direct applications in hematology and biomedical engineering. Controlling the
external magnetic field can be used to optimize treatment techniques for cardiovascular disorders such as
hypertension, atherosclerosis, and arterial blockages by regulating blood flow and shear stress.

The streamlines lines are getting closure with the increase of Permeability of Porous medium, Magnetic
parameter, Local Nanoparticle Grashof number.
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MOJEJIIOBAHHSA MI'JI IOTOKY MIKPONOJISIPHOI HAHOPUIAHHU B IOXUJIIA NOPUCTIIA CTEHO30BAHIM
APTEPII 3 TUJIATAIIEIO
Hapenpep Cargaii®®, Kapanamy Mapyri llpacan®
“Kagheopa mamemamuxu, Llxona nayx, GITAM (Bsascacmoca ynisepcumemonm), Xaiioepabao, wmam Tenaneana, Inois — 502329
bKageopa mamemamuxu, Texnonoziunuii incmumym 5. B. Padacy, Biwmnynyp, Hapcanyp, wmam Tenanzana, Indis — 502313

V wmiit cTaTTi KOCHIIKYETHCS BILIMB MarHiTHOTO IOJIS Ha KPOBOTIK 3 YaCTMHAMH HAHOPIJWHH Yepe3 IOXMIY MOPHUCTY CTEHO30BaHY
apTepiro Ta amiatamio. TyT KpOB PO3MIAMAETHCSA SIK MIKPOMOISIPHA piguHa. PiBHSHHSA pPO3B'SI3YIOTHCS 3a JOMOMOTOK METOMY
romoromiyaux Oypens [HPM] y mpumyineHHi jerkoro crenosy. OTpuMaHO pO3B'SI3KH 3aMKHYTOI (POPMH IIBHUAKOCTI, MPOdiito
TEMIIEPAaTypyd Ta PO3MOALTY KOHIeHTpamii. CrocTepiraBcs BIUIMB BIANOBITHUX IapaMeTpiB Ha SBHINA IMOTOKY, a Pe3yJbTaTH
aHami3ywoTecs Tpadigno. Lle mocmimkeHHS po3riAgae BIUIMB MAarHiTHOTO IapaMeTpa Ha XapaKTEPUCTUKU MOTOKY Ta TMOKa3ye, II0
HasIBHICTH MarHITHOTO TIOJIS 30LIBIIy€ OMip ITOTOKY, OJHOYACHO 3MEHIIYIOUH HANpPYXEHHS 3CyBY Ha CTiHI. B pe3ynbrari BUsBIEHO,
110 OIip ITOTOKY Ta HAIPYKEHHS 3CYBY Ha CTIiHII 3MEHIIIYETHCS 3 BUCOKOIO AMIATAIi€l0 cTeHo3y. KpiM TOro, TOCIiKeHHS ITOKa3ye,
110 OIIp MOTOKY 30UIBIIYETHCS, @ HANIPYXKEHHs 3CyBY Ha CTIHII 3MEHINYETHCS 31 301IbIIeHHAM B s3kocTi. JIiii motoky moOynoBaHi
JUIS] BUBUCHHS KAPTHHU [IOTOKY Ta BIACTHBOCTEH Iepeadi iMIyJisCy.

KuniouoBi ciioBa: cmeno3s, ounamayis; MikponoaspHa piouna, onip NOMoKy, HanpyjiceHHs 3¢y8y Ha Cminyi; napamemp OpoyHiBCbKO2O

DYXy; napamemp mepmoghopesy



