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Abstract 
This study investigates the hemodynamic disturbances 

caused by stenosis and aneurysms in a curved artery, 

focusing on the innovative application of hybrid 

nanoparticles, specifically gold and copper. A 

mathematical model is characterized as an unsteady 

blood flow through a porous medium. The Forward 

Time Central Space scheme is used to solve resulting 

equations, to examine blood flow dynamics. This 

investigation aims to analyze the blood flow behavior 

due to hybrid nanoparticles in an artery subjected to an 

external magnetic field and to assess their impact on 

heat and mass transfer.  
 

The results acquired for velocity, temperature, 

concentration, microorganism, wall shear stress and 

flow rate are displayed graphically and analyzed for 

several physical characteristics like Schmidt 

parameter, chemical reaction parameter, Grashoff 

number, radiation parameter and Reynolds number. 

This comprehensive evaluation offers insights into the 

complex interplay of fluid dynamics, flow behavior due 

to nanoparticles and biological factors in the context of 

cardiovascular well-being. It is observed that hybrid 

nanoparticles have the potential to regulate blood 

velocity and temperature, allowing Surgeons to make 

necessary adjustments as needed.  
 

Keywords: Magnetohydrodynamics, Stenosis, Aneurysm, 

Hybrid nanoparticle, Heat and mass transfer.  
 

Introduction 
Nowadays, cardiovascular diseases are the prominent causes 

of morbidity and mortality worldwide, accounting for more 

than 50% of fatalities 7. Cardiovascular disease includes high 

blood pressure, heart failure and various cardiac disorders 

such as stenosis and aneurysm. Stenosis (atherosclerosis) 

refers to the abnormal narrowing of the arterial channels, 

which is usually caused by plaque deposition, accumulation 

of fatty substances and irregular intra-vascular growth. 

Cholesterol, mainly low-density lipoprotein, plays a 

significant role in the progression of atherosclerosis6,8. In 

contrast, the aneurysm is identified by an abnormal dilation 

of arterial walls, usually resulting from weakened vessel 

structures. These dilations disrupt the flow dynamics, 

creating zones of low shear stress and recirculation that can 

encourage clot formation or, in extreme cases, vessel 

rupture.  

 

Kawaguti and Hamano11 investigated post-stenotic dilation 

through a numerical approach. In their study, they found that 

narrowing due to stenosis causes an increase in pressure and 

decreases the supply of oxygen to tissues. Moayeri and 

Zendehbudi16 examined the influence of wall elasticity on 

blood flow attributes via the stenosed artery. Changdar and 

De5 investigated the phenomenon of pulsatile blood flow in 

diseased artery that include multiple stenosis by utilizing 

numerical simulation. Tripathi and Sharma31 described a 

mathematical framework that elaborates on the impact of 

varying viscosity through arterial stenosis.  

 

The impact of multiple stenosis and aneurysm in the artery 

considering blood as Casson fluid was examined by 

Pincombe et al.18 Theoretical modeling of dynamics of blood 

through coronary arteries along with a number of aneurysms 

and stenosis was done by Wong et al.32 To understand the 

realistic behavior of blood flow, it becomes crucial to study 

flow behavior in curved artery. The nano-Eyring-Powell of 

blood via curved artery exhibiting time-varying 

atherosclerosis and aneurysm was numerically simulated by 

Sultan et al.27 Various fluid flow interactions using 

experimental and simulation methodologies were studied 

revealing an increase in Reynolds number leading to a rise 

in the formation of vortices, along with an increase in both 

velocity and tension within the aneurysm.  

 

Magnetic radiation affects the plasma contained in the blood. 

Kolin12 studied magnetic field radiation effect in blood flow. 

Tripathi et al30 explored heat and mass transfer influence on 

magneto-hydrodynamic in core and plasma region. In their 

investigation, they found that as the intensity of magnetic 

field and radiation parameter increases, there is a 

corresponding decrease in both temperature and velocity 

profiles. Imoro et al9 studied magneto-hydrodynamic 

influence on flow of blood-based hybrid nanofluid in arterial 

stenosis, taking into accounts the effect of thermal radiation. 

 

Due to their unique physical and chemical properties, 

nanoparticles offer promising potential for enhancing the 

treatment of cardiovascular diseases. They can serve as 

contrast agents in imaging techniques or as carriers for 

targeted drug delivery. The metal-based nanoparticles 

influence on blood flow via stenosed arteries with porous 

walls is theoretically analyzed by Nadeem and Ijaz17. 
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Sharma et al21 studied hematocrit-dependent viscosity 

technique for computational biomedical simulations 

regarding the transport of hybrid nanoparticles in a stenosed 

and aneurysmal curved artery, acknowledging the 

phenomenon of heat and mass transfer. 

 

Heat and mass transfer are fundamental to comprehending 

the hemodynamics, especially in stenosed arteries where the 

flow is restricted. Kandasamy et al10 studied the effect of 

transportation of heat and mass transfer under influence of 

magnetic field via stretched surface. The MHD effect on 

two-layered blood flow was also studied taking into account 

heat and mass transfer.13  

 

It was found that a rise in radiation parameter decrease the 

velocity of blood flow. Sharma et al21 evaluated the Nusselt 

number as heat transfer rate and Sherwood number as mass 

transfer rate along with activation energy effect on 

magnetohydrodynamic stretching surface. Mishra15 

explored the influence of heat and mass transfer on nanofluid 

flow through a slanted stenosed artery. 

 

The study of microorganisms in blood flow is a pivotal field 

in biomedicine and biofluid dynamics, as it deals with how 

microorganisms (like bacteria, viruses, or engineered 

micro/nanoparticles) interact with the bloodstream under 

various physiological and pathological conditions. A 

numerical assessment to evaluate the effect of radiation and 

magnetic intensity with microorganisms in the flow across 

vertical and curved sheet was implemented by Anantha et 

al3.  

 

Alharbi et al2 carried out bioconvection micro-organisms 

correlated to hybrid nanofluid undergoing laminar 

incompressible flow in conjunction with nanoparticles and 

chemical reaction as a medium for targeted drug delivery.  

 

Sharma et al22 examined study of entropy generation in a 

ternary hybrid-nanofluid with gyrotactic 

microorganism situated in a bifurcated artery. Shit et al25 

used the Frobenius technique to describe the flow of blood 

via a tapering, stenotic artery accompanied by hematocrit-

dependent viscosity. 

 

The present study addresses a mathematical model that 

considers the impacts of hybrid gold-copper nanoparticles, 

magnetic fields and microorganism interactions to examine 

blood flow dynamics in a curved artery impacted by stenosis 

and aneurysms. The following are the aims of the current 

investigation: 

 

1. Analyze the hemodynamic disturbances induced by 

stenosis and aneurysms in a curved artery. 

2. Explore the distribution and flow behavior due to hybrid 

nanoparticles (Gold and Copper) in diseased artery under 
the effect of an external magnetic field. 

3. Assess the interaction between microorganisms and 

electrical conductivity in blood flow. 

4. Analyze the impact due to hybrid nanofluid (Au, 

Cu/blood) on Wall Shear Stress, Nusselt number, 

Sherwood Number and flow rate. 

 

Integrating these factors into a single model, this work 

provides a comprehensive perspective for acknowledging 

the complex interplay of biological, chemical and physical 

phenomena in diseased arteries. The findings aim to 

contribute to advancements in cardiovascular diagnostics, 

nanoparticle-based therapies and the acknowledgment of 

magnetohydrodynamics in medical research.  

 

Material and Methods 
In this investigation, cardiovascular diseases stenosis and 

aneurysm are both studied simultaneously in an artery, 

considering blood as Newtonian in nature. To understand 

realistic behavior of the artery, we took the artery in curved 

shape. The 𝑟 − axis and x−axis are symbolized as radial and 

axial direction respectively. Hematocrit-dependent variable 

viscosity is utilized. This model is characterized by an 

unsteady blood flow through a porous medium. The blood is 

concentrated by plasma, which is affected by magnetic field 

subjected uniformly in axial direction. Gold and copper 

nanoparticles are injected into blood to get hybrid nanofluid 

as portrayed in fig. 1.  

 

 
Fig. 1: Geometric diseased artery 

 
Geometry of stenosis and aneurysm diseased artery can be 

determined as follows24,28: 

 

𝑅(𝑥) =

{
 
 

 
 
(𝑅0 + 𝑎̃𝑖  𝑥)(1 − (

𝛿̃𝑖

2𝑅0
(1 + 𝑐𝑜𝑠

2𝜋

𝜆𝑖
(𝑥 − 𝜎̃𝑖 −

𝜆𝑖

2
))))

, 𝜎̃𝑖 ≤ 𝑥 ≤ 𝜎̃𝑖 + 𝜆𝑖 , 𝑖 = 1, 2
(𝑎̃𝑖𝑥 + 𝑅0), 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, }

 
 

 
 

. 

−𝑅(𝑥) =

{
 
 

 
 
(𝑎̃𝑖𝑥 − 𝑅0)(1 − (

𝛿̃𝑖

2𝑅0
(1 + 𝑐𝑜𝑠

2𝜋

𝜆𝑖
(𝑥 − 𝜎̃𝑖 −

𝜆𝑖

2
))))

  𝜎̃𝑖 ≤ 𝑥 ≤ 𝜎̃𝑖 + 𝜆𝑖 , 𝑖 = 1, 2
(𝑎̃𝑖𝑥 − 𝑅0), 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, }

 
 

 
 

(1) 
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The geometry of upper and lower wall of the curved-artery 

is represented as 𝑅(𝑥) and −𝑅(𝑥) respectively. 𝐿 is taken as 

arterial length. 𝑎 = 𝑡𝑎𝑛(𝜑) is referred to as the tapered 

parameter and 𝜑 is the tapering angle in equation. 𝜆𝑖 is 

denoted as length of diseased segment, 𝜎̃𝑖 is length of 

𝑖𝑡ℎ abnormal region from origin and 𝛿𝑖 represents critical 

height of 𝑖𝑡ℎ diseased section taking place at explicit points 

specified through: 𝑥 = 𝜎1̃ +
𝜆𝑖

2
 and 𝑥 = 𝜎2̃ +

𝜆𝑖

2
, although 

value of 𝛿𝑖 is positive for stenosis and for aneurysm, it is 

negative.  

 

Governing equations of continuity, momentum in radial and 

axial, temperature, concentration and microorganism 

equations in dimensional form are taken as follows:9,20,22 

 
𝜕𝑢1

𝜕𝑟
+

𝑢1

𝑅∗+𝑟
+

𝑅∗

𝑅∗+𝑟
(
𝜕𝑣1

𝜕𝑟
) = 0.                                                (2) 

𝜌ℎ𝑛𝑓 [
𝜕𝑢1

𝜕𝑡
+ 𝑢1

𝜕𝑢1

𝜕𝑟
+

𝑅∗𝑣1

𝑅∗+𝑟

𝜕𝑣1

𝜕𝑥
−

𝑣1
2

𝑅∗+𝑟
] = −

𝜕𝑃

𝜕𝑟
+

𝜇ℎ𝑛𝑓 [
𝜕2𝑢1

𝜕𝑟2
+

1

𝑅∗+𝑟

𝜕𝑢1

𝜕𝑟
+ (

𝑅∗

𝑅∗+𝑟
)
2 𝜕2𝑢1

𝜕𝑥2
−

𝑢1

(𝑅∗+𝑟)2
−

2𝑅∗

(𝑅∗+𝑟)2
𝜕𝑣1

𝜕𝑥
] + (

4

3
 
𝜕𝑢1

𝜕𝑟
−
2

3
(
𝑅∗

𝑅∗+𝑟

𝜕𝑣1

𝜕𝑥
+

𝑢1

𝑅∗+𝑟
))

𝜕𝜇ℎ𝑛𝑓 

𝜕𝑟
.             (3) 

𝜌ℎ𝑛𝑓 [
𝜕𝑣1

𝜕𝑡
+ 𝑣1

𝜕𝑣1

𝜕𝑟
+

𝑅∗𝑣1

𝑅∗+𝑟

𝜕𝑣1

𝜕𝑥
−

𝑢1𝑣1

𝑅∗+𝑟
] = −

𝑅∗

𝑅∗+𝑟

𝜕𝑃

𝜕𝑥
+

𝐺(𝑡) + 𝜇ℎ𝑛𝑓 [
𝜕2𝑣1

𝜕𝑟2
+

1

𝑅∗+𝑟

𝜕𝑣1

𝜕𝑟
+ (

𝑅∗

𝑅∗+𝑟
)
2 𝜕2𝑣1

𝜕𝑥2
−

𝑣1

(𝑅∗+𝑟)2
−

2𝑅∗

(𝑅∗+𝑟)2
𝜕𝑢1

𝜕𝑥
] + (

𝑅∗

𝑅∗+𝑟

𝜕𝑢1

𝜕𝑥
+
𝜕𝑣1

𝜕𝑟
−

𝑣1

𝑅∗+𝑟
)
𝜕𝜇ℎ𝑛𝑓 

𝜕𝑟
− 𝜎ℎ𝑛𝑓 𝐵

2𝑣1 −
𝜇ℎ𝑛𝑓 

𝐾
𝑣1. +𝑔(𝜌𝛽)ℎ𝑛𝑓(𝑇 − 𝑇𝑊) + 𝑔(𝜌𝛽)ℎ𝑛𝑓(𝐶 − 𝐶𝑊).       (4) 

(𝜌𝐶𝑃)ℎ𝑛𝑓 [
𝜕𝑇1

𝜕𝑡
+ 𝑢1

𝜕𝑇1

𝜕𝑟
+

𝑅∗

𝑅∗+𝑟

𝜕𝑇1

𝜕𝑥
] = 𝐾ℎ𝑛𝑓 [

𝜕2𝑇1

𝜕𝑟2
+

1

𝑅∗+𝑟

𝜕𝑇1

𝜕𝑟
+ (

𝑅∗

𝑅∗+𝑟
)
2 𝜕2𝑇1

𝜕𝑥2
] −

𝜕𝑞

𝜕𝑟
.                                   (5) 

[
𝜕𝐶1

𝜕𝑡
+ 𝑢1

𝜕𝐶1

𝜕𝑟
+

𝑅∗

𝑅∗+𝑟

𝜕𝐶1

𝜕𝑥
] = 𝐷𝑚 [

𝜕2𝐶1

𝜕𝑟2
+

1

𝑅∗+𝑟

𝜕𝐶1

𝜕𝑟
+

(
𝑅∗

𝑅∗+𝑟
)
2 𝜕2𝐶1

𝜕𝑥2
] − 𝑅𝑏(𝐶 − 𝐶𝑊).                          (6) 

[
𝜕𝑛1

𝜕𝑡
+ 𝑢1

𝜕𝑛1

𝜕𝑟
+

𝑅∗𝑛1

𝑅∗+𝑟

𝜕𝑛1

𝜕𝑥
] +

𝑏𝑊𝑐

𝐶0−𝐶𝑊
[
𝜕

𝜕𝑟
(
𝑛1𝜕𝐶1

𝜕𝑟
+

𝜕

𝜕𝑥
(
𝑛1𝜕𝐶1

𝜕𝑥
))] = 𝐷𝑛 [

𝜕2𝑛1

𝜕𝑟2
+

1

𝑅∗+𝑟

𝜕𝑛1

𝜕𝑟
+ (

𝑅∗

𝑅∗+𝑟
)
2 𝜕2𝑛1

𝜕𝑥2
].          (7) 

 

The below mentioned equality defines the mathematical 

presentation for the axial pressure gradient:  

 

−
𝜕𝑃

𝜕𝑥
= 𝑃0 + 𝑃1𝑐𝑜𝑠(2𝜋𝜔𝑃𝑡),   𝑡 > 0.                                   (8) 

 

where 𝑃0 = Mean pressure gradient, 𝜔𝑃 = 2𝜋𝑓𝑝. 

 

𝑃1 = Magnitude of pulsatile component that sustains both 

the diastolic and systolic pressure.  

 

The external periodic body acceleration imparted in axial 

direction of the hybrid nanofluid is expressed by utilizing 

following equation: 
 

𝐺(𝑡) =  𝑃0̅̅ ̅𝑐𝑜𝑠(𝜔2̅̅ ̅̅ 𝑡 + 𝜒),     𝑡 > 0, where 𝜒 is the phase 

angle and 𝜔2̅̅ ̅̅  = 2𝜋𝑓𝑝.  

Initial and boundary conditions for the flow equations are as 

follows: 

 

{
    𝑣1 = 𝑇 = 𝐶 = 𝑛1 = 0 𝑎𝑡 𝑡 = 0,
𝑣1̅̅ ̅ = 0, 𝐶 = 𝐶𝑊, 𝑇 = 𝑇𝑊 , 𝑛1 = 𝑛𝑤  

𝑎𝑡 𝑟 = 𝑅 𝑎𝑛𝑑 𝑟 = −𝑅

}                        (9) 

 

The mathematical interpretation for hematocrit dependent 

viscosity is defined as 19:  

 

𝜇𝑓 = 𝜇0[1 + 𝛽1ℎ(𝑟)].                                                       (10) 

 

From above, ℎ(𝑟) = ℎ𝑚 [1 − (
𝑟

𝑅0
)
𝑚
], ℎ𝑚 = maximum 

hematocrit at the mid-point of artery, 𝛽1 =2.5, 𝑚 stands for 

flow shape i.e. m is greater than or equal to 2. The expression 

of thermo-physical parameters of hybrid nanofluids taken 

into this analysis, are enumerated in the table 2.  

 

Non-dimensional form of governing equations: To get a 

numerical solution, the governing equations must be 

transformed into dimensionless form. The following 

parameters are acquainted to non-dimensionalized 

governing relationship: 

 

𝑟 =  
𝑟

𝑅0
 , 𝑥 = 

𝑥

𝜆𝑖
, 𝑢1̅̅ ̅ =  

𝜆𝑖𝑢1

𝛿̃𝑢0
 , 𝑣1̅̅ ̅ =  

𝑣1

𝑢0
 , 𝑡̅ =

𝑢0𝑡

𝑅0
, 𝑅𝑐 =

𝑅∗

𝑅0
, 𝑃̅ =

𝑅0
2𝑃

𝜇0𝑢0𝜆𝑖
, 𝑅𝑒 =

𝜌𝑓𝑢0𝑅0

𝜇0
, 𝛿 =

𝛿̃𝑖

𝑅0
, 𝜃 =

𝑇−𝑇0

𝑇𝑊−𝑇0
, 𝜙 =

𝐶−𝐶0

𝐶𝑊−𝐶0
, 𝐺𝑟 =

𝑔(𝜌𝛽)𝑓𝑅0
2𝑇𝑤

𝜇0𝑢0
, 𝐺𝑚 =

𝑔(𝜌𝛽)𝑓𝑅0
2𝐶𝑤

𝜇0𝑢0
, 𝑀2 =

𝜎𝑓𝐵
2𝑅0

2

𝜇0
, 𝜉 =

𝑅𝑏𝜌𝑓𝑅0
2

𝜇0
, 

𝑆𝑐 =  
𝑣1

𝐷𝑚
, 𝑃𝑟 =

𝜇0(𝐶𝑃)𝑓

𝐾𝑓
, 𝑁𝑟 =

16𝜎𝑒𝑇𝑐
3

𝛽𝑟𝐾𝑓
, ∈=

𝑅0

𝜆𝑖
, 𝑍 =

𝐾

𝑅0
2, 𝜒̅ =

𝑛−𝑛1

𝑛𝑤−𝑛1
, 𝑆𝑏 =

𝑣1

𝐷𝑛
 ,𝑃𝑒 =

𝑏𝑊𝑐

𝐷𝑛
,𝜎 =

𝑛

𝑛𝑤−𝑛1
. 

 

Using mild-stenosis case i.e. 𝛿 (=
𝛿̃𝑖

𝑅0
) << 1, ∈ (=

𝑅0

𝜆𝑖
) =

𝑂(1) and dimensionless parameters, equations are to be 

reduce in dimensionless form. 

 

Currently, the curved arterial channel's non-dimensionalized 

shape with stenosis and aneurysm is mentioned below:  

 

𝑅(𝑥) =

{
 
 

 
 (𝑎𝑥 + 1)(1 − (

𝛿

2
(1 + 𝑐𝑜𝑠2𝜋 (𝑥 − 𝜎𝑖 −

1

2
))))

, 𝜎𝑖 ≤ 𝑥 ≤ 𝜎𝑖 + 1, 𝑖 = 1, 2
(𝑎𝑥 + 1)  𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, }

 
 

 
 

. 

−𝑅(𝑥) =

{
 
 

 
 (1 + 𝑎𝑥)(1 − (

𝛿

2
(1 + 𝑐𝑜𝑠2𝜋 (𝑥 − 𝜎𝑖 −

1

2
))))

, 𝜎𝑖 ≤ 𝑥 ≤ 𝜎𝑖 + 1, 𝑖 = 1, 2
(1 − 𝑎𝑥)  𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, }

 
 

 
 

         (11) 

 

Here, 𝜎𝑖 =
𝜎̃𝑖

𝜆𝑖
; 𝛼 =

𝑎̃𝑖𝜆𝑖

𝑅0
.  

𝛼 = 𝑡𝑎𝑛(𝜑) is referred to as the tapering parameter and 𝜑 is 

related taper angle in equation. The curved channel's non-
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tapered, convergent and divergent tapering were denoted by 

the conditions 𝜑 = 0, 𝜑 > 0 and 𝜑 < 0 respectively. 

 

Governing formulae in dimensionless form after applying 

non-dimensional factors on governing equations are as 

follows: 

 
𝜕𝑃̅

𝜕𝑟
= 0.                                                                                    (12) 

𝜌ℎ𝑛𝑓 

𝜌𝑓 
𝑅𝑒

𝜕𝑣1̅̅ ̅

𝜕𝑡̅
= −

𝑅𝑐

𝑅𝑐+𝑟̅

𝜕𝑃̅

𝜕𝑥̅
+ 𝐺(𝑡̅) +

𝜇ℎ𝑛𝑓 

𝜇0
[
𝜕2𝑣1

𝜕𝑟̅2
+

1

𝑅𝑐+𝑟̅

𝜕𝑣1̅̅ ̅

𝜕𝑟̅
+

−
𝑣1̅̅ ̅

(𝑅𝑐+𝑟̅)
2] − (

𝜕𝑣1̅̅ ̅

𝜕𝑟̅
−

𝑣1̅̅ ̅

𝑅𝑐+𝑟̅
)

𝑚𝛽1 ℎ𝑚 𝑟̅
𝑚−1

(1−𝜙1)
2.5(1−𝜙2)

2.5 −
𝜎ℎ𝑛𝑓 

𝜎𝑓 
𝑀2𝑣1̅̅ ̅ −

𝜇ℎ𝑛𝑓 

𝜇0

𝑣1̅̅ ̅

𝑍
+
(𝜌𝛽)ℎ𝑛𝑓

(𝜌𝛽)𝑓
(𝐺𝑟𝜃 + 𝐺𝑚𝜙).                                         (13) 

(𝜌𝐶𝑃)ℎ𝑛𝑓 

(𝜌𝐶𝑃)𝑓 

𝐾𝑓

𝐾ℎ𝑛𝑓
𝑃𝑟𝑅𝑒

𝜕𝜃

𝜕𝑡̅
=

𝜕2𝜃

𝜕𝑟̅2
+

1

𝑅𝑐+𝑟̅

𝜕𝜃

𝜕𝑟̅
+
𝜕2𝑇1

𝜕𝑥2
−

𝐾𝑓

𝐾ℎ𝑛𝑓
𝑁𝑟

𝜕2𝜃

𝜕𝑟̅2
.                                              

               (14)        

𝑅𝑒𝑆𝑐
𝜕𝜙

𝜕𝑡̅
=

𝜕2𝜙

𝜕𝑟̅2
+

1

𝑅𝑐+𝑟̅

𝜕𝜙

𝜕𝑟̅
− 𝑆𝑐𝜉𝜙.                                              (15) 

𝑅𝑒𝑆𝑏
𝜕𝜒̅

𝜕𝑡̅
=

𝜕2𝜒̅

𝜕𝑟̅2
+

1

𝑅𝑐+𝑟̅

𝜕𝜒̅

𝜕𝑟̅
− 𝑃𝑒𝜎 (

𝜕𝜒̅

𝜕𝑟̅

𝜕𝜙

𝜕𝑟̅
+ (𝜎 + 𝜒̅)

𝜕2𝜙

𝜕𝑟̅2
) (16) 

 

The accompanying initial and boundary conditions that are 

subject to the flow, are transformed in the non-

dimensionalized form as follows:  

 

{
𝑣1̅̅ ̅ = 𝜃 = 𝜙 = 𝜒̅ = 0 𝑎𝑡 𝑡 = 0,

𝑣1̅̅ ̅ = 0, = 𝜙 = 𝜒̅ = 1 𝑎𝑡 𝑟 = 𝑅 𝑎𝑛𝑑 𝑟 = −𝑅
}.            (17) 

 

Now, by non-dimensionalization of Nusselt number (𝑁𝑢), 
Sherwood number (𝑆ℎ) and wall shear-stress (WSS) using 

non-dimensional parameters, we get: 

 

𝑁𝑢 = −𝑅𝑒𝑥
1/2 𝜕𝜃

𝜕𝑥
, 𝑆ℎ = −𝑅𝑒𝑥

1/2 𝜕𝜙

𝜕𝑥
, 𝑊𝑆𝑆 = −𝑅𝑒𝑥

1/2 𝜕𝑣1

𝜕𝑥
. 

 

Solution Process: Analytical solutions to the governing 

non-linear equations are difficult since they are coupled 

partial difference equations. So, numerical technique 

Forward Time Central Space (FTCS) methodology on 

MATLAB is used to solve equations (12)-(16) for the 

existing blood flow model. The suitable mesh size to 

aforementioned problem is 𝑑𝑥 = 0.025. Using above said 

scheme, the partial spatial and temporal derivatives are 

expressed as follows:  

𝜕𝑣1̅̅ ̅

𝜕𝑟̅
=

𝑣1(𝑖+1,𝑗)−𝑣1(𝑖−1,𝑗)

2𝑑𝑟̅
, 

𝜕2𝑣1̅̅ ̅

𝜕𝑟̅2
=

𝑣1(𝑖+1,𝑗)−2𝑣1(𝑖,𝑗)+𝑣1(𝑖−1,𝑗)

𝑑𝑟̅2
, 

𝜕𝑣1̅̅ ̅

𝜕𝑡̅
=

𝑣1(𝑖,𝑗+1)−𝑣1(𝑖,𝑗)

𝑑𝑡
. 

 
Validation of the results: Our study's validation is 

completed by the reported work of Poonam et al19,20 for 

curved artery with aneurysm and stenosis, which is relevant 

in both studies. The comparison is done with Poonam et al20 

work for both the velocity and temperature in figures 2(a)-

2(b). The hematocrit dependent viscosity parameter (ℎ𝑚 ), 
Hartmann number (𝑀), heat source or sink parameter 
(𝛽 = 0) and thermal slip parameter (𝛾 = 0) have been 

neglected. Default values of the parameters have been 

utilized including 𝐺𝑟 = 0.8, 𝑃𝑟 = 14, 𝑅𝑒 = 0.5, 𝑅𝑐 = 3 ,
𝑆𝑏 = 2.5, 𝜎 = 0.5, 𝑃𝑒 = 1, 𝐵1 = 1.41, 𝐵2 = 0, 𝜙1 =
0.05 , 𝜙2 = 0.05. 

 

Results and Discussion 
The current mathematical work sought to investigate the 

effects of nanofluid hemodynamics and hematocrit-

dependent viscosity on hemodynamics through a curved 

artery with stenosis and aneurysm. Hybrid nanoparticles, 

gold and copper, are used. The impact of many newly 

discovered characteristics, such as hematocrit number (ℎ𝑚),  
Hartman number  (𝑀) on velocity profiles, radiation(𝑁𝑟) on 

temperature and chemical reaction (𝜉) on hybrid blood 

concentration profiles (𝜙1 = 𝜙2 = 0.05), is examined. 

Additionally, a comparison of these profiles for both the 

aneurysm and stenotic segments is done using MATLAB 

graphs.  

 

In this present work Forward Time Central Space scheme is 

used to depict the graphs. The algorithms are created to 

calculate the velocity, temperature, concentration, 

microorganism impedance, Nusselt number (𝑁𝑢), 
Sherwood number (𝑆ℎ) Wall Shear-Stress (𝑊𝑆𝑆) and 

volumetric flow rate (𝑄). The flow patterns for different 

physical parameters are studied. As listed in table 1, the 

default values of the parameters were used to complete the 

computational task. Table 2 demonstrates the 

thermophysical attributes of blood, gold and copper 

nanoparticles.  

 

 
Fig. 2(a): Comparison of present study to 

published work for velocity. 

 
Fig. 2(b): Comparison of present study to  

published work for temperature. 
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Table 1 

Values of physical attributes9 

Physical 

property 

Blood Gold (Au) Copper 

(Cu) 

𝑐𝑝(𝐽 𝑘𝑔⁄  𝐾) 3594 129 385 

𝜌(𝑘𝑔 𝑚−3) 1063 19320 8933 

𝜎 (𝑆 𝑚−1) 6.67 × 10−1 4.10 × 107 59.6 × 106 
𝑘 (𝑊 𝑚⁄  𝐾) 0.492 314 401 

𝛽 (𝐾−1) 0.18 × 10−5 1.4 × 10−5 1.67 × 10−5 

 

Table 2 

Equations for the thermophysical parameters of nanofluids and hybrid nanofluids 

Properties Equations for the Thermophysical Parameters 

Thermal Conductivity 

 

𝑘𝑛𝑓

𝑘𝑓
=

𝑘𝑠1+2𝑘𝑓−2𝜙1(𝑘𝑓−𝑘𝑠1)

𝑘𝑠1+𝑘𝑓+𝜙1(𝑘𝑓−𝑘𝑠1)
,        

𝑘ℎ𝑛𝑓

𝑘𝑛𝑓
=

𝑘𝑠2+2𝑘𝑛𝑓−2𝜙2(𝑘𝑛𝑓−𝑘𝑠2)

𝑘𝑠2+2𝑘𝑛𝑓+𝜙2(𝑘𝑛𝑓−𝑘𝑠2)
 

Electrical Conductivity 

 

𝜎𝑛𝑓

𝜎𝑓
=

𝜎𝑠1+2𝜎𝑓−2𝜙1(𝜎𝑓−𝜎𝑠1)

𝜎𝑠1+2𝜎𝑓+𝜙1(𝜎𝑓−𝜎𝑠1)
,       

𝜎ℎ𝑛𝑓

𝜎𝑛𝑓
=

𝜎𝑠2+2𝜎𝑛𝑓−2𝜙2(𝜎𝑛𝑓−𝜎𝑠2)

𝜎𝑠2+2𝜎𝑛𝑓+𝜙2(𝜎𝑛𝑓−𝜎𝑠2)
 

Viscosity 

 
𝜇𝑛𝑓 =

𝜇𝑓

(1−𝜙1)
2.5,   𝜇ℎ𝑛𝑓 =

𝜇𝑓

(1−𝜙1)
2.5(1−𝜙2)

2.5 

Heat Capacity 

 

(𝜌𝐶𝑝)𝑛𝑓 = 𝜙1(𝜌𝐶𝑝)𝑠1 + (1 − 𝜙1)(𝜌𝐶𝑝)𝑓,   

(𝜌𝐶𝑝)ℎ𝑛𝑓 = [𝜙2(𝜌𝐶𝑝)𝑠2 + (1 − 𝜙2){(1 − 𝜙1)(𝜌𝐶𝑝)𝑓 + 𝜙1(𝜌𝐶𝑝)𝑠1}] 

Density 

 
𝜌𝑛𝑓 = (1 − 𝜙1)𝜌𝑓 + 𝜙1𝜌𝑠1,       

𝜌ℎ𝑛𝑓 = [(1 − 𝜙2){(1 − 𝜙1)𝜌𝑓 + 𝜙1𝜌𝑠1}] + 𝜙2𝜌𝑠2 

Thermal Expansion 

Coefficient 
𝛽𝑓 = (1 − 𝜙1)𝛽𝑓 + 𝜙1𝛽𝑠1,       

𝛽ℎ𝑛𝑓 = [(1 − 𝜙1){(1 − 𝜙1)𝛽𝑓 + 𝜙1𝛽𝑠1}] + 𝜙2𝛽𝑠2 

 

Table 3 

Numerical values of physical parameters 

Parameters Ranges 

Hartmann Number (𝑀)1 0 − 4 

Schmidt Number (𝑆𝑐)29
 0.5 −  1.5 

Maximum Hematocrit  (ℎ𝑚 )
20 0 −  2 

Radiation Parameter (𝑁𝑟)20
 0 −  7 

Chemical Reaction Parameter (𝜉)20 0.5 −  2 

Thermal Grashof Number (𝐺𝑟)4,23 0 −  6 

Solute Grashof Number (𝐺𝑚)14 1 −  6 

Prandtl Number (𝑃𝑟)14 14 −  25 

 

Axial Velocity Profile: The influence of 𝑅𝑐 (dimensionless 

radius of curvature of artery) on hybrid blood velocity is 

manifested in fig. 3. The dark lines epitomize the effect in 

the stenotic region and dashed lines shows effect in 

aneurysm region. These graphs show that increasing 𝑅𝑐 for 

both stenosis and aneurysm segments causes the velocity 

profiles to rise. This happens due to reduction of centrifugal 

force acting on fluid. Although large amounts of 𝑅𝑐 indicate 

a balanced distribution of velocity about center line. 

Additionally, it is noteworthy that due to constriction in 

stenosis region, there is narrowing in artery, so the hybrid-

blood flow velocity in stenosis segment is found to be higher 

than aneurysm region's velocity at a certain value of 𝑅𝑐. 
 

Fig. 4. illustrates how the Hartmann number 𝑀 affects 

hybrid nanofluids’ velocity. Standard values of Hartmann 

number are ranging from 0 to 4 as cited in table 3. In our 

investigation, we took values of 𝑀 = 1,𝑀 = 2, 𝑀 =

3,𝑀 = 4 . Blood perceives a powerful electromotive force 

when subjected to an externally applied magnetic field. Due 

to hemoglobin, the magnetic field has a remarkable effect on 

the blood. Lorentz force causes a spike in blood viscosity, 

which diminishes flow velocity and may be favorable for 

controlling blood flow in artery. Increasing the magnetic 

intensity causes the blood velocity to drop. A velocity profile 

comparison between atherosclerosis and aneurysm 

demonstrates that for an identifiable magnetic parameter 

value, the hybrid blood' s velocity in aneurysm segment is 

higher than velocity in the stenotic segment.  

 

The influence of thermal Grashof number (𝐺𝑟) on hybrid 

blood velocity profile is demonstrated in fig. 5 for 𝐺𝑟 =
1,𝐺𝑟 = 2,𝐺𝑟 = 3.5, 𝐺𝑟 = 5. As cited in table 3, standard 

values of  𝐺𝑟 are ranging from 0 to 6. The solid lines 

represent velocity profiles for stenotic region, while dashed 

lines correspond to aneurysm region.
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Fig. 3: Velocity variation with radius of curvature 𝑹𝒄 

 
Fig. 4: Velocity variation with Hartmann Number 𝑴 

 

In the context of natural convection, thermal Grashof 

number represents the ratio of the buoyant force acting on 

the fluid to its viscous force. It has been perceived that 

increased magnitude of (𝐺𝑟) leads to the flow velocity to 

rise. This happens because fluid velocity rises when the 

viscous force surpasses the buoyant force in strength. For 

higher 𝐺𝑟 i.e. 𝐺𝑟 = 5, velocity profiles exhibit distinct 

behavior in stenotic and aneurysmal segments.  

 

Velocity in the stenotic region is higher than aneurysmal 

segment at 𝐺𝑟 = 5 . This occurs due to the interplay of 

bouncy forces, constriction and recirculation effects. At this 

stage, the thermal buoyancy forces are stronger in stenotic 

region whereas in aneurysmal region, due to widening of 

artery, flow expansion come into role which leads to 

recirculation and energy dissipation that reduce the net 

velocity compared to stenosis region. 

 

The impact of the solute's Grashof number (𝐺𝑚) on 

hemodynamics velocity in the radial direction is observed in 

fig. 6. The typical values of 𝐺𝑚 span from 1 to 6 as cited in 

table 3. Here in the figure 6, solid lines depict velocity 

profiles for stenotic region, while dashed lines represent 

velocity profile in aneurysm region. Graphical examination 

shows that when 𝑟 changes from the center line to the artery 

wall, the flow velocity tends to zero.  

 

The figure demonstrates that a higher value of 𝐺𝑚 causes 

the viscous force to slow down, which in turn increases the 

flow velocity. As 𝐺𝑚 increases, the buoyancy force become 

dominant that enhance natural convection leading to more 

significant velocity variations.  

 

Temperature Profile: Fig. 7. illustrates how the Prandtl 

number alters the hybrid nanofluids’ temperature in both the 

stenotic and aneurysm regions respectively. The standard 

values of 𝑃𝑟 are ranging from 14 to 25 as cited in table 3. 

The ratio of momentum diffusivity to heat diffusivity is 

termed as the Prandtl number. The heat transfer from arterial 

wall to fluid (blood) is negatively correlated with Prandtl 

number. The temperature drops as the Prandtl number rises 

because thermal diffusion decreases. In comparison to the 

stenotic segment, the aneurysm segment has a lower 

temperature for the same value of 𝑃𝑟. It can also be said that 

as we move from the center line to the arterial wall, there is 

rise in the temperature. 

 

For a range of radiation parameter (𝑁𝑟) values, the 

temperature profile for hybrid nanofluid is epitomized in fig. 

8. The temperature profile rises as 𝑁𝑟 rises from 1.5 to 5, as 

the image illustrates. This transpires because thermal 

conductivity is impacted by the radiation parameter in the 

opposite manner, meaning that the system radiates the most 

heat. The blood uses radiation as an efficient heat source and 

as radiation dosage increases, the blood temperature rises. 

Although free electrons in gold and copper nanoparticles 

begin to oscillate when radiation of the proper wavelength 

interacts with them. It is also perceived that temperature in 

stenotic region is high compared to aneurysmal segment. 

This happens due to reason that higher shear stress and flow 

acceleration enhance thermal mixing, that leads to higher 

temperature in stenotic region. In contrast, aneurysm induces 

flow recirculation and vortex formation that result to reduce 

shear stress further lowering the temperature. Thermal 

treatment can greatly benefit from these findings. 

 

Concentration Profile: The influence of chemical reaction 

parameter 𝜉 on the concentration profile of hybrid blood in 

stenosis and aneurysm segments is displayed in fig. 9. As 

cited in table 3, typical values of chemical reaction 

parameter 𝜉 span from 0.5 to 2. In our study we have taken 

values as 𝜉 = 0.5, 𝜉 = 1, 𝜉 = 1.5, 𝜉 = 2 and it is found that 

as the value of  𝜉 rises, the figure shows that the hybrid 

blood's concentration falls. This occurs physically when the 

species concentration's chemical molecular diffusivity 

decreases as the chemical reaction parameter 𝜉 increases. As 

a result, the species concentration lowers the fluid's overall 

mass transfer and has a retarding impact.  

 

Micro-organism Profile: Fig. 10 epitomizes the 

microorganism variation due to bioconvective Lewis 

number 𝑆𝑏. The term "bioconvection" describes the fluid 

motion brought on by density gradients driven by collective 

activity of microorganisms. Here bioconvective Lewis-

number 𝑆𝑏 is taken to measures mass and heat diffusion 

processes in a particular system. It suggests that heat-
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diffusion is dominant as compared to mass-diffusion by a 

greater bioconvective Lewis number. Conversely, mass 

diffusion is more significant than heat diffusion when the 

bioconvective Lewis number is lower. The flow reversal 

caused by the density difference among gyrotactic bacteria 

suppresses the concentration profile of microorganisms. 

Conversely, it is perceived from fig. 10 that density of motile 

organisms in blood decreases as the bioconvective Lewis 

number 𝑆𝑏 rises.  

 

It is also observed that an increase in bioconvection Lewies 

number enhances microorganism concentration in the artery, 

with stenosed region exhibiting higher microorganism 

concentration compared to aneurysmal region. Density of 

microorganism consistently decreases as parameter 

electrical conductivity (𝜎)  rises, as shown in fig. 11. An 

increase in 𝜎 can account for the observed reduction by 

creating a larger density differential between gyrotactic 

microorganisms and fluid media around them.  

 

The microorganisms' decreased diffusivity process is the 

cause of the density drop. As 𝑆𝑏 and 𝜎 rise, the density of 

bacteria in the parent and daughter arteries falls. However 

the decline is more pronounced in stenosis region compared 

to  anurysmal region suggesting that higher electrical 

conductivity surpasses microorganism accumulation more 

effectively in regions of stenosis.  

 
Nusselt Number (Nu): Fig. 12 presents the variation of 

Nusselt number with respect for different values of Reynolds 

Number 𝑅𝑒. Three distinct curves, corresponding to 𝑅𝑒 =
0.5, 0.9, 𝑎𝑛𝑑 1.3., show the effect of increasing Reynolds 

Number on heat transfer. The Nusselt number exhibits a 

periodic oscillatory pattern, with higher 𝑅𝑒 values leading to 

an increase in overall magnitude of Nusselt number. The 

curves are vertically shifted, indicating different levels of 

convective heat transfer at each 𝑅𝑒. As 𝑅𝑒 increases, thermal 

boundary layer is affected, modifying the heat transfer 

characteristics. This happens due to reason that higher 𝑅𝑒 

implies a stronger convective transport, enhancing the heat 

transfer rate, which is reflected in Nusselt number. When 𝑅𝑒 

increases, fluid motion intensifies, reducing the thermal 

boundary layer thickness and promoting more efficient heat 

dissipation. This leads to an increase in the absolute value of 

the Nusselt number, demonstrating enhanced convective 

heat transfer. 

 

Sherwood Number 𝐒𝐡: Schmidt number 𝑆𝑐 effect on 

Sherwood number can be detected by graphical 

representation from fig. 13 for stenosis and aneurysm 

section.  

 

 
Fig. 5:  Velocity variation with Grashof number (𝑮𝒓) 

 

 
Fig. 6: Velocity variation with Grashof number (𝑮𝒎) 

 

 
Fig. 7: Temperature variation with  

Prandtl number 𝑷𝒓 

 
Fig. 8: Temperature variation with  

radiation parameter (𝑵𝒓) 
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As cited in table 3, standard values of Schmidt number 𝑆𝑐 
are ranging from 0.5 to 1.5. As 𝑆𝑐 increases, there is fall in 

the Sherwood number identified for both the segments 

atherosclerosis as well as aneurysm. This happens due to fact 

that as the Schmidt number 𝑆𝑐 rises, mass diffusivity 

declines, resulting in weaker concentration gradients near 

the artery wall. This reduction in gradients lowers mass 

transfer, causing a decrease in the Sherwood number. 

 

Wall Shear-Stress (𝐖𝐒𝐒): The effect of magnetic field on 

wall shear-stress is depicted in fig. 14. Magnetic strength 

affects the wall shear-stress 𝑊𝑆𝑆 due to the fact that 

magnetic field introduces a Lorentz force in the fluid, which 

acts against the flow. Magnetic field most affect near the wall 

of artery due to close reaction at wall as compared to center 

of artery. This force results to reduce velocity gradients close 

to the wall and hense increases WSS near the wall.  

 
Fig. 9: Concentration variation with ξ in  

stenosis segment 

 

 
Fig. 10: Microorganism variation with 

bioconvective Lewis number 𝑺𝒃 

 

 
Fig. 11: Microorganism variation with  

electrical conductivity (𝝈) 

 

 
Fig. 12: Nusselt number variation with  

Reynolds Number 𝑹𝒆 

 

 
Fig. 13: Sherwood number variation with  

Schmidt number 𝑺𝒄 

 
Fig. 14: Wall shear-stress variation with  

magnetic strength 
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Fig. 15: Volumetric Flow rate variation with hematocrit perentage 𝒉𝒎. 

Volumetric Flow Rate 𝐐: The effect of  hematocrit 

parameter ℎ𝑚  on volumetric flow rate of blood containing 

hybrid nanoparticles (Gold and Copper) is depicted in fig. 

15. The graph illustrates how the flow rate varies along axial 

direction 𝑥 for different values of ℎ𝑚 = 0, ℎ𝑚 = 1, ℎ𝑚 = 2 . 
As ℎ𝑚 increases, the flow rate decreases in magnitude, 

indicating higher flow resistance. This happens due to the 

reason that higher ℎ𝑚 values correspond to enhance red 

blood cell aggregation along with stronger permeability 

effects, which introduce additional resistance to fluid motion 

and result in decrease in volumetric flow rate. 

 

Conclusion 
In the current manuscript, we investigated the behavior of 

blood flow in cardiovascular diseases such as stenosis as 

well aneurysm by adding hybrid nanoparticles gold and 

copper taking porous medium under the influence of varying 

magnetic field. This current study can be utilized to regulate 

the blood flow during biomedical treatments by adjusting the 

blood flow rate and heating effect due to the radiation by 

variation in strength of magnetic field, the concentration of 

nanoparticles, radiation and chemical reaction parameters. 

The key conclusions of our research are: 

 

 That the flow velocity in both the stenosis and aneurysm 

region is relatively downstream as much the magnetic 

strength increases along the artery. 

 As the bioconvective Lewis number (𝑆𝑏) and electrical 

conductivity (𝜎) increases, there is a fall in 

microorganism interaction in arterial blood. 

 The hybrid nanofluid containing gold and copper exhibits 

higher velocity compared to the hybrid nanofluid 

composed of gold and alumina. 

 The reciprocal effect is noticed between the chemical 

reaction parameter (𝜉 ) and concentration. 

 Velocity increases for the rise in thermal Grashof number 

(𝐺𝑟), solute Grashof number (𝐺𝑚) and hematocrit 

percentage (ℎ𝑚). It is depicted that as Reynolds number 

(𝑅𝑒) increases, there is rise in heat transfer rate 

represented as Nusselt number (𝑁𝑢).  
 Temperature profile rises due to increment in radiation 

parameter (𝑁𝑟) and Prandtl number (𝑃𝑟). 

 Sherwood number (𝑆ℎ) and concentration profile 

diminish due to rise in Schmidt parameter (𝑆𝑐) where 

Sherwood number represents mass transfer rate.  

 Wall shear stress (𝑊𝑆𝑆) rise as the magnetic field (𝑀) 
increases over the artery. Volumetric flow rate (Q) 

decreases due to increase in hematocrit percentage (ℎ𝑚).  
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