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ABSTRACT 
A nano-blood model is developed to study the flow of gold- and silver-infused blood through a 
porous, stenotic artery under Newtonian assumptions. Wall curvature, convective heating, wall 
motion, and viscous dissipation are considered. Darcy’s model simulates porous resistance, and 
the Tiwari-Das model captures nanoparticle effects. Governing equations are reduced via similar
ity transformations and solved using MATLAB’s bvp4c solver. Validation against existing studies 
is provided. Results show gold-blood nanofluid achieves higher velocities than silver-blood. 
Increasing the Biot number enhances cooling at the arterial wall. Detailed graphs and 3D con
tour plots illustrate the effects on temperature, velocity, skin friction, and Nusselt number.
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1. Introduction

Blood flow plays a crucial role in removing metabolic 
waste products from cells. Blood carries oxygen and 
essential nutrients to every cell in the body. When 
blood flow is compromised, cells may not receive an 
adequate supply of these vital elements, which can 
lead to cell dysfunction or even cell death. A magnetic 
field is known to impact the flow of blood signifi
cantly (Tzirtzilakis 2005). Certain studies propose the 
possibility of employing external magnetic fields to 
exert control or manipulate blood flow under particu
lar circumstances. For example, certain experiments 
have explored the possibility of using magnetic fields 
to guide or steer magnetic nanoparticles in the blood
stream to targeted areas for medical purposes, such as 
drug delivery or tumor treatment. In a stenotic artery, 
blood flow is hindered due to the narrowing of the 
artery caused by plaque buildup or other factors. The 
reduced diameter of the artery restricts the normal 
flow of blood, which can lead to various consequences 
depending on the location and severity of the stenosis 
(Abumandour et al. 2022). When blood flow is 
impeded in a stenotic artery, the narrowed artery lim
its the amount of oxygen and nutrients that can reach 
the tissues and organs downstream from the stenosis. 
This can lead to ischemia, a condition where cells do 

not receive sufficient oxygen and nutrients to function 
properly. The narrowed space in the stenotic artery 
may cause turbulence in the blood flow, leading to 
platelet activation and clot formation (Alhussain 
2022). These blood clots can partially or completely 
block the artery, further impeding blood flow. If the 
stenotic artery is part of the coronary arteries supply
ing the heart muscle, reduced blood flow can lead to 
decreased oxygen supply to it. This places additional 
strain on the heart, leading to symptoms like chest 
pain (angina) or, in severe cases, a heart attack (myo
cardial infarction) (Ashwini et al. 2022). Depending 
on the location of the stenotic artery, various organs 
supplied by that artery can be affected. For example, 
stenosis in the carotid artery can increase the risk of 
stroke, while stenosis in the peripheral arteries can 
lead to pain, numbness, or tissue damage in the 
affected limbs. In some cases, the plaque within the 
stenotic artery can become unstable and rupture, trig
gering the formation of a blood clot. If the clot com
pletely blocks the artery, it can result in severe 
consequences such as heart attack, stroke, or limb- 
threatening ischemia (Das et al. 2022). The manage
ment of blood flow in a stenotic artery depends on 
the specific situation and severity. Treatment may 
involve lifestyle changes (e.g. adopting a heart-healthy 
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diet and regular exercise), medications to manage risk 
factors (e.g. statins to lower cholesterol or antiplatelet 
drugs to prevent clot formation), and interventions 
such as angioplasty and stent placement to widen the 
narrowed artery. In severe cases, bypass surgery may 
be required to reroute blood flow around the stenotic 
segment. Early detection and appropriate management 
of stenotic arteries are crucial to prevent complica
tions and improve overall cardiovascular health 
(Sarwar et al. 2022; Fangfang et al. 2023).

Nanotechnology has emerged as a transformative 
force in the realm of fluid dynamics, offering unpre
cedented opportunities for advancing biomedical 
interventions. Nanostructured materials, particularly 
nanoparticles, play a pivotal role in the treatment of 
various biomedical conditions, including stenosis 
(Cheng et al. 2008; King and Gee 2010). These nano
particles, owing to their unique physicochemical 
properties, can be tailored to interact with biological 
systems at the nanoscale, thereby enabling precise tar
geting and delivery of therapeutic agents to diseased 
tissues. The nanoparticle-based drug delivery systems 
offer a promising avenue for mitigating the progres
sion of arterial narrowing and reducing associated 
complications. The encapsulation of therapeutic 
agents within nanoparticles allows researchers to 
enhance drug stability, improve bioavailability, and 
achieve targeted delivery to the site of stenotic 
lesions (Vedernikova 2015). Furthermore, nanotech
nology facilitates the development of innovative diag
nostic tools and imaging agents for early detection 
and monitoring of stenotic lesions, enabling timely 
intervention and personalized treatment strategies. 
Overall, the integration of nanotechnology into fluid 
dynamics holds immense potential for revolutioniz
ing the diagnosis, treatment, and management of 
various biomedical conditions, including stenosis, 
thereby significantly improving patient outcomes and 
quality of life.

The size and shape of the nanoparticles play a cru
cial role in determining their behavior. Smaller nano
particles are more likely to follow the flow of blood 
and pass through narrow spaces, while larger nano
particles may get trapped or interact with the endo
thelial lining of the artery (Khanduri et al. 2023). 
Blood flow in a stenotic artery can be complex, with 
regions of high velocity and turbulence near the sten
osis. The behavior of nanoparticles can be influenced 
by these flow conditions, affecting their distribution 
and residence time. Gold and silver nanoparticles 
have surface properties that promote adhesion to the 
endothelial lining or interaction with blood cells. In 

regions of disturbed flow or damaged endothelium, 
nanoparticles may accumulate or interact differently 
compared to normal blood flow conditions (Elhanafy 
et al. 2023). The trajectory of nanoparticles in blood 
flow under a stenotic artery can be influenced by sev
eral factors, including the size, shape, surface proper
ties of the nanoparticles, blood flow conditions, and 
the degree of stenosis. As with other nanoparticles, 
one important field of research concerns how gold 
and silver nanoparticles behave in the bloodstream, 
particularly for applications such as targeted drug 
delivery and medical imaging (Khanduri and Sharma 
2023). In recent years, there has been a growing inter
est in the study of thermal engineering, particularly in 
the context of solving complex real-world problems. 
The work by Rehman, Trabelsi, et al. (2023) provides 
valuable contributions to this field, offering in-depth 
analyses and solutions to a range of thermal engineer
ing problems. Their findings serve as a cornerstone 
for understanding the intricate dynamics of heat 
transfer, fluid flow, and energy conversion processes, 
which are essential for addressing contemporary chal
lenges in engineering and technology. Further, the 
exploration by Rehman, Alfaleh, et al. (2023) is 
enriched by a thorough review of relevant literature, 
which underscores the significance of phenomena 
such as Casson nanoliquid flow, Darcy-Forchheimer 
flow, and the traditional Jeffery-Hamel flow. 
Furthermore, the incorporation of influential theories 
such as the Cattaneo-Christov heat flux theory adds 
depth to their analysis, providing valuable insights 
into the complex interplay of factors including 
Brownian motion, thermophoretic diffusion, and 
chemical reactions.

Due to the complexity of blood flow and nanopar
ticle behavior, researchers use various experimental 
and computational methods to study nanoparticle 
dynamics in the presence of a stenotic artery. These 
include in vitro studies, animal models, and computa
tional fluid dynamics (CFD) simulations (Sajid, 
Jamshed, et al. 2023). By gaining a better understand
ing of nanoparticle behavior in stenotic arteries, 
researchers aim to develop improved nanoparticle- 
based therapies and diagnostic approaches for cardio
vascular diseases. It is important to note that while 
nanoparticles hold promising potential for medical 
applications, their use in patients requires thorough 
safety and efficacy evaluations through preclinical and 
clinical studies. Boujelbene et al. (2023) delved into 
the intricate dynamics of Carreau iron oxide blood 
nanofluid traversing narrower arteries. They devel
oped a comprehensive model that not only sheds light 
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on the fundamental mechanisms governing nano- 
drug delivery but also holds significant implications 
for advancing cancer treatment strategies. The study 
highlights the critical discussion surrounding irrever
sibility phenomena inherent in drug delivery proc
esses, emphasizing the necessity to meticulously 
consider the dosage of nanoparticles employed, par
ticularly in cancer treatment modalities reliant on 
melting heating. Moreover, the elucidation of tem
perature elevation as a function of viscous dissipation 
and thermal radiation underscores the multifaceted 
nature of this complex phenomenon, paving the way 
for innovative approaches in biomedical engineering 
and therapeutic interventions. The combined impacts 
of Cattaneo-Christove (C-C) heat flux provide valu
able insights into entropy production and energy dis
sipation in engineering applications as investigated by 
Khedher et al. (2023).

Several researches have been carried out on differ
ent types of nanoparticles for different systems. 
Sarwar and Hussain (2021) discussed the gold nano
particles in a stenotic artery. Aarathy et al. (2020) 
investigated the structures of various magnetic nano
particles for hyperthermia. Liu et al. (2012) examined 
the shape factor of nanoparticles for a better drug 
delivery system. Xamada-Ota and Xue’s models have 
been analyzed for microchannel by Alharbi et al. 
(2024). Zheng (2014) discussed the simulation of 
nanoparticle transportation in pulmonary vessels. 
Hybrid nanofluids allow for the tuning of specific 
properties to meet the requirements of particular 
applications. Hybrid nanofluids can be used for drug 
delivery systems, diagnostics, and imaging (Tripathi, 
Vasu, Subba Reddy Gorla, et al. 2021; Govindarajulu 
and Subramanyam Reddy 2022; Thirumalaisamy et al. 
2022; Lund et al. 2023). They may also be engineered 
to have antimicrobial properties. Sajid, Gari, et al. 
(2023) have explored tetra hybrid binary nanofluid 
flows via the Riga wedge. Various transport phenom
ena in a hybrid nanofluid under the influence of 
magnetohydrodynamics and autocatalytic chemical 
reactions have been a part of research by Rehman, 
Alqahtani, et al. (2023). Verma (2018) analyzed and 
simulated nanofluid flow using MATLAB. Ratha et al. 
(2023) analyzed the effect of the nanoparticle’s shape 
on stretching cylinder flows. Boujelbene et al. (2025) 
employed the Keller-Box method to explore the phe
nomenon of entropy degradation in the context of a 
dual diffusion flow of non-Newtonian fluids within 
an inclined channel.

Viscous dissipation in blood flow in a stenotic 
artery refers to the conversion of mechanical energy 

into heat due to the resistance encountered by blood 
as it flows through a narrowed or constricted arterial 
segment (Abid and Hasnain 2024; Mishra 2024). 
When an artery becomes stenotic (narrowed), the 
flow of blood through this narrowed region becomes 
more turbulent, leading to increased frictional forces 
between the blood and the vessel wall. This frictional 
force results in energy loss in the form of heat, which 
is termed viscous dissipation (Painter et al. 2006). It 
is an important factor to consider in the study of 
blood flow dynamics, particularly in situations such 
as arterial stenosis, where alterations in flow patterns 
and energy losses can have significant physiological 
implications. In the context of hemodynamics, under
standing viscous dissipation can provide insights into 
the distribution of blood flow, pressure gradients, and 
the overall energy expenditure within the cardiovascu
lar system. Computational fluid dynamics (CFD) sim
ulations and mathematical modeling are often 
employed to quantify the extent of viscous dissipation 
and its impact on blood flow characteristics in sten
otic arteries (Tang et al. 2022). Researchers and clini
cians studying cardiovascular diseases, such as 
atherosclerosis, often investigate the role of viscous 
dissipation in understanding disease progression, opti
mizing treatment strategies, and predicting potential 
complications such as thrombosis or ischemia. 
Moreover, the stretching and shrinking of the arterial 
wall, coupled with the presence of porous walls within 
the artery, play critical roles in shaping the hemo
dynamic environment and disease progression. 
Stenosis, characterized by the narrowing of arterial 
lumens due to plaque buildup or structural changes 
in the arterial wall, often triggers biomechanical 
responses that manifest as alterations in arterial 
geometry. Humphrey (1995) explained that the 
stretching of the arterial wall occurs as a consequence 
of increased blood pressure or mechanical stress, lead
ing to outward expansion and dilation of the affected 
segment. Conversely, the shrinking of the arterial wall 
may result from pathological changes such as fibrosis 
or calcification, leading to inward narrowing and con
striction of the artery. These dynamic changes in 
arterial geometry profoundly influence blood flow 
patterns, pressure distributions, and shear stress pro
files within the stenotic region (Omama et al. 2024). 
Additionally, the presence of porous walls within the 
artery further complicates the hemodynamic scenario 
by introducing additional resistance to flow and alter
ing fluid-solid interactions. Porous arterial walls can 
affect the permeability of the vessel wall, modulate 
fluid filtration and diffusion processes, and impact 
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local hemodynamic forces (Fahim et al. 2024). 
Consequently, understanding the interplay between 
arterial wall dynamics and porous structures is crucial 
for elucidating the pathophysiology of stenosis and 
developing effective diagnostic and therapeutic strat
egies for this prevalent cardiovascular condition.

Gold and silver nanoparticles (Waqas et al. 2023) 
are preferred over other nanoparticles for drug target
ing in certain applications due to their unique 
properties, biocompatibility, and ease of surface func
tionalization. However, it’s important to note that the 
choice of nanoparticles for drug targeting depends on 
the specific requirements of the application and the 
intended target site. Different nanoparticles offer dis
tinct advantages and disadvantages, and their selection 
is tailored to suit the specific needs of the therapeutic 
or diagnostic approach. Gold and silver nanoparticles 
have well-established methods for surface functionali
zation, allowing researchers to easily attach various 
targeting ligands or drugs to their surfaces (Nicol 
et al. 2015). This enables targeted drug delivery to 
specific cells or tissues, enhancing treatment efficacy 
and reducing side effects. Gold nanoparticles exhibit a 
unique optical property called surface plasmon reson
ance, which can be used for imaging and therapeutic 
purposes. They absorb and scatter light in the visible 
and near-infrared regions, making them useful for 
targeted imaging and photothermal therapy (Waqas 
et al. 2023). Gold and silver nanoparticles are rela
tively stable and can resist degradation under certain 
conditions, ensuring that the drugs they carry are 
protected until they reach the target site. Moreover, 
Gold and silver nanoparticles can carry a significant 
amount of drugs due to their large surface area and 
high drug-loading capacity, making them efficient 
drug carriers for targeted delivery (Gul et al. 2022; 
Mashiku and Shaw 2023; Prasad and Bali 2023). 
Table 1 presents a detailed overview of the thermo
physical properties of gold and silver nanoparticles 
utilized in the treatment of various cardiovascular dis
eases. This compilation serves as a crucial reference 
point, shedding light on the distinct characteristics of 
nanoparticles crucial for therapeutic applications. 
Hence, gold and silver nanoparticles possess unique 
physical, chemical, and optical characteristics that 
enable them for a variety of uses, including the deliv
ery of medications to particular bodily locations 
(Gomes et al. 2021; Huang et al. 2024; Kalashgrani 
et al. 2024; Song et al. 2024). Table 2 offers a compre
hensive analysis of distinct nanoparticles, encompass
ing their biocompatibility, potential applications, and 
relevant literature references. In compliance with the 

U.S. Food and Drug Administration (FDA) guide
lines, several studies including Hirsch et al. (2003), 
Connor et al. (2005), Guillemot et al. (2010), He et al. 
(2011), etc. have discussed the exceptional biocom
patibility of gold and silver nanoparticles making 
them the preferred choices for stenosis treatment. 
Their biocompatibility ensures minimal adverse effects 
on biological systems, facilitating safer and more 
effective therapeutic outcomes. Also, Table 3 presents 
a structured comparison of different nanoparticles, 
detailing their biocompatibility and the specific rea
sons for their biocompatibility. This table systematic
ally highlights the role of chemical stability, toxicity, 
and biodegradability in determining the suitability 
of nanoparticles for biomedical applications. Based 
on Tables 2 and 3, gold and silver nanoparticles 
are highly valued in biomedical applications due to 
their stability, biocompatibility, and therapeutic 
potential, with gold nanoparticles excelling in targeted 
therapy and photothermal applications, while silver 
nanoparticles offer strong antimicrobial properties. 
Furthermore, gold and silver nanoparticles accumulate 
preferentially in tumor tissues with leaky blood ves
sels. This enhances drug delivery to the target site 
and reduces off-target effects (Austin et al. 2014; 
Ghazal et al. 2024; Gupta et al. 2024; Thakur and 
Kumar 2024). Therefore, the utilization of gold and 
silver nanoparticles in this study not only capitalizes 
on their superior thermophysical properties but also 
underscores their unmatched biocompatibility, drug 
delivery to targeted sites, and reduced off-target 
effects positioning them as optimal candidates for 
stenosis therapy.

An inspection of the existing literature reveals that 
the impact of gold and silver nanoparticles on the 
Newtonian dissipative flow dynamics within stenotic 
arteries, characterized by porous walls and convective 
wall heating, taking into account the viscous dissipa
tion effects has not yet been examined. This omission 
highlights a significant limitation in the research, as 
viscous dissipation plays a crucial role in fluid flow 
dynamics, particularly in microcirculatory systems 
like arteries. The absence of this factor creates a 
research gap that warrants attention, as understanding 
the impact of viscous dissipation on blood flow with 

Table 1. Thermophysical properties for blood and nanopar
ticles (Tripathi, Vasu, B�eg, et al. 2021).
Properties Blood Gold (Au) Silver (Ag)

qðkg=m3Þ 1,063 19,320 10,500
kðW=mKÞ 4.92 � 10−1 3.14 � 102 4.29 � 102

Cp (J/kgK) 3594 129 235
c (K−1) 1.8 � 104 1.4 � 105 −
rðS=mÞ 6.67 � 10−1 4.1 � 107 −
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nanoparticles is essential for a more accurate depic
tion of physiological conditions. Viscous dissipation 
(internal friction) arises since blood is highly viscous 
and heat-conducting, and this effect can also contrib
ute to hyperglycemia (Çinar et al. 2001). The incorp
oration of viscous dissipation effects into the study 
would not only enhance its completeness but also 
contribute significantly to the existing literature by 
providing insights into how it influences velocity and 

heat transfer characteristics within stenotic arteries 
This is the focus of the present work which is moti
vated by ongoing research in the application of nano
particles for the treatment of cardiovascular diseases. 
Metallic nanoparticles of gold and silver typically 
ranging from 1 to 100 nm in size have been utilized 
in the current study. The present study accounts for 
the deformability of arterial walls, including their 
stretching/shrinking, and wall curvature effects. 

Table 2. Comparison of different nanoparticles for biocompatibility, and potential biomedical applications with past studies.

Nanoparticle Biocompatibility
Potential biomedical  

applications
Studies highlighting the treatment of  

stenosis utilizing particular nanoparticles

Gold nanoparticles Excellent Potential for targeted therapy, (Raju et al. 2024; Waqas et al. 2022, 2023)
Photothermal ablation (Hussain et al. 2022; Tang et al. 2023)

Silver nanoparticles Good Potential antimicrobial effects, (Hussain et al. 2022; Waqas et al. 2022; 2023)
Wound healing properties (Li et al. 2021, 2022)

Iron oxide nanoparticles Generally good Potential for imaging-guided (Kozlov et al. 2022; Wang et al. 2024)
Drug delivery, diagnostics (Schneider and Lassalle 2017)

Lipid nanoparticles Generally good Potential for targeted drug delivery, (Chan et al. 2011; Shiozaki et al. 2016)
Biomolecule delivery (Akhlaghi et al. 2019)

Polymeric nanoparticles Variable Potential for sustained drug release, (Agyare and Kandimalla 2014; Shi et al. 2023)
Tissue regeneration (Chan et al. 2011)

Calcium phosphate nanoparticles Generally good Potential for bone tissue regeneration, (Lan et al. 2014; Xiao et al. 2024)
Drug delivery (Hashemzadeh et al. 2024)

Carbon nanotubes Moderate to good Potential for drug delivery, (Akbar 2015; Shahzad et al. 2024)
Tissue engineering and Biosensing (Nadeem and Ijaz 2015)

Silicon nanoparticles Generally good Potential for targeted therapy, (Wu et al. 2021; Islam et al. 2024)
Diagnostic applications (Kharlamov et al. 2015)

Magnetic nanoparticles Generally good Potential for targeted drug delivery, (Badfar et al. 2020; Majee and Shit 2020)
Hyperthermia therapy (Varmazyar et al. 2020; Bhatti et al. 2022)

Zinc oxide nanoparticles Variable Potential antimicrobial effects, (Zhang et al. 2020),
Wound healing properties (Shabbir et al. 2022)

Titanium dioxide nanoparticles Variable Potential for photodynamic therapy, (Zaman et al. (2018, 2019; Bian et al. 2023)
Targeted drug delivery (Ahmed and Nadeem 2016)

Table 3. Reason for particular biocompatibility of different nanoparticles.
Nanoparticle Biocompatibility Reason for biocompatibility

Gold nanoparticles Excellent Chemically inert, high stability and ease of surface functionalization (Kadhim et al. 2021; Kus- 
Li�skiewicz et al. 2021)

Silver nanoparticles Good Highly stable in biological fluids due to surface modifications but induces cytotoxicity at high 
concentrations (Ahamed et al. 2011; Arshad et al. 2024)

Iron oxide nanoparticles Generally good High stability in biological environments but potential oxidative stress and cytotoxicity at 
high concentrations (Ansari et al. 2024; Tadi�c et al. 2025)

Lipid nanoparticles Generally good Highly stable due to their biodegradable and amphiphilic nature, Low toxicity as they are 
composed of biocompatible lipids similar to natural cell membranes (Arabestani et al. 
2024; Dhayalan et al. 2024)

Polymeric nanoparticles Variable Stability depends on the polymer type, Low toxicity for biodegradable polymers, but non- 
degradable ones may cause long-term accumulation and potential cytotoxicity (Encinas- 
Basurto et al. 2024; Geszke-Moritz and Moritz 2024)

Calcium phosphate nanoparticles Generally good Highly stable and bioresorbable, mimicking the natural mineral phase of bones and teeth, 
Low toxicity due to natural presence in the body (Khalifehzadeh and Arami 2020; Sokolova 
and Epple 2021)

Carbon nanotubes Moderate to good Highly stable with strong mechanical and electrical properties, but prone to aggregation if 
not functionalized, surface functionalization improves biocompatibility (Chłopek et al. 2006; 
Smart et al. 2006)

Silicon nanoparticles Generally good High chemical and thermal stability, porous silicon nanoparticles improve drug loading and 
controlled release, Generally low toxicity (Asefa and Tao 2012; Shahbazi et al. 2013)

Magnetic nanoparticles Generally good High stability in biological environments, often coated to enhance dispersibility and prevent 
aggregation, toxicity depends on coating (Markides et al. 2012; Reddy et al. 2012)

Zinc oxide nanoaprticles Variable Stable in biological environments but can degrade under certain pH conditions, releasing zinc 
ions, which may cause cytotoxicity at high concentrations (Barman 2015; Mahalakshmi 
et al. 2020)

Titanium dioxide nanoparticles Variable High chemical stability and resistance to degradation, but may accumulate in biological 
tissues over time, Prolonged exposure may induce oxidative stress and inflammation, 
especially in high doses (Ziental et al. 2020; Rashid et al. 2021)

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 5



Darcy’s model is utilized to simulate bulk impedance 
in the porous medium (Khaled and Vafai 2003). The 
transport of substances like low-density lipoprotein 
(LDL) through stenotic walls under hypertension is 
considered, highlighting the significance of porous 
arteries in facilitating substance exchange between 
blood and tissues (Dabagh et al. 2009). Additionally, 
the study incorporates viscous dissipation and con
vective wall heating effects to account for blood vis
cosity and realistic wall thermal physics (Hussain 
et al. 2024). Conservation equations for mass, 
momentum, and heat, along with boundary condi
tions, are formulated using Tiwari-Das nanoscale 
model (Tiwari and Das 2007) and viscoelastic models. 
The resulting nonlinear boundary value problem is 
solved computationally. The study visualizes the 
effects of various physical parameters on transport 
characteristics using graphical representations, includ
ing three-dimensional contour plots, and provides a 
thorough discussion of the findings. The originality of 
this study includes the simultaneous consideration of 
gold/silver nanoparticles, wall curvature effect, con
vective wall heating, arterial wall permeability, Darcy 
porous drag effects, and viscous dissipation with 
Newtonian characteristics in stenotic hemodynamics. 
The simulations are expected to enhance the under
standing of nano-hemodynamics in diseased arteries 
and pave the way for further research avenues, such 
as turbulent flow and fluid-structure interaction 
investigations.

2. Nano-blood model

2.1. Geometry of the stenosed artery

A uniform, 2-D flow of blood with gold and silver 
nanoparticles is examined through a stenotic artery 
under viscous dissipation. Since the cylindrical coor
dinates are naturally suited to describe the radial sym
metry present in arterial geometry, particularly in 
cylindrical vessels like arteries, therefore axisymmetric 
cylindrical geometry is taken into account. This sym
metry simplifies the mathematical description of the 
problem, reducing it from three dimensions to two, 
thus making the problem computationally more tract
able. This geometry holds significant relevance in 
both medical and industrial contexts. Arterial stenosis 
refers to the narrowing of blood vessels, often due to 
the accumulation of plaque, which can lead to 
restricted blood flow. The understanding of the flow 
dynamics within stenosed arteries is crucial for vari
ous medical applications, such as diagnosing and 
treating cardiovascular diseases. Additionally, insights 

gained from studying arterial stenosis have implica
tions for industries involved in medical device devel
opment, drug delivery systems, and biomedical 
engineering. Patankar (2018) explained the proper 
choice of coordinates for the problem under study 
according to the flow geometry in real life.

The geometry of arterial stenosis for the posed 
problem is documented in Figure 1. The stenosis is 
assumed to be symmetric, meaning that the arterial 
walls contract and expand in a predictable manner. 
The arterial length of stenosis is considered L0

2 : If the 
extreme height of stenosis is k; the width of the 
unobstructed region is 2R0; then the radius R(x) of 
the stenosed artery is given by

RðxÞ ¼
R0 −

k

2
1þ Cos

4px
L0

� �� �

, −
L0

4
< x <

L0

4
R0; Otherwise

0

B
@

1

C
A:

(1) 

It represents a realistic and biologically relevant 
arterial narrowing. The smooth nature of this func
tion eliminates sudden jumps or discontinuities in 
arterial radius, which could lead to unrealistic flow 
behavior.

2.2. Mathematical modeling of the posed problem

Blood is contemplated as a Newtonian incompressible 
fluid that is flowing along the x-axis and the r-axis is 
taken orthogonal to the flow of blood.

The dictating governing equations of continuity, 
mass and momentum are given by Sarwar and 
Hussain (2021) and Waqas et al. (2022)

@ðruÞ
@x
þ
@ðrvÞ
@r
¼ 0, (2) 

u
@

@x
þ v

@

@r

� �

u ¼
lnf

qnf

@

r@r
rurð Þ −

rBðxÞ2

qnf
−

lnf

K
u,

(3) 

u
@

@x
þ v

@

@r

� �

T ¼
knf

qCpð Þnf

@

r@r
rTrð Þ −

1
qCpð Þnf

qrð Þr,

(4) 

with boundary states

u ¼ uw, v ¼ vw, − kf Tr ¼ hf Tf − Tr
� �

atr ¼ R,
u! 0, T ! T1 as r !1

�

:

(5) 

In arterial blood flow, heat transfer plays a crucial 
role in maintaining the thermal equilibrium of the 
system, which is vital for the proper functioning of 
the circulatory system. The boundary conditions 
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specified in Equation (5) ensure that the velocity 
components u and v are respectively equal to uw and 
vw; the velocity components at the wall (r ¼ R). 
Moreover, the equation −kf Tr ¼ hf ðTf − TrÞ describes 
the heat transfer between the arterial blood and the 
surrounding tissues using Newton’s Law of Cooling, 
which states that the rate of heat transfer between a 
fluid and a solid surface is directly proportional to 
the temperature difference between the fluid and the 
surface.

The term hf ðTf − TrÞ represents the rate of heat 
transfer between the arterial blood and the surround
ing tissues due to convection. The temperature differ
ence ðTf − TrÞ drives the heat transfer from blood to 
tissues while hf is the heat transfer coefficient. This 
coefficient represents the efficiency of heat transfer 
between the blood and the tissues. A higher heat 
transfer coefficient means heat can transfer more eas
ily between the blood and the tissues. −kf Tr repre
sents the rate of heat transfer between the arterial 
blood and the surrounding tissues due to conduction. 
This term indicates that heat is transferred through 
the tissues via conduction, with the rate of transfer 
being proportional to the temperature gradient Tr 
(higher temperature) within the tissues.

In the current study, a Newtonian blood-based 
model that mimics the flow characteristics of blood 
mixed with nanoparticles has been taken into consid
eration. The motivation for selecting this fluid model 
stems from its relevance to biomedical engineering 
and healthcare applications, where understanding the 
behavior of blood flow under various conditions, such 
as arterial stenosis, is critical. The incorporation of 

nanoparticles (gold and silver) into the blood aims to 
explore the potential enhancements or alterations in 
flow behavior, heat transfer, and other relevant 
parameters. Some real-world applications of this fluid 
model include drug delivery systems, medical diag
nostics, and understanding physiological phenomena 
such as microcirculation. Figure 2 illustrates a graph
ical abstract of the current study.

Rosseland’s approximation for the radiative heat 
flux qr is derived under the assumption that the 
medium absorbs and emits radiation efficiently and is 
given by

qr ¼ −
4r�

3k�
T4ð Þr, (6) 

Here, r� represents the Stefan-Boltzman constant 
and k� represents the mean absorption coefficient. 
Also, by the Taylor series, the approximated value of 
ðT4Þ is given by

T4 � 4TT3
1 − 3T4

1

� �
, (7) 

2.3. Modeling of arterial wall as a saturated 
porous medium

Modeling the arterial walls as a porous medium 
enhances physiological realism by accounting for the 
natural micro-porous structure of tissues, which 
includes capillaries, interstitial spaces, and a semi- 
permeable endothelium. This approach improves the 
simulation of mass and heat transfer processes—vital 
for capturing the exchange of drugs or thermal energy 
between blood and tissue—and enables the 

Figure 1. Geometry of arterial stenosis with saturated porous blood containing gold and silver nanoparticles.
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incorporation of permeability effects that can vary 
between healthy and diseased states. Additionally, 
representing the arterial wall as a porous medium 
facilitates a more accurate depiction of complex fluid- 
structure interactions, thereby allowing the model to 
predict localized shear stresses and temperature gra
dients that influence cellular responses and overall 
vascular health.

Darcy’s law (Beliaev and Kozlov 1996) provides a 
simple yet robust framework for modeling flow resist
ance within porous media by establishing a linear 
relationship between flow velocity and pressure gradi
ent, which simplifies the integration of additional 
drag forces into the momentum equations. To simu
late the physiological conditions in which the arterial 
wall is not a perfect solid but has a porous structure 
due to microchannels in the endothelium or the 
transport of substances like lipids, Darcy’s drag model 

is adopted (Beliaev and Kozlov 1996). In the porous 
region, the flow resistance is modeled by an add
itional Darcy drag term lnf K

u in the momentum 
Equation (3). The permeability coefficient K quantifies 
the ease with which the nano-blood permeates the 
porous arterial wall.

2.4. Doping of gold and silver nanoparticles in 
human blood
The study is carried out by doping human blood with 
gold and silver nanoparticles. Gold and silver nano
particles are selected based on their superior biocom
patibility and thermal conductivity, which are critical 
for biomedical applications such as targeted drug 
delivery and hyperthermia treatment as clear from 
Tables 2 and 3 and discussed in detail in the 
Introduction section. Gold nanoparticles, in particu
lar, exhibit higher thermal conductivity, making them 
more effective in enhancing heat transfer while anti- 
microbial properties of silver nanoparticles make 
them suitable for doping in human blood.

The thermophysical properties of nanofluids as 
described by Tiwari and Das (2007) nanofluid model 
are given by

lnf ¼ lf ð1 − /Þ
−2:5, qnf ¼ qf ð1 − /Þ þ /qs,

qcpð Þnf
¼ qcpð Þf

ð1 − /Þ þ / qcpð Þs
,

knf ¼ kf
ks þ 2kf − 2/ kf − ks

� �

ks þ 2kf þ 2/ kf − ks
� �

" #

9
>>>>=

>>>>;

: (8) 

Based on these properties, the following parameters 
are defined:

A1 ¼ ð1 − /Þ þ /
qs
qf

, A2 ¼ ð1 − /Þ þ /
qCpð Þs
qCpð Þf

,

A3 ¼
ks þ 2kbf − 2/ kbf − ksð Þ

ks þ 2kbf þ 2/ kbf − ksð Þ

9
>>=

>>;

: (9) 

Equation of continuity (1) is satisfied by introduc
ing stream function w as follows:

u ¼
1
r
@w

@r
, v ¼ −

1
r
@w

@x
: (10) 

2.5. Introduction of non-dimensional variables
The dimensional analysis of Equations (3) and (4) and 
utilization of Buckingham’s pi theorem (Hanche-Olsen 
2004) leads to the following non-dimensional functions 
(Sarwar and Hussain 2021) (see Langhaar (1951)):

u ¼
u0x
L0

f 0ðgÞ, v ¼
R
r

ffiffiffiffiffiffiffiffiffi
u0vf

L0

r

f ðgÞ,

hðgÞ ¼
T − T1

Tw − T1
, g ¼

r2 − R2

2R

ffiffiffiffiffiffiffiffiffiu0

vf L0

r

,

9
>>=

>>;

, (11) 

Figure 2. Flowchart of the problem.
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Utilizing the functions in Equation (11), Equations 
(3) and (4) transform to:

ð1þ 2cgÞf 000 þ 2cf 00
� �

ð1 − /Þ
2:5A1

þ ff 00− f 20 − Mf 0− bf 0 ¼ 0, (12) 

A3

PrA2
ð1þ 2cgÞh00 þ 2cRdh0
� �

þ f h0− f 0h¼ 0, (13) 

with boundary states

f ð0Þ ¼ fw, f 0ð0Þ ¼ k,h0ð0Þ ¼−Bið1 − hð0ÞÞ,
f 0ðgÞ! 0,hðgÞ! 0 as g!1

�

: (14) 

Here fw corresponds to mass flux (suction/injec
tion) and k accounts for the deformability of arterial 
wall with k ¼ 1 and k ¼ −1 representing stretching 
and shrinking respectively.

The non-dimensional functions which arise as a 
consequence of defining non-dimensional functions 
in Equation (11) are presented as follows:

Pr ¼
kf

lCpð Þf
, c ¼

ffiffiffiffiffiffiffiffiffiffi
vf L0

u0R2

s

, Rd ¼
4r�T3

oo
k�k

, M ¼
rB2

0
cqnf

b ¼
lf L0

qf u0K
, Bi ¼

ffiffiffiffi
vf

b

r
hf

knf
, Cf ¼

sw
1
2 qf U2

w
, Nu ¼

xqw

kf Tw − T1ð Þ

9
>>>>=

>>>>;

,

(15) 

where Pr is the Prandtl number, c represents the flow 
parameter, Rd is the thermal radiation parameter, M is 
the magnetic parameter, Bi is the Biot number, Cf repre
sents the skin friction and Nux represents the Nusselt 
number.

In light of the dimensionless variables

f � ¼
RðxÞ
R0

and � ¼
k

R0
(16) 

the non-dimensional form of cosine-shaped stenosis 
given in Equation (1) emerges as

f � ¼ 1 −
�

2
ð1þ Cos ð4p~xÞÞ, −

1
4
< ~x <

1
4

1; Otherwise

0

@

1

A :

(17) 

where x ¼ ~x
L0
:

2.6. Engineered parameters
Nusselt number, skin friction, heat flux, and shear 
stress are given by

Nu ¼
−xqw

kf T1 − Twð Þ
, Cf ¼

2sw

qf Uw2 , (18) 

qw ¼ −knf
@T
@r r¼R, sw ¼ lnf

@u
@r

�
�
�
r¼R
:

�
�
�
� (19) 

The governing parameters, coefficients corresponding 
to skin friction, and Nusselt number are described as

Rex
1=2Cf ¼

1
ð1 − uÞ

2:5 f 0ð0Þ, (20) 

Rex
−1=2Nux ¼ −

knf

kf
Rdh0ð0Þ: (21) 

3. Method of solution

The bvp4c technique, part of MATLAB’s Boundary 
Value Problem (BVP) solver suite, is an efficient 
solver that employs a finite difference method to solve 
systems of ordinary differential equations (ODEs) 
subject to boundary conditions. The complex nature 
of the present problem enables the utilization of this 
technique. In this technique, the spatial domain is dis
cretized into a grid, and the derivatives in the ODEs 
using finite differences. The resulting system of alge
braic equations is then solved iteratively to obtain a 
numerical solution that satisfies both the ODEs and 
the boundary conditions. The solver adjusts the solu
tion iteratively until it converges to a satisfactory 
result, typically using Newton’s method or similar 
iterative techniques. This process involves updating 
the solution at each grid point based on the residuals 
of the ODEs and boundary conditions, aiming to 
minimize these residuals to zero. The solver continues 
iterating until the solution converges within a speci
fied tolerance level. Overall, the bvp4c technique pro
vides a robust and efficient approach to solving 
boundary value problems arising in various scientific 
and engineering applications.

The coupled non-linear differential equations 
obtained are first converted to the following first- 
order system of differential equations as follows:

f ¼ z1, f 0 ¼ z2, f 00 ¼ z3, f 000 ¼ z03,
h ¼ z4, h0 ¼ z5, h00 ¼ z05

�

, (22) 

z03 ¼
− 1
ð1−/Þ

2:5 2cz1½ � − z1z3 þ z2
2 þMz2 þ bz2

1
ð1−/Þ

2:5A1
ð1þ 2cgÞ

, (23) 

z05 ¼
− A3

PrA2
2cRdz5½ � − z1z4 þ z2z4

A3
PrA2
ð1þ 2cgÞ

, (24) 

with boundary states

z1ð0Þ ¼ fw, z2ð0Þ ¼ k, z5ð0Þ ¼ −Bi 1 − z4ð0Þð Þ,
z2ðgÞ ! 0, z4ðgÞ ! 0 as g!1

�

:

(25) 

The bvp4c solver of MATLAB is then employed to 
find the solution of the above system of differential 
equations. Tolerance of order 10−6 is taken for precise 
results. bvp4c technique, like any numerical method, 
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has both advantages and limitations. It can handle a 
wide range of boundary value problems arising in dif
ferent fields, including physics, engineering, and biol
ogy. The solver is generally robust and can handle 
stiff ODE systems, where traditional explicit methods 
may fail. Despite its robustness, the solver’s conver
gence can be sensitive to the initial guess provided, 
particularly for complex problems. While versatile, 
bvp4c may not be suitable for certain specialized 
boundary value problems that require tailored numer
ical methods or algorithms. Depending on the prob
lem’s characteristics and discretization scheme, bvp4c 
may introduce numerical errors or inaccuracies, espe
cially near discontinuities or singularities in the 
solution.

Also, in solving boundary value problems (BVPs) 
using the bvp4c function in MATLAB, both the step 
size and tolerance are critical factors that influence 
the convergence of the numerical solution. The step 
size determines the discretization of the independent 
variable (e.g. space or time) and affects the granular
ity of the numerical approximation. A smaller step 
size generally leads to a more accurate solution but 
may increase computational costs. On the other 
hand, the tolerance specifies the acceptable error or 
deviation from the exact solution. A lower tolerance 
requires the numerical solution to converge to a 
more precise solution before terminating the iterative 
process, resulting in higher accuracy but potentially 
requiring more computational effort. Conversely, a 
higher tolerance allows for a larger deviation from 
the exact solution and may lead to faster conver
gence but potentially less accurate results. Therefore, 

selecting appropriate values for both the step size 
and tolerance is crucial to achieving convergence 
efficiently while balancing accuracy and computa
tional resources.

Figure 3 explores the effect of different step sizes 
and tolerances on the convergence of a numerical 
solution obtained by solving a boundary value 
problem (BVP) using the bvp4c function. The fig
ure documented three different step sizes: 0.1, 0.05, 
and 0.01, and three different tolerance levels: 10−2;

10−4; and 10−6: These values represent a range of 
discretization levels and acceptable error thresholds, 
respectively, allowing for a comprehensive explor
ation of the convergence behavior. The nested 
loops iterate over each combination of step size 
and tolerance, resulting in a total of nine subplots. 
Each subplot represents a specific combination of 
step size and tolerance. From these subplots, it is 
evident that decreasing the step size generally leads 
to a smoother and more accurate solution, as finer 
discretization captures more details of the underly
ing problem. Conversely, larger step sizes resulted 
in a more jagged or oscillatory solution, especially 
if the problem contains rapid changes or features 
that are not well-resolved by coarse discretization. 
Furthermore, lower tolerance levels require the 
numerical solution to converge to a more precise 
solution before terminating the iterative process. 
This often results in smoother and more accurate 
solutions while higher tolerance levels allow for a 
larger deviation from the exact solution, potentially 
leading to faster convergence but with reduced 
accuracy. Fine-tuning between the step size and 

Figure 3. Effect of step size and tolerance on the convergence of solution.
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tolerance level is crucial for achieving reliable and 
accurate results while balancing computational 
efficiency.

The velocity and temperature profiles for the posed 
problem are computed in the domain of [0, 6] by dis
cretizing the domain with linspaceð0, 6, 100Þ with tol
erance of 10−6:

4. Computational results and discussion

In this section, a detailed examination of the obtained 
results is conducted through a comprehensive analysis 
of graphs 4–19. These graphs depict the influence of 
various parameters on velocity profiles and thermal 
enhancement. Specifically, graphs 4–8 illustrate the 
impact of the volume fraction of nanoparticles of Au 
and Ag, suction/injection parameter, curvature flow 
parameter, magnetic parameter, and porosity param
eter on velocity profiles. Graphs 9–13, on the other 
hand, portray the effects of the volume fraction of 
nanoparticles, suction/injection parameter, flow par
ameter, magnetic parameter, thermal radiation param
eter, and Biot number on heat transfer enhancement. 
Furthermore, graphs 14–15 elucidate the influence of 
volume fraction on skin friction and Nusselt number. 
Both the Cases of stretching k ¼ 1 and shrinking k ¼
−1 of the arterial wall are taken into account for 
Au=blood and Ag=blood nanofluids. Lastly, surface 
contour plots for stretching and shrinking cases for 
Nusselt number and skin friction are presented in 
graphs 16–19. Graphical analysis for equal amounts of 
volume fraction of nanoparticles ð/1 ¼ /2Þ of Ag and 
Au in the range 0:01 � /1 ¼ /2 � 0:1 is carried out. 

Other flow parameters are taken in the range, suction/ 
injection parameter −0:3 � fw � 0:3; flow parameter 
0:1 � c � 0:3; magnetic parameter 0:1 � M � 2:2;
radiation parameter 0:1 � Rd � 1:2, and Biot number 
1 � Bi � 2:2: The numerical values associated 
with these pertinent parameters align with realistic 
benchmarks, thereby contributing to a nuanced under
standing and analysis of fluid dynamics.

4.1. Velocity profiles

Figures 4–8 delineate the effects of diverse physical 
parameters on velocity profiles observed within gold- 
blood and silver-blood nanofluids, considering both 
the scenarios of stretching (k ¼ 1) and shrinking 
(k ¼ −1) arterial walls.

Figure 4 illustrates the evolution of dual velocity 
solutions concerning the influence of the volume frac
tion of gold and silver nanoparticles in both stretch
ing and shrinking arterial wall scenarios. As the 
volume fraction of gold and silver nanoparticles 
increases, the velocity of the nanofluid diminishes. 
This phenomenon primarily stems from the aggrega
tion of silver and gold nanoparticles, altering the vis
cosity of the nano-blood and instigating a 
deceleration effect. In the stretching case (k ¼ 1), 
positive velocity values persist consistently, whereas in 
the shrinking case (k ¼ −1), negative values indicative 
of flow reversal are observed. Notably, the velocity 
values for silver-blood nanofluids surpass those of 
gold-blood nanofluids, attributed to variations in 
nanoparticle densities that impact viscosity differently. 
In the stretching case, monotonic decays in velocity 

Figure 4. Velocity profiles for different values of volume fraction of Au and Ag.
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are computed, while monotonic growth is evident in 
the shrinking case. The nature of wall deformation, 
represented by k and solely affecting the wall velocity 
boundary condition in Equation (14), exerts a sub
stantial influence on velocity distributions, as does the 
selection of silver or gold nanoparticles. 
Consequently, hydrodynamic control can be achieved 
through the appropriate combination of nanoparticles 
and arterial wall stretching/shrinking. Overall, higher 
velocity magnitudes are computed with larger volume 
fractions of nanoparticles, which promote momentum 
diffusion within the regime. Figure 5 provides a visual 
representation of the influence of the lateral mass flux 
parameter, i.e. suction/injection parameter (fw), on 

the velocity distribution of nano-blood. This param
eter is exclusively embedded within the wall velocity 
boundary condition, as outlined in Equation (14). 
Both gold-blood and silver-blood nanofluids showcase 
a decrease in velocity as the suction parameter 
(fw < 0) intensifies, while they exhibit a slight aug
mentation with a greater injection parameter (fw > 0). 
Hence, alterations in the wall mass flux distinctly 
impact velocity distribution, irrespective of whether 
the arterial wall is undergoing stretching or shrinking. 
Once again, significantly higher velocity magnitudes 
are linked to gold blood compared to silver blood. 
Figure 6 delves into the impact of flow parameters on 
the velocity profiles of gold-blood and silver-blood 

Figure 5. Velocity profiles for different values of suction/injection parameters for Au and Ag.

Figure 6. Velocity profiles for different values of flow parameters for Au and Ag.

12 H. A. ZUBERI ET AL.



nanofluids, examining both shrinking and stretching 
scenarios. Notably, the velocity of nanofluids dimin
ishes as the arterial curvature parameter, denoted by 
c; increases, regardless of whether gold-blood or sil
ver-blood nanofluids are considered. The elevations in 
the curvature parameter signify an augmentation in 
the radius of curvature, leading to a modification of 
the contact area between the nanofluid and the arter
ial wall. Consequently, the wall surface offers altered 
resistance to the motion of the nano-blood, inducing 
deceleration in the flow. The incorporation of wall 
curvature thus exerts a non-trivial influence on hemo
dynamic behavior, impacting both momentum and 

energy equations where the curvature parameter 
appears in multiple terms. Also, a notable distinction 
is observed between the stretching and shrinking 
cases. Strong acceleration is evident in the stretching 
case compared to the shrinking case, and gold-blood 
tends to attain higher velocity magnitudes at any 
given value of the curvature parameter for stretching 
scenarios. The impact of magnetic parameter M on 
the velocity of gold-blood and silver-blood nanofluids 
is outlined in Figure 7. With an increase in the mag
netic parameter, the magnetic forces exerted on the 
nanoparticles become stronger. These forces tend to 
induce clustering or aggregation of nanoparticles 

Figure 7. Velocity profiles for different values of magnetic parameters for Au and Ag.

Figure 8. Velocity profiles for different values of porosity parameters for Au and Ag.
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along the direction of the magnetic field lines. As a 
result, the effective cross-sectional area available for 
fluid flow decreases due to obstruction by the clus
tered nanoparticles. This reduction in flow area leads 
to a decrease in fluid velocity. Also the presence of 
porous walls, the magnetic parameter affects the per
meability of the porous medium. As the magnetic 
parameter increases, the magnetic forces acting on the 
nanoparticles within the porous medium intensify, 
leading to an increase in the Darcian resistance which 
results in a decrease in fluid velocity.

Figure 8 visualizes the impact of the porosity par
ameter, denoted by b; on the velocity profiles of gold- 
blood and silver-blood nanofluids. The plots reveal a 
consistent trend i.e. as the permeability parameter 
increases, the velocity of both gold-blood and silver- 
blood nanofluids decreases. The permeability param
eter b is a key component in the linear Darcy term, 
represented as −bf 0: As the value of b increases, the 
Darcian resistance experienced by the nanofluids 
within the porous medium intensifies, resulting in a 
corresponding reduction in permeability. This height
ened resistance impedes the percolation of nano- 
blood through the porous medium, ultimately leading 
to deceleration in flow. Notably, silver-blood nano
fluids tend to achieve higher velocities, both in 
stretching and shrinking scenarios, compared to gold- 
blood. This observation underscores the differential 
behavior of the two types of nanofluids within the 
porous medium environment.

4.2. Temperature profiles

Figures 9–13 depict the temperature distributions 
within the stenosed artery, showcasing variations in 
nanoparticle volume fraction /; Biot number Bi, 
curvature flow parameter c; thermal radiation param
eter Rd, and magnetic parameter M. These variations 
are observed specifically in the scenario of a stretch
ing arterial wall ðk ¼ 1Þ; considering both gold-blood 
and silver-blood nanofluids. Figure 9 reveals a signifi
cant elevation in temperature magnitudes with 
increasing nanoparticle volume fraction of gold and 
silver nanoparticles. This temperature surge in gold- 
blood and silver-blood nanofluids can be attributed to 
the exceptional thermal conductivity exhibited by 
gold and silver nanoparticles, as detailed in Table 1. 
Notably, substantially higher temperatures are 
attained in the case of Au-blood as compared to Ag- 
blood. Also, a phenomenon of temperature overshoot 
near the arterial wall is observed, which diminishes 
with escalating volume fraction. These plots affirm 
the efficacy of nanoparticle utilization for thermal 
enhancement purposes. Figure 10 embellishes the 
impact of the mass flux (suction/injection) parameter 
on the temperature of Ag/blood and Au/blood nano
fluids. The suction/injection parameter fw serves as a 
crucial factor in governing the convective heat trans
fer process occurring within the stenosed artery. An 
increase in the suction parameter tends to enhance 
the flow velocity which intensifies the convective heat 

Figure 9. Temperature profiles for different values of volume fraction of Au and Ag.
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transfer rate. This elevated fluid motion promotes 
efficient heat dissipation, leading to a more uniform 
temperature distribution along the arterial wall. 
Conversely, variations in the injection parameter exert 
contrasting effects on the temperature profiles. The 
augmentation in the values of the injection parameter 
results in a reduction of flow velocity, thereby dimin
ishing the convective heat transfer rates. This 

diminished flow velocity impedes the dispersion of 
heat within the arterial system, leading to localized 
temperature elevations, particularly in regions prox
imal to the stenosis.

Figure 11 explores the influence of the flow curva
ture parameter on the temperature profiles of gold- 
blood and silver-blood nanofluids within the porous 
stenosed artery considering the effect of viscous 

Figure 10. Temperature profiles for different values of suction/injection parameters for Au and Ag.

Figure 11. Temperature profiles for different values of flow parameters for Au and Ag.
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dissipation. Elevated temperatures are observed with 
larger curvature values for both the gold-blood and 
silver-blood nanofluids. The arterial curvature param
eter, denoted by c; prominently features in various 
terms within the energy equation (Eqn. 14), incorpo
rating considerations for porous medium effects and 
viscous dissipation. These terms encompass expres
sions A3

PrA2
ð1þ 2cgÞh00 and A3

PrA2
ð2cRdh0Þ: The magnifi

cation of curvature dynamically alters the contact 

surface area between the percolating nano-blood and 
the arterial wall within the porous medium frame
work. This modification significantly impacts heat 
transfer dynamics between the bulk flow and the 
boundary, thereby instigating a notable reduction in 
temperatures and engendering a pronounced heating 
effect. Furthermore, similar temperature magnitudes 
are computed for both gold-blood and silver-blood 
nanofluids, highlighting the consistent influence of 

Figure 12. Temperature profiles for different values of radiation parameters for Au and Ag.

Figure 13. Temperature profiles for different values of Biot number for Au and Ag.
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arterial curvature on thermal behaviors within the 
stenosed artery, while accommodating the intricate 
interactions of the porous medium and the dissipative 
effects induced by viscous forces. Figure 12 establishes 
the relation between thermal radiation parameter and 
temperature of Au/blood and Ag/blood nanofluids. 
The rise in the value of the thermal radiation param
eter causes the temperature profiles to go down as 
temperature distribution expands. Since with the 
increase in thermal radiation parameter, the contribu
tion of radiative heat transfer becomes more pro
nounced. This radiation tends to facilitate heat 
dissipation from the nanofluids to their surroundings. 
Consequently, a higher thermal radiation parameter 
leads to more efficient heat removal, resulting in a 
decrease in temperature. Also, porous walls of the 
artery act as insulators, hindering heat transfer 
between the nanofluids and the surrounding environ
ment. Additionally, viscous dissipation within the 
flowing nanofluids converts mechanical energy into 
heat, leading to an overall decrease in the tempera
ture. The impact of the Biot number on temperature 
profiles is depicted in Figure 13. With regard to both 
gold-blood and silver-blood nanofluids, an increase in 
the thermal Biot number yields a pronounced adverse 
effect on temperatures, leading to a significant reduc
tion. The Biot number denoted by Bi, is defined as 
the ratio between the resistance to heat conduction 
within the arterial wall and the resistance to heat con
vection at the wall’s surface. It solely influences the 
thermal wall boundary condition, as seen in Equation 
(15), expressed as h0ð0Þ ¼ −Bið1 − hð0ÞÞ: When the 
Biot number exceeds 1, the rate of thermal conduc
tion within the solid arterial wall interior becomes 
slower compared to thermal convection, thus imped
ing heat diffusion in the nano-blood and inducing a 
cooling effect. This effect is accentuated by the pres
ence of porous walls within the artery, which further 
hinders heat transfer between the nanofluids and the 
surrounding environment. Additionally, the contribu
tion of viscous dissipation within the nanofluids 
amplifies this cooling effect by converting mechanical 
energy into heat, contributing to the overall reduction 
in temperatures. Furthermore, it’s noteworthy that the 
temperature of the gold-blood nanofluid consistently 
surpasses that of the silver-blood nanofluid for any 
given value of nanoparticle volume fraction, /: This 
temperature difference can be attributed to variations 
in the thermal properties of gold and silver nanopar
ticles, as well as their interactions with the arterial 
wall and surrounding environment, further elucidat
ing the intricate interplay between nanoparticle 

characteristics, arterial wall properties, and heat trans
fer phenomena within the stenosed artery.

The alterations in temperature profiles of gold-blood 
and silver-blood nanofluids may hold significant 
implications for tumor treatment via hyperthermia, 
a method that necessitates elevated temperatures to 
effectively eradicate tumor cells. One promising 
approach involves the utilization of drugs loaded with 
nanoparticles, which can be precisely delivered to tar
geted sites within the body. On reaching these sites, 
manipulation of the blood temperature can be achieved 
using parameters such as volume fraction of nanopar
ticles, mass flux parameter, thermal radiation param
eter, and Biot number. This manipulation leads to the 
generation of thermal energy within the bloodstream, 
which subsequently aids in the targeted destruction of 
tumors. Moreover, hyperthermia has emerged as a 
potential strategy for preventing the recurrence of sten
osis, a narrowing of blood vessels often associated with 
various cardiovascular conditions. The therapeutic 
application of hyperthermia in such cases requires fur
ther exploration, particularly through advanced com
putational fluid dynamics (CFD) simulations. These 
simulations play a crucial role in elucidating the com
plex fluid dynamics and heat transfer processes occur
ring within biological systems, thus paving the way for 
the development of more effective clinical treatments.

4.3. Arterial wall skin friction and Nusselt number

Figures 14 and 15 illustrate the impacts of heat trans
fer i.e. Nusselt number and coefficient of arterial wall 
skin friction for stenosed artery. Specifically, Figure 
14 depicts the behavior of the volume fraction of gold 
and silver nanoparticles on the Nusselt number. A 
diminishing trend in the values of the Nusselt number 
is noticed with rising values of the volume fraction of 
nanoparticles (gold and silver). Consequently, the 
heat transfer rate to the arterial wall diminishes, as 
heightened volume fractions lead to increased magni
tudes of bulk nano-blood temperatures. Ultimately, 
the overall heat flux to the boundary (arterial wall) is 
depleted. Also, Au-blood consistently attains signifi
cantly higher temperatures than Ag-blood, a conse
quence of the distinct thermal conductivities of gold 
and silver nanoparticles. However, there is a decre
ment in the Nusselt number with the rising arterial 
curvature parameter, c; as indicated by the weak 
decay in profiles. This suggests that with greater arter
ial wall curvature, the heat transfer rate to the wall 
diminishes due to reduced contact surface area 
between the wall and the streaming nano-blood. 
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The effect of the volume percentage of gold-blood 
and silver-blood nanofluids on the arterial wall skin 
friction coefficient is depicted in Figure 15. It is note
worthy that the skin friction coefficient decreases 
with increasing volume fraction of nanoparticles. 
Consequently, higher nanoparticle fusion in the blood 
induces flow deceleration at the arterial wall bound
ary. However, the influence on arterial wall skin fric
tion with an increase in the arterial curvature 
parameter c is relatively weaker.

Both the Nusselt number and arterial wall skin 
friction coefficient are pivotal in comprehending fluid 
flow characteristics and heat transfer in stenotic con
ditions. These parameters offer valuable insights into 
the effects of vessel geometry changes on heat transfer 
processes, crucial for medical diagnostics and treat
ment planning. The alterations in the skin friction 
coefficient could carry clinical implications, such as 
elevated shear stress in stenosed vessels, which poten
tially contribute to the progression of cardiovascular 
diseases. The study of the impacts of Nusselt number 
and arterial wall skin friction can contribute to the 

treatment of various biomedical conditions ultimately 
enhancing the quality of patient life.

4.4. Three-dimensional surface plots

Lastly, 3-dimensional surface (contour) plots integrat
ing the impacts of the volume fraction of nanopar
ticles and flow curvature parameter on the coefficient 
of skin friction Re1=2

x Cf and Nusselt number 
Re−1=2

x Nux are presented in Figures 16–19. The surface 
plots corresponding to the shrinking arterial wall case 
with injection are encapsulated in Figures 16 and 17, 
while the contour plots corresponding to the stretch
ing arterial wall with suction are explored in Figures 
18, Khedher et al. (2023). From these surface plots, it 
is revealed that the values of skin friction coefficient 
augment with a larger volume fraction of nanopar
ticles of Au and Ag while it demonstrates a marginal 
decline with a rise in the values of the flow param
eter. Also, it is clear that the stretching case k ¼ 1 
and shrinking case k ¼ −1 exhibit conflicting behav
ior. Moreover, the rate of heat convection at the 
arterial wall (Nusselt number) increases with increas
ing values of flow curvature parameter for shrinking 
arterial wall case with injection whereas antagonistic 

Figure 14. Impact of volume fraction of nanoparticles on 
Nusselt number coefficient.

Figure 15. Impact of volume fraction of nanoparticles on skin 
friction coefficient.

Figure 16. Surface plot for the impact of Nusselt number 
coefficient (shrinking case).

Figure 17. Surface plot for the impact of skin friction coeffi
cient (shrinking case).
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behavior arises for stretching arterial wall case with suc
tion. Thus an intricate interplay emerges between the 
mass flux within the arterial wall (suction/injection) and 
the stretching/shrinking dynamics of the arterial wall, 
subsequently yielding diverse impacts on the characteris
tics of skin friction and Nusselt number.

4.5. Numerical results and validation of current 
nano-blood model

The changes in various pertinent parameters can have 
a significant impact on the coefficients of heat trans
fer, such as the Nusselt number, and arterial wall skin 
friction. The parameters such as magnetic parameter, 
flow curvature parameter, permeability parameter, 
thermal radiation parameter, Biot number, and 
Prandtl number play crucial roles in determining the 
heat transfer characteristics and flow behavior within 
arteries. The variations in the magnetic parameter can 
alter the flow dynamics in magnetohydrodynamic 
(MHD) flows, affecting both heat transfer and skin 
friction. Similarly, changes in the permeability param
eter can influence fluid flow through porous arterial 
walls, leading to adjustments in heat transfer and skin 
friction coefficients. Moreover, adjustments in thermal 

radiation parameters can impact heat transfer mecha
nisms, consequently affecting the Nusselt number. 
Determining the numerical values of these coefficients 
provides valuable insights into the underlying physics of 
arterial flow and heat transfer phenomena. Table 4
offers a comprehensive compilation of numerical values 
of the Nusselt number and coefficient of arterial wall 
skin friction for varying magnetic parameters, flow 
curvature parameters, permeability parameters, thermal 
radiation parameters, Biot number, and Prandtl num
bers. The analysis of this table enables researchers to 
understand how the changes in these parameters affect 
heat transfer and frictional properties within arteries, 
thereby facilitating the optimization of various biomed
ical and engineering applications, including cardiovascu
lar device design and thermal therapy planning.

To ascertain the accuracy of the current MATLAB 
computational code, a benchmarking exercise is con
ducted against previous solutions presented by Sarwar 
and Hussain (2021) and Waqas et al. (2022). This 
comparison is carried out under specific conditions, 
including the absence of the Sisko material parameter 
(S ¼ 0), suction/injection parameter (fw ¼ 0), the vol
ume fraction of nanoparticles (/ ¼ 0), Biot number 
(Bi ¼ 0), and porosity parameter (b ¼ 0) with Sarwar 
and Hussain (2021) and Waqas et al. (2022). The val
ues of the Nusselt number and Skin friction coeffi
cient are then meticulously compared, as documented 
in Tables 5 and 6. Notably, the results obtained 
through the current MATLAB simulations exhibit a 
remarkable agreement with those reported by Sarwar 
and Hussain (2021) and Waqas et al. (2022). This 
alignment between these sets of results instills a high 
level of confidence in the accuracy and reliability of 
the present MATLAB solutions.

Figure 18. Surface plot for the impact of Nusselt number 
coefficient (stretching case).

Figure 19. Surface plot for the impact of skin friction coeffi
cient (stretching case).

Table 4. Numerical values of coefficient of arterial wall skin 
friction and Nusselt number for varying values of different 
parameters.
M c b Rd Bi Pr Re−1=2

x Nux Re1=2
x Cf

1 2.135724 1.783672
2 1.918572 1.273167
3 1.570398 0.845219

1 1.912567 1.294594
2 1.526904 1.458325
3 1.173893 1.689412

0.1 1.229273 0.964521
0.3 1.613879 1.376214
0.5 1.976801 1.731569

1 1.037256 1.789132
2 2.209169 1.432765
3 3.525737 1.019161

1 0.946357 1.721964
2 1.475901 1.432108
3 1.892167 1.116432

2 1.172731 2.032156
4 1.721567 1.837591
6 2.137598 1.446728
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Moreover, the comparative analysis conducted in 
Table 7 delves into the realm of heat transfer rates, as 
quantified by the Nusselt number, across nanopar
ticles exhibiting commendable biocompatibility. This 
meticulous evaluation is underpinned by the consider
ation of fixed values for the following key parameters: 
M ¼ 1, Pr ¼ 6:2, Rd ¼ 1:2, Bi ¼ 1, fw ¼ −0:5, and b ¼
0:1: Within this framework, it emerges that gold and 
silver nanoparticles eclipse their counterparts in terms 
of Nusselt number, thus asserting their superiority in 
facilitating heat transfer phenomena. This discernible 
advantage can be attributed to the exceptional thermal 
conductivity inherent in gold and silver nanoparticles. 
Consequently, the selection of gold and silver nano
particles is not merely an arbitrary choice but a judi
cious one, firmly grounded in the empirical evidence 
presented within the literature.

5. Concluding remarks

The motivation behind the treatment of stenosis lies 
in the pursuit of advanced therapeutic solutions that 
leverage cutting-edge technologies. To address this, a 

sophisticated nano-blood model incorporating gold 
and silver nanoparticles has been developed. This 
model accounts for crucial physiological factors such 
as the stretching or shrinking of the arterial wall, suc
tion or injection at the arterial boundary, and the 
presence of a porous arterial wall. Additionally, it 
considers convective wall heating and the intricate 
effects of viscous dissipation within the bloodstream. 
The linked non-linear partial differential expressions 
of the proposed model are transformed into ODEs 
(dimensionless) by applying the relevant similarity 
variables. Higher-order ODEs are then reduced to a 
first-order system of ODEs which is further solved 
using the bvp4c solver in MATLAB. Subsequently, 
numerical results are presented in the form of tables 
and graphical representations are meticulously ana
lyzed. The main conclusions derived from the current 
simulations can be delineated as follows:

1. An elevation in the volume fraction, arterial 
curvature parameter, suction parameter, and per
meability parameter prompts a reduction in the 
velocity of both gold-blood and silver-blood 
nanofluids. Conversely, heightened injection 
intensity at the arterial wall leads to acceleration.

2. The gold-blood nanofluid consistently demon
strates higher velocity magnitudes compared to 
the silver-blood nanofluid.

3. The temperature levels exhibit augmentation with 
elevations in the volume fraction of gold or silver 
nanoparticles and the curvature parameter.

4. The elevated temperatures are computed for the 
stretching sheet case and gold-blood nanofluid in 
comparison to the shrinking sheet case and sil
ver-blood nanofluid.

5. The temperature experiences a reduction as the 
thermal Biot number, representing the convective 
cooling parameter at the arterial wall, increases. 
This decrement is due to the presence of viscous 
dissipation, wherein mechanical energy is trans
formed into heat within the nanofluid.

6. A declining trend in the values of the skin fric
tion coefficient is observed alongside an increas
ing trend in the volume fraction.

7. A reduction in the Nusselt number values is 
observed with an increase in the volume fraction 
of nanoparticles. This phenomenon arises from 
the heightened doping of the blood with nano
particles, leading to increased heating within the 
bulk fluid. Consequently, there is a decrease in 
heat flux to the arterial wall. The presence of por
ous walls further contributes to this effect, as it 

Table 5. Comparison of Nusselt number with that of Sarwar 
and Hussain (2021) and Waqas et al. (2022) 
for fw ¼ 0, Bi ¼ 0, Rd ¼ 1, /2 ¼ 0, k ¼ 1:

Current  
results

Sarwar and  
Hussain (2021)

Waqas  
et al. (2022)

/1 c −knf=kf h
0

ð0Þ −knf=kf h
0

ð0Þ −knf=kf h
0

ð0Þ

0.01 0.1 2354.342 2358.666 2358.666
0.01 0.12 2280.421 2282.713 2282.713
0.01 0.14 2211.868 2214.476 2214.476
0.05 0.1 2023.312 2025.262 2025.262
0.1 0.1 1760.479 1759.220 1759.220

Table 6. Comparison of skin friction coefficient with that of 
Sarwar and Hussain (2021) and Waqas et al. (2022) 
for fw ¼ 0, Bi ¼ 0, Rd ¼ 1, /2 ¼ 0, k ¼ 1:

Current  
results

Sarwar and  
Hussain (2021)

Waqas et al.  
(2022)

/1 c −1=2Cf Re −1=2Cf Re −1=2Cf Re

0.01 0.1 0.934732 0.939968 0.939968
0.01 0.12 0.929461 0.924794 0.924794
0.01 0.14 0.918213 0.911311 0.911311
0.05 0.1 1.323572 1.329552 1.329552
0.1 0.1 1.171432 1.175985 1.175985

Table 7. Comparison of Nusselt number values for different 
nanoparticles.
/ c Gold Silver Iron oxide Lipid Silicon Magnetic

0.01 0.1 0.754123 0.654392 0.607172 0.607753 0.607619 0.605328
0.01 0.12 0.757638 0.657861 0.608257 0.608891 0.608874 0.606497
0.01 0.14 0.759043 0.659329 0.609351 0.609994 0.609947 0.607549
0.05 0.1 0.815329 0.693837 0.653374 0.655971 0.655982 0.646383
0.1 0.1 0.923568 0.834798 0.750439 0.758208 0.759487 0.7333914
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alters the heat transfer dynamics and impedes the 
heat flux from the nanofluids to the arterial wall.

8. The Nusselt number experiences an increase with 
a rise in the curvature parameter for the shrink
ing arterial wall case with injection, whereas it 
undergoes a decrease for the stretching arterial 
wall case with suction.

Nomenclature 

Bi Biot number (-) 
Cp Heat transfer coefficient (Jkg−1 K−1) 
fw Suction/Injection parameter (-) 
K Permeability coefficient (-) 
k Thermal conductivity coefficient (Blood) (W m−1 

K −1) 
M Magnetic flux parameter (-) 
Pr Prandtl number (-) 
r, x Spatial coordinates axis (m) 
Rd Thermal radiation parameter (-) 
T Temperature (K) 
u, v Projections of velocity vector (ms−1)  

Greek Letter 

b Porosity parameter (-) 
c Flow curvature parameter (-) 
/ Nanoparticle Volume fraction (-) 
g Free variable (-) 
l Absolute viscosity of blood (kgms−1) 
� Momentum diffusivity of blood (Ns−2) 
q Density of blood (kg m−3Þ

q Cp Specific heat capacity of blood  

Subscripts 

f Blood 
s Solid Nanoparticles 
nf Nanofluid 
w At wall 
1 Free-Stream 
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