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Abstract

Atheromatous disease can cause a heart attack or stroke in humans. This present
research aims to investigate the comparison between Newtonian and rheological
models in terms of hemodynamic risk factors. A three-dimensional computa-
tional model has been considered here for 45%, 60%, and 75% stenoses. The
COMSOL Multiphysics software has been used in fluid flow simulation to solve
the governing equations. The comparison between Newtonian and non-Newto-
nian has been performed to predict the model’s suitability. Hemodynamic pa-
rameters such as time-averaged wall shear stress (TAWSS), oscillatory shearing
index, and blood residence time show a lower disturbed flow regime for non-
Newtonian fluid compared to Newtonian fluid. The TAWSS for 75% stenosis is
increased by 54.84% and 37.18% to those of 45% and 60% stenoses. A suitable
non-Newtonian model can be used in bioengineering fields.
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1. Introduction

One of the main causes of illness and death worldwide is cardiovascular disorder.
Arterial blockage is a disorder in which plaque builds up in the arteries and causes
them to narrow, leading to decreased blood flow [1]-[5]. Due to the blood flow’s
straight connection to cardiovascular health, research on it via narrowed arteries
has attracted a lot of attention. The aforementioned arteries have extremely compli-
cated blood flow that is affected by a number of variables, including the stenosis’s

shape, the blood’s characteristics, and the existence of disorder [6]-[10]. Custom-
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arily, blood is treated as a Newtonian fluid, presuming a uniform viscosity that does
not change with shear rate. In actuality, though, blood behaves with non-Newtonian
characteristics, changing viscosity in response to shear rate, especially in narrow lu-
mens or in sick circumstances [11]-[15].

The evaluation of changes in hemodynamic risk factors across various viscosity
models has made extensive use of computational fluid dynamics (CFD) simulations
[16] [17]. Important hemodynamic risk factors that are essential for comprehend-
ing how blockage affects blood circulation include wall shear stress (WSS), time-
averaged wall shear stress (TAWSS), oscillatory shear index (OSI), and relative res-
idence time (RRT) [18]-[20]. This study seeks to examine the influences of the na-
ture of Newtonian and non-Newtonian fluids on the hemodynamic flow proper-
ties within constricted vessels. Because of Newtonian fluids’ straightforwardness,
they have been widely employed in the past years [21]-[24]. In order to better com-
prehend the types of flow, non-Newtonian model—specially, the Carreau model—
has been suggested as a more factual description of the rheological characteristics
of blood [25]-[27].

The stenosed geometry has been found to have an important impact on blood
flow-related research. A significant volume of research has focused on comprehend-
ing blood circulation in arteries, in both normal and narrowed states. Past research
shows that the Newtonian model is widely utilized because of its ease. In this present
computational investigation, the study seeks to explore the impacts of the variational
approach of Newtonian and non-Newtonian fluids on the hemodynamic flow be-
haviors in narrowed arteries. This study also intends to show the great impact of the

severity of stenosis on flow fields.

2. Methodology Techniques
2.1. Simulated Geometry

A stenosed model of three-dimensional geometry (Figure 1) for 45%, 60%, and 75%
stenoses has been considered here to investigate the pulsatile atherosclerotic hemo-
dynamics in mimics blood flow. The directions of the horizontal and vertical axes
are shown by the coordinates X and Y. The length of pre-stenosis is 3D and the post-
stenosis is 10D. The parameter D indicates the artery diameter. The laminar and in-

compressible flow is assumed for the investigated trapezium model of stenosis.

2.2. Governing Equations and Boundary Conditions

The fluid flow simulations are governed by the continuity and Navier-Stokes equa-
tions, as given in the following way:

The general continuity equation’s form for fluid flow is

Vv=0 (1)
The Navier-Stokes equations’ form is
p(%ﬂVov)vj:Vc (2)

where v is the velocity vector, ¢is the time, p indicates the density of the fluid,

DOI: 10.4236/0jmsi.2025.134010

186 Open Journal of Modelling and Simulation


https://doi.org/10.4236/ojmsi.2025.134010

Md. J. Uddin

and pis the fluid pressure. The Cauchy stress tensor o can be given as follows:

—PI + y(Vv + (Vv)T)

Stenosis height

. y
Blood Flow Stenosis

Stenosis height

Figure 1. The current simulation domain.

where u presents the dynamic viscosity of the fluid, and 7 is the identity matrix.

The non-Newtonian Carreau model is as follows:

-l

orY |2
#:ﬂinf+(ﬂo_ﬂinf) 1"{45)

where infinite shear rate s . =0.00345, zero shear rate g, =0.056, time con-

stant A=3.313, and index n = 0.3568. The pulse given in Figure 2 presents the
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Figure 2. Time-dependent input flowrate pulse.
inlet flowrate pulse for the present computational fluid model [28]. A no-slip bound-

ary condition is applied at the wall, while the outlet pressure remains static. The

pulsatile flow exhibits a waveform of 4.3 + 2.6 ml with a duration of 0.345 s, pro-
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duced by a frequency of 2.9 Hz. The fluid has a density of 755 kg/m® and a viscosity
of 0.00143 N-s/m?>. The inlet pulse is a sinusoidal wave with an average Reynolds
number of 575 and a peak value of 930 [29].

2.3. Numerical Methods

Newtonian and non-Newtonian rheological models have been assumed for incom-
pressible, laminar and time-dependent flow. The finite element approach in the
COMSOL Multiphysics software has been activated for numerical computational
techniques. Time-dependent solver takes the fully coupled, advanced and iterative ap-
proach for the execution of pulsatile blood flow simulation. Different mesh densities,
namely 36,405, 80,542, 107,835, 206,940, and 307,560, have been selected to decide
the appropriate mesh for the prediction of outcomes. The mesh elements of 206,940
are appropriate to acquire the results because the last two elements, 206,940 and
307,560, carry approximately the same TAWSS magnitudes. Figure 3(a) shows the
grid, and Figure 3(b) presents the grid test in TAWSS. In unsteady flow, the second

cycle has been taken to get the simulated results.
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Figure 3. (a) Grid resolution and (b) grid independence test in TAWSS.
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2.4. Method Validation

In the present research, axial velocity through the radial direction is employed to
contrast the results with those of Lee et al [30], aiming to verify and affirm the
precision and reliability of the computational evaluation. The axial velocity is taken
as a post-stenotic distance of 21.5 mm at £= 0.1725 sec. Moreover, as shown in Fig-
ure 4, the comparison of the currently predicted axial velocity results with those

obtained by Lee et al [30] demonstrates significant agreement.
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Figure 4. Axial velocity through radial direction is validated with Lee et al. [30].

3. Results and Discussion
3.1. Hemodynamic Biomarker Factors’ Impact

WSS is the key hemodynamic factor that signifies the level of risk for patients.
Elevated WSS is associated with the development of susceptible plaques, whereas
diminished WSS may result in intimal thickening. Figure 5 illustrates the distri-
butions of WSS with noticeable variations of Newtonian and non-Newtonian flu-
ids at various significant time points (#= 0.08623 s, = 0.1725s, t= 0.25875s, t=
0.345 s). Since the flow directly affects the stenosis’s inlet region, the WSS peaks
there, WSS then abruptly increases, remains somewhat elevated throughout the
constricted region, and then decreases from the terminating regions. While both
fluids result in elevated WSS close to the narrowed portion, the rheological non-
Newtonian model generates a greater WSS at every site except the closely post-
stenotic part. The Newtonian fluid exhibits a higher recirculation in the area im-
mediately downstream of the blockage than the rheological fluid. The arterial wall
displays time-averaged markers such as TAWSS, OSI, and RRT, serving as indica-
tors of endothelial deterioration (Figures 6(a)-(c)). The top values of OSI and RRT
signify the reattachment locations, which align with zero for TAWSS, and Newto-
nian fluid gives a more disturbed flow area.

3.2. Stenosis Severity’s Impact on Hemodynamics

Without a doubt, the intensity or size significantly influences the flow area of the
narrowed channels of blockage. To examine the impact of stenosis intensity, three
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Figure 5. WSS distributions at (#= 0.08625 s, 0.1725 s, 0.25875 s, and 0.345 s) for Newto-

nian and non-Newtonian fluids.
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Figure 6. Distributions of (a) TAWSS, (b) OSIL, and (c) RRT for Newtonian and non-New-

tonian fluids.
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distinct sizes, specifically 45%, 60%, and 75% (Figure 7(a)), have been analyzed
in terms of WSS. As the severity of the blockage deepens, the flow field diminishes,
resulting in an increase in velocity, which significantly affects the WSS, leading to
a peak in the WSS due to the acceleration of flow. The TAWSS for 75% stenosis
rises by 54.84% and 37.18% compared to 45% and 60% stenoses, respectively. Fi-
nally, it may be concluded that the more vascular injury generates the more WSS.
Figure 7(b) presents the contours of WSS distributions for the various sizes of
blockage severity. At the stenosis location, the flow area is reduced and experiences
a maximum shearing stress. The higher blockage (75%) attains a maximum value of

WSS compared to the lower blockages.

15

45% stenosis
10 - = = = 60% stenosis
B e 750, stenosis

TAWSS (Pa)

45% stenosis

60% stenosis

75% stenosis

» \_ _—
(b)

Figure 7. (a) Distribution of TAWSS and (b) WSS contours for 45 %, 60%, and 75%.
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3.3. Pressure Contours Due to Newtonian and Non-Newtonian Fluids

Pressure distributions for Newtonian and rheological models may vary greatly be-
cause of their different viscosities and responses to shear stress. The comparison
of pressure contours between the two aforementioned models reveals a significant
difference in Figure 8, in which the non-Newtonian model generates greater pres-
sure. The artery’s initial higher pressure drops sharply at the blockage’s midpoint,
followed by a gradual rise until the artery’s end, indicating a slight variation be-
tween the fluids. The lowest pressure is observed just downstream of the blockage,

suggesting a condition favorable to the development of atherosclerosis.

Newtonian fluid -e I

< >

¢ I T

© w

> w I IS N I & IS » N 2
© o o = - N N w w

by £ o (=3 al (=3 o (=3 o (=3 a N
o o o o o o o o (=]

Non-Newtonian fluid 1 I ——

< >

¢ T T

g &
Ey

1 2 g 5 £ a0k

- o o o (<] =) o L
o o o o o o

Figure 8. Pressure contour distributions for Newtonian and non-Newtonian fluids.

4. Conclusions

Atherosclerosis is associated with blood flow characteristics and the intensity of
constriction in the arterial lumen and the walls of the arterial geometry, making it
essential to examine blood circulation in a diseased arterial geometry. In order to
demonstrate the laminar, pulsating, and incompressible blood flow in an injured
artery, the current work used CFD modeling. The Newtonian and Carreau models
of blood have both been taken into consideration in this study. The code of COM-
SOL Multiphysics is validated with literature findings. The applicability of the model
has been predicted by comparing Newtonian and non-Newtonian models. When
comparing non-Newtonian fluids to Newtonian fluids, hemodynamic metrics, in-
cluding TAWSS, OSI, and RRT, reveal a reduced disturbed flow regime. Compared
to 45% and 60% stenosis, the TAWSS for 75% stenosis is raised by 54.84% and
37.18%, respectively. An appropriate non-Newtonian model can be applied in the
field of bioengineering.

In the future, the rigid wall geometry assumptions can be extended to a realistic

patient-specific fluid-structure interaction model.
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