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Abstract

This study introduces and compares computational fluid dynamics of Newto-
nian and non-Newtonian blood flows in coronary arteries, with and without
considering stents. Three blood flow models, including Newtonian, Carreau,
and non-Newtonian power-law models, were simulated to investigate their
effect, and the solution algorithm includes drawing the geometry, creating the
desired mesh, and then simulating Newtonian and non-Newtonian blood flow
different models and comparing them with each other, is presented in the article.
A Newtonian fluid model has been commonly used in the simulation of blood
flow, whereas blood has non-Newtonian properties due to the nature of a solu-
tion containing suspended particles. The goal of this research is to investigate
the differences between the models built with Newtonian and non-Newtonian
fluid assumptions. In addition, a stent was designed and the effect of the stent
on blood flow parameters was investigated for all three flow models, including
Newtonian, Carreau, and non-Newtonian power-law models. Stents are med-
ical devices that can be placed in arteries to open up blood flow in a blocked
vessel. Stents can affect the wall shear stress. Knowing the slight deformation
of the shear stress makes the importance of stent implantation and also helps
to optimize the design of the intravascular stent, which can affect the occlusion
of the vessels. The distribution of the velocity, pressure, and wall shear stress
in all blood flow models with and without considering the effect of stents have
been investigated and finally compared. Therefore, in general, the innovation
of this article is to find the effect of implanted stents on blood flow parameters
with different blood flow models, both Newtonian and non-Newtonian. A com-
parison of Newtonian and non-Newtonian flows showed that in the case of the
Carreau non-Newtonian model, the wall shear stress was higher. In addition, in
the results of the geometric model with a stent effect compared to the geomet-
ric model without a stent effect, it is evident that there was a higher velocity and
wall shear stress.
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1 | INTRODUCTION

The study of blood flow is called hemodynamics and it has been one of the engrossing physiological topics in recent years.
Blood contains various cells including red blood cells, white blood cells, and platelets in plasma. Hemodynamics explains
the physical laws that govern the flow of blood in the blood vessels. Blood flow ensures the transportation of nutrients,
hormones, metabolic waste products, oxygen, and carbon dioxide throughout the body to maintain cell-level metabolism,
the regulation of the pH, osmotic pressure, and temperature of the whole body, and the protection from microbial and
mechanical harm. With the development of computational biomechanics, some researchers'~> have performed numerical
simulations of blood flow. Blood has been considered a Newtonian fluid for decades, but recent experiments have shown
that blood has pronounced viscoelastic behavior.® In general, blood is really a non-Newtonian fluid. Therefore, numerical
simulation is suggested as an important and useful tool for understanding blood flow behavior.”8 Blood is a complex fluid,
including proteins and living cells floating in plasma. Therefore, it is important to have knowledge and information about
blood in the arteries to recognize and prevent vascular diseases.” The red blood cells in the blood change the properties
of the blood fluid and affect its behavior. Moreover, on the other hand, clogging in the vessels can cause a reduction
and slowdown of the blood flow; in addition, the wall shear stress can cause clogging of the vessels, so studying the
hemodynamic factors related to the vessel and blood to understand the physiology of diseases arterial is important.'® In
1997, a large number of empirical and numerical studies were reported on flows and stents,!* and many resources were
used as different mathematical models for analysis.?!?

Toghraie et al.!3 performed a numerical study of smooth arterial blood flow, where they introduced the blood as a
simulated non-Newtonian fluid. Furthermore, in another study,'* these researchers compared the behavior of Newtonian
and non-Newtonian blood flows. They have published applications of their findings in several therapies that effectively
alter blood behavior. Moreover, other researchers'>~'® presented applications of experimental and numerical methods that
can be used in medical treatment. Chen and Lu'® considered blood as a Carreau-Yasuda fluid and studied the wall shear
stress. Perktold et al.,?° considering blood as a Newtonian fluid, compared the velocity profile and the wall shear stress
distribution with the experimental results of Ku and Giddens.?! In addition, Joe and Berger?* assumed that the flow in
the carotid bifurcation was Newtonian and simulated steady and unsteady flows.

In addition to examining blood flow models, one of the other important topics in this field of study is vascular occlu-
sion.?3-26 There are several ways to unblock arteries, one of which is stenting. Stents are cylindrical scaffolds to unblock
arteries.?”-?8 Today, the use of stents for coronary vessels has increased greatly.?° Therefore, it is very important to analyze
the behavior of stents mechanically.>® The mechanical analysis of the behavior in stents means investigating the behavior
of stents under different conditions of loading, temperature, etc., using solid and finite element mechanics theory. In this
regard, the mechanical analysis of the behavior in stents includes the examination of changes in the length, diameter,
and shape of the stent in response to loading and temperature, as well as the examination of changes in stress and strain
in the intended stent.3132 The results of studies on the structure of stents showed that each stent topology has its own
structural and hemodynamic function.?** In addition, optimized geometries for stents and their surfaces help to reduce
thrombosis.>

In addition, the mechanical properties of arteries are very important for understanding the pathophysiology of cardio-
vascular diseases. In the investigation of vascular tissue, it is essential to analyze and compare various types of vascular
models. According to the sources, vessels can be considered elastic, viscoelastic, or hyper-elastic, depending on the
definition of each of these models, different results are obtained. Then, they can be compared with each other. Conse-
quently, it can be noted that the mechanical structure of the artery walls and their properties determine the mechanical
behavior of the artery.!%-23-26

Based on the review of the open literature, it can be concluded that (1) blood has a non-Newtonian nature, but in
many simulations, it has been considered Newtonian; (2) three blood models, Newtonian, non-Newtonian Carreau, and
non-Newtonian power-law have been widely used models in the simulation of blood flows; (3) the non-uniform stress
distribution was observed in the blood flow with the stent at the stenting site; and (4) in addition, the results illustrated
that each stent topology had its own structural and hemodynamic performance.

Based on the review of the literature, it can be claimed that considering Newtonian flow for blood flow alone is not
reliable. Therefore, in this study, two non-Newtonian Carreau and power-law models were used in the blood flow sim-
ulation along with a Newtonian model. Therefore, after verifying the simulation, all blood flow models were examined
together with the same boundary conditions for a coronary vessel. In addition, based on previous studies, the investigation
of these three blood flow models along with the stent effect has not been presented so far. Therefore, this research is pre-
sented to study three different blood flow models, before and after the effect of stenting. Therefore, the innovation of this
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article is to find the effect of implanted stents on the fluid characteristics with different Newtonian and non-Newtonian
blood flow models.

2 | RESEARCH METHODS
2.1 | Developed flow

If fluid with a uniform velocity profile enters the circular cross-section as shown in Figure 1, as soon as the fluid enters,
then fluid viscosity effects cause the fluid to stick to the wall, which is referred to as the no-slip condition. The no-slip
condition indicates that the fluid in the vicinity of a wall moves with a velocity equal to the velocity of the same wall. In this
region, the fluid boundary layer is formed around the wall, in the boundary layer region, viscosity effects are important.
As shown in Figure 1, the region at the inlet where the effects of viscosity and boundary layer do not cover the entire
cross-section is called the entrance region, whose length is equal to the entrance length. In the entrance area, the fluid
velocity profile changes gradually along the section. This change continues until the fluid reaches the end of the entrance
region, after which the flow becomes fully developed.3®

In this research, with an arterial diameter of 3 mm and a blood flow velocity of 0.105 m/s, the Reynolds number is in
the laminar flow range (Re < 2300), and the inlet length is considered long enough to fully develop the flow according to
Equation (1)%;

L
Be = 0.06 Re For laminar flow, €))
L 1y
D= 4.4 (Re) For turbulent flow, 2)
V D
Re=2"—, 3)
u
Re < 2300; Laminar,
2300 < Re < 4000; Transition, 4)
Re > 4000; Turbulent.

2.2 | Design

In the simulation of this research, the objective was to compare the results of Newtonian and non-Newtonian models of
blood flow in a coronary artery.

To choose the diameter range of coronary arteries according to the classification of studies presented in Table Al of
References 37-44 in Appendix A, a diameter of 3 mm was chosen for this research.

Developing  Fully developed
velocity profile velocity profile

LA

N

\ 4

—Entrance length developing flow——»te——Fully developed flow ———»

FIGURE 1 The velocity profile for the laminar flow.
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TABLE 1 Geometry parameters for blood flow and stent.

Geometry parameters Geometric parameters
for blood flow Dimensions (mm) for stent Dimensions (mm)
Diameter of the circle 3 Internal diameter 2.95
Outer diameter 3.05
Length of the circle 23 Stent thickness 0.10
Stent length 3.75

-

0.000 5.000 10.000 (mm)
L SES——  SSSS—
2.500 7.500

FIGURE 2 The modeled components: (A) stent and (B) blood flow with stent effect.

In Table 1, the geometric parameters of this problem are given. The modeled stent geometry for the problem is also
depicted in Figure 2 (where the geometry was similar to the reference*’). The designed stent was drawn in solid-work. In
Table 1, the geometric parameters of this problem, including inner diameter, outer diameter, strut thickness, and stent
length, are given. Figure 2 also shows the geometric model of the image of the stent effect on the blood flow model.

2.3 | Mesh generation and modeling

To create a regular mesh, a square was drawn in the middle of the blood flow geometry to create a regular mesh. For the
independence of the mesh and to find the minimum number of mesh elements with which accurate calculations can be
made, several different sizes of meshing were investigated to discretize the problem. In Figure 3, the convergence diagram
of the mesh is also given. As it is clear, Mesh 1 was the coarsest size, and the results of Mesh 4 and Mesh 5 were close
to each other; The velocity difference percentage for two Mesh series 4 and 5 was 0.05%, therefore Mesh series 4 was
chosen to continue the solution. Examining the wall shear stress also illustrated the same issue. The meshing process for
the geometry considering the stent, requires finer meshing. This meshing was created due to the fineness and accuracy
of the meshing in the Fluent with Fluent Meshing software. Different meshing was investigated in terms of geometry to
achieve mesh independence. The mesh convergence diagram is shown in Figure 3, which depicts the maximum velocity
and maximum wall shear stress for the number of elements. Statistics indicated that the results of Mesh 3 and Mesh 4
were close to each other. The velocity difference percentage for two Meshes Series 3 and 4 was 0.14%; therefore, Mesh
3 was chosen to continue the solution. Examining the wall shear stress also demonstrated the same issue. Meshing for
blood flow without and with the stent is shown in Figure 4.
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FIGURE 3 The mesh convergence diagram for (A) the velocity in the blood flow model, (B) the velocity in the blood flow model with
stent effect, (C) the wall shear stress in the blood flow model, and (D) the wall shear stress in the blood flow model with stent effect.

In this research, the equations were solved by the SIMPLEC algorithm (semi-implicit method for pressure linked
equations-consistent) and pressure-based solver under the mentioned boundary conditions. Moreover, the gravity of 9.81
(m/s?) was also considered. In the inlet, the velocity was defined as 0.105m/s,* at the outlet, the outlet pressure was
defined, the wall condition was also considered in the blood flow wall, and the cross-section was considered symmetrical.
During the solution process, the residuals by definition, all reached 107% and also converged. The flow was also considered
incompressible, steady-state, and laminar.

2.4 | Mathematical model

In this research, three blood rheology models were investigated, including a Newtonian model and two non-Newtonian
models. Non-Newtonian models include two models, Carreau and non-Newtonian power-law.

The solution algorithm for Newtonian flow and two non-Newtonian flow models, in Ansys Fluent software, is shown
in Figure 5.

Viscosity for the Newtonian blood flow model was a constant number (4 = 0.0035 (kg/m.s)).4748

Based on the Carreau model, domains with low shear rates and complex shear-thinning rheology can be modeled
perfectly*’;

7 = 2u(y)dyj, (3)
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FIGURE 4 Meshing (A) blood flow model and (B) blood flow model with stent effect.

Such models are called generalized Newtonian models, and contrary to Newtonian models, the viscosity is not
constant but a function of shear rate*’;

7 = 1/2dyd;, (6)

Carreau’s law is one of the most commonly rheological models of blood, which is expressed as the following
equation®”49-50;

H = Heo + (Ho — uoo)(l +K2y2) L (7

Non-Newtonian power-law viscosity is calculated according to the following equation*74851;

p=kynle/T ©

To define the non-Newtonian power-law model in the software, it is necessary to determine the maximum and
minimum viscosity, which is expressed as Equation (9)*748:51;

a1 T
Umin < p = kj" le o/r < Hmax- 9
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ANSYS Design Modeler
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Grid size study using ANSYS
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grid size?

Setting up and running simulation
(Newtonian and non-Newtonian)

No

Yes

Analyze, compare and conclude results

FIGURE 5 The algorithm of the solution process.

2.5 | Material properties

In this research, a FLUENT solver was used for simulating Newtonian and non-Newtonian flows. To solve this problem,
FLUENT needs data to implement the solution. The required data includes the solution model or method, material prop-
erties, boundary conditions for a given problem, and the initial conditions required for the solution process, which are
defined in the continuation of all parameters. At first, in the problem-solving phase, the model should be validated with
other models to be reliable. In this study, the blood circulation velocity was considered to be 0.105m/s.*® Below are the
details of the parameters of different Newtonian and non-Newtonian models of blood. In Table 2, the problem inputs for
blood flow are given.

The input parameters for Newtonian and non-Newtonian flows including Carreau and non-Newtonian power-law in
the equations of the mathematical model section are given in Table 2.

3 | RESULTS AND DISCUSSION

In this research, Newtonian and non-Newtonian models of blood flow with and without considering the effect of stents
were investigated, as mentioned. The results were obtained using simulation in Ansys Fluent software. In the following
part, first, the validation results and then the results of three flow models without and considering the stent effect
are given.
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TABLE 2 Inputparameters for Newtonian and non-Newtonian flows.
Parameters Values
Newtonian model*748
Density (kg/m?3) 1060
Viscosity (kg/m.s) 0.0035
Carreau model*’>?
Density (kg/m?3) 1060
Time constant (s) 3.3130
Index, n 0.3568
Zero shear viscosity (kg/m.s) 0.0560
Infinite shear viscosity (kg/m.s) 0.0035
Non-Newtonian power-law?*748:51
Density (kg/m?3) 1060
Consistency Index, k (kg.s®2/m) 0.2073
Power-law index, n 0.4851
Minimum viscosity limit, p,;, (kg/m.s) 0.0013
Maximum viscosity limit, p,,q, (kg/m.s) 0.0035

TABLE 3 The validation of the Newtonian blood model at three different Reynolds numbers with Reference 53 and with the exact
solution.

Relative error Relative error

Exact Newtonian with exact with

Parameters Reynolds solution Reference53 Model solution (%) References3 (%)
Velocity (m/s) 50 0.0330 0.0329 0.0328 0.61 0.30
100 0.0660 0.0658 0.0655 0.76 0.46
200 0.1320 0.1311 0.1307 0.98 0.31
Pressure drop per unit 50 73.9200 73.9196 72.7310 1.61 1.61
Memin (G yhnin) 100 147.8400 147.8617 145.3016 1.72 1.73
200 295.6800 295.7867 289.8630 1.97 2.00
Average wall shear 50 0.0924 0.0923 0.0914 1.09 0.98
stress (Pa) 100 0.1847 0.1848 0.1824 1.26 1.32
200 0.3696 0.3696 0.3643 1.45 1.45

3.1 | Validation

As a first result, in this section, the validity of the simulation for intravascular blood flow is demonstrated. The desired
geometry is modeled according to Reference 53, including a cylinder with a length of 0.1 m and a diameter of 0.005 m
with the CFD results of that reference and also with the exact solution whose equations are given in Appendix B, based
on the reference, modeled and validated. In addition, the equations in the boundary conditions of the model were
defined based on Reference 53, including the inlet velocity and outlet pressure (P =0 Pa), considering the boundary
conditions of non-slip in the wall and the rigid wall. In addition, the model used in this validation®* was considered
to be a three-dimensional, incompressible, laminar, and steady model. In addition, the blood flow was modeled as
a Newtonian flow with a density of 1060kg/m?* and a viscosity of 0.0035 Pa.s. The validation for velocity and pres-
sure drop along the length and wall shear stress in three Reynolds of 50, 100, and 200 was done, which is reported
in Table 3. As can be seen, all the errors were below 2%, and with the increase of the Reynolds number, the errors
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TABLE 4 The validation of the non-Newtonian blood model with reference.>?

Non-Newtonian Relative error

Parameters Reynolds Reference53 Model with Reference 53 (%)
Velocity (m/s) 50 0.1000 0.0996 0.40
100 0.1650 0.1641 0.55
200 0.2700 0.2680 0.74
Pressure drop per unit 50 460.3055 454.4650 1.27
Memgin (G ymm) 100 619.5869 609.3480 1.65
200 833.9804 817.0873 2.03
Average wall shear stress 50 0.5753 0.5793 0.70
(Pa) 100 0.7743 0.7639 1.34
200 1.0422 1.0276 1.40

also increased. In addition, the highest percentage of errors was respectively for the pressure drop per unit length
and then the shear stress of the wall and after that, it was the speed. As a result, it can be claimed that a proper
simulation was performed in this research and the obtained results were confirmed and validated with the data avail-
able in the reference literature.”® In Table 4, A validation for a non-Newtonian flow model has also been carried out.
The flow was considered laminar and steady. In addition, blood flow was modeled as a non-Newtonian power-law
(k=0.035Pa.s", n=0.6).

Therefore, according to the results of the performed validations, it can be claimed that in this research the sim-
ulation was done correctly and the results obtained were confirmed and validated with the data available in the
literature and the source of deviations can be due to model limitations, errors in model parameters, or errors in
simulation algorithms or model limitations. It should also be mentioned that in future works, the validation of
these results with the Mock blood circulation ring tester and stents made with 3D printing will be fully performed
and reported.

3.2 | Results of flow models without stent effect

In this research, after performing the simulation on all the proposed models for the simulation of blood proper-
ties, the values of velocity, and wall shear stress in the flow were obtained and compared for all the models, and
all studied models converged. The results of velocity for the blood flow model without the stent, for all Newto-
nian and non-Newtonian blood flow models, are shown in Figures 6 and 7. Figure 6 depicts the velocity con-
tour in one plane YZ, and Figure 7 demonstrates the velocity graph in different sections (Z=0, 0.00575, 0.0115,
0.01725, 0.023 m).

The graph in Figure 7 shows the velocity profile up to the time of development, and as it can be seen, the
further the flow gets closer to the developed flow, the less the difference between the velocity graphs. For mod-
els of blood flow in the assumed symmetric vessel, the results of velocity profiles were observed to be symmetric
and parabolic.

As found in the results, the difference between Newtonian and non-Newtonian models was evident. In addition, a
similarity between the Newtonian and non-Newtonian power-law models was observed in the results, which was due
to the selection of the parameters of the non-Newtonian power-law model. As seen in Equation (9) and Table 2, the
maximum value of viscosity in the non-Newtonian power-law model is equal to the viscosity of the Newtonian model,
which indicates that it is not allowed to advance more than that value. The shape of velocity profiles for different flow
models in a smooth vessel can be compared with References 45, 53 and 55-58.

In this section, the contours of pressure and pressure drop along the flow are shown and discussed. Figure 8 depicts
the flow pressure contours for all three Newtonian and non-Newtonian models.

In the pressure contours, as shown, the difference between Newtonian and non-Newtonian models was evident. In
addition, a similarity between Newtonian and non-Newtonian power-law models was observed in the results, which
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FIGURE 6 Velocity profiles for blood flow by (A) Newtonian, (B) Carreau, and (C) non-Newtonian power-law models.
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FIGURE 7 Velocity profiles in the different lines (Lines Z =0, 0.00575, 0.0115, 0.01725, 0.023 m) for blood flow. (A) Newtonian, (B)
Carreau, and (C) non-Newtonian power-law models.
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FIGURE 8 Pressure profiles for blood flow by (A) Newtonian, (B) Carreau, and (C) non-Newtonian power-law.
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TABLE 5 The pressure drop per unit length for the blood flow without stent effect.

Non-Newtonian

Models Newtonian Carreau Power-law

L mm

A ( mmHg ) 0.014 0.016 0.014

was caused by the choice of non-Newtonian power-law model parameters. Moreover, its reasons were investigated and
identified in the velocity section. Table 5 demonstrates the pressure drop per unit length of the flow for all three simulated
blood flow models.

As it is clear from Table 5, the pressure drop during the flow for the non-Newtonian Carreau fluid was
14.38% higher than the rest of the models. Moreover, the pressure drops for the Newtonian and non-Newtonian
power-law flow according to the parameters specified in this article for the flow in a vessel were equal to
Newtonian flow.

Figure 9, which shows the wall shear stress distribution contour, shows the minimum and maximum wall shear stress
in three different models.

The results in the wall shear stress for a flow in a smooth vessel without a stent, similar velocity, and pres-
sure were equal for two Newtonian and non-Newtonian power-law flow models and were maximum for the Carreau
model. To compare the results of the models with each other, Figure 10 depicts a comparison between the results
of the models for velocity, pressure drop per unit length, and wall shear stress side by side. Figure 10 compares
the results of the models with each other, the comparison between the results of the models for the velocity, pres-
sure drop per unit length, and wall shear stress are illustrated side by side. As can be seen, the behavior of two
Newtonian and non-Newtonian power-law models was similar, of course, this issue was according to the defined
relationships to determine the range of the non-Newtonian power-law model (Considering the Maximum viscosity
limit in the non-Newtonian power-law model is equal to the viscosity of the Newtonian model in Table 2), which
was similar to the Newtonian model in this article and has been selected for review and comparison. However, con-
cerning the comparison of the Newtonian model with Carreau, as shown, the maximum velocity in the Carreau
model was lower than the Newtonian model due to the same boundary conditions. Moreover, according to the exist-
ing relationships, its pressure drop during the flow was higher than in the Newtonian model. In the third part of
Figure 10, it can be seen that the wall shear stress in the Carreau model was also higher than in the Newtonian
model. These cases can be checked and confirmed according to the equations mentioned in the text, as well as
Appendix B.

Asitis clear from the results, the distribution of velocity and wall shear stress profiles in blood flow without stents was
similar for two Newtonian and non-Newtonian power-law models, although it should be noted that the power-law index
affected the behavior of blood flow, so with the parameters determined in Table 2, two Newtonian and non-Newtonian
power-law models had close and similar behavior in these results. However, in the Carreau model, the velocity was lower,
and naturally, the wall shear stress was higher than those in other models. These results were compared and confirmed
with the results of References 47 and 52.

3.3 | Results of flow models with stent effect

In this section, all Newtonian and non-Newtonian blood flow models converged considering the studied stent effect. It
should be noted that in this section the stent was placed after the entrance length in the fully developed area discussed in
Section 2.1. The results of velocity, pressure, and wall shear stress for the blood flow model considering the stent, for all
blood flow models are shown and discussed respectively.

Figures 11 and 12 depict the results of the velocity distribution in the flow with the stent for three blood flow models.
Figure 11 demonstrates the velocity contour in one plane YZ, and Figure 12 shows the velocity graph in different sections
(Z=0,0.00575, 0.0115, 0.01725, 0.023 m). For blood flow models in symmetric vessels, as seen in the graphs of Figure 12,
the velocity profiles are symmetric and parabolic.

As can be seen from the velocity distribution in the profiles and graphs in Figures 11 and 12, the velocity at the walls
was zero based on the no-slip condition and the inlet velocity was 0.105 m/s. In Figure 12, the velocity profiles at different
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FIGURE 9 Wall shear stress profiles for blood flow by (A) Newtonian, (B) Carreau, and (C) non-Newtonian power-law models.
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FIGURE 10 The comparison of numerical results in all blood flow models without stent: (A) maximum velocity, (B) pressure drop per

unit length, and (C) wall shear stress.
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FIGURE 11 Velocity profiles for blood flow with stent effect by (A) Newtonian, (B) Carreau, and (C) non-Newtonian power-law models.
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FIGURE 12 Velocity profiles in the different lines (Lines Z = 0, 0.00575, 0.0115, 0.01725, and 0.023 m) for blood flow with stent effect
by (A) Newtonian, (B) Carreau, and (C) non-Newtonian power-law models.
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sections of the flow (Z=0, 0.00575, 0.0115, 0.01725, 0.023 m) before and after the flow was developed, are drawn, which
are clearly defined.

The difference between Newtonian and non-Newtonian models was evident. In addition, a similarity between
the Newtonian and non-Newtonian power-law models can be seen in the results, which was due to the parameters
selected in Table 2, and also the equality of the maximum viscosity of the non-Newtonian power-law model with the
viscosity of the Newtonian model. This similarity and conditions were also confirmed by the reference.*’” The shape
of the velocity profiles for different flow models in a smooth vessel can be compared with References 45, 53, 55,
56 and 58.

Figure 13 shows the pressure contours for all three models of blood flow in flow, taking into account the effect of the
stent. Table 6 depicts the pressure drop along the flow for all three models of blood flow in flow, taking into account the
effect of the stent.

Asitis clear from Table 6, the pressure drop during flow for non-Newtonian Carreau fluid was 11.25% higher than that
in other models. Then, the pressure drop for flow with a stent was 2.24% higher for Newtonian flow than non-Newtonian
power-law.

The wall shear stress distribution during computational fluid dynamics simulation for blood flow with the stent in all
models is shown in Figure 14.

The results and references illustrated that the blood flows converge before entering each repeat stent unit and diverge
after entering each unit. This divergence reduced the wall shear stress in the vicinity of the stent struts, while on the struts
themselves, it was facing an increase in the wall shear stress. In addition, the results indicated that the wall shear stress
increased again in the center of each repeated stent unit. This issue was also shown in References 46, 59. Moreover, as
can be seen from the results, the wall shear stress for the blood flow with the effect of the stent was also maximum for the
Carreau model, which was consistent with the reference.*’

To compare the results of the models in the flow with the application of the stent effect, a comparison between the
results of the models for the velocity, pressure drop per unit length, and wall shear stress is depicted in Figure 15, side by
side. As seen in Figure 15, unlike the model without taking into account the stent which the behavior of the Newtonian
and non-Newtonian power-law was the same due to considering the maximum viscosity limit of the non-Newtonian
power-law model with the viscosity of the Newtonian model, these two models showed a little behavioral difference after
considering the stent effect.

As it is clear from the results, the distribution of the velocity profiles in the blood flow with the effect of the stent was
similar for Newtonian and non-Newtonian power-law models, and the velocity in the Carreau model was lower than the
other two models, and for the wall shear stress results, it can be noted that the shear stress was the highest in the Carreau
model, followed by the Newtonian model and then the non-Newtonian power-law model, which results were consistent
with References 47 and 52.

3.4 | Comparing results

In Table 7 and Figure 16, the velocity, pressure, and wall shear stress for three blood flow models, Newto-
nian and Carreau, and non-Newtonian power-law are compared side by side with and without considering the
stent effect. Figure 16 shows the results of Table 7 for all three blood flow models for the distribution of max-
imum velocity, pressure drop per unit length, and wall shear stress, graphically, for flow with and without
stent effect.

In the results of the geometric model with a stent effect compared to the geometric model without a stent effect, it
was evident that there was higher velocity and wall shear stress because the stent behaved as a cylindrical obstacle in the
flow, this is illustrated in Table 7, which was following References 60 and 61. The highest wall shear stress values in the
stented part were related to the area of the stent struts, which was specified for all the simulated models. Therefore, the
results showed that the wall shear stress increased at the location of the stent struts. This issue was also demonstrated in
the studies of References 46 and 59.

In further investigations, the fluid-solid interaction will be reported for such a topic, as also done by the lit-
erature®? for similar studies on the hemodynamics, arterial tissue remodeling, and initiation risk of intracranial
aneurysms.
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FIGURE 13 Pressure profiles for blood flow with stent effect by (A) Newtonian, (B) Carreau, and (C) non-Newtonian power-law.

TABLE 6 The pressure drop per unit length for blood flow with stent effect.

Non-Newtonian

Models Newtonian Carreau Power-law
& (MHS ) 0.019 0.021 0.019
L mm
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FIGURE 14 Wall shear stress profiles for blood flow with stent effect predicted by (A) Newtonian, (B) Carreau, and (C)

non-Newtonian power-law models.
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FIGURE 15 The comparison of numerical results in all blood flow models with stent: (A) maximum velocity, (B) pressure drop per

unit length, and (C) wall shear stress.
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TABLE 7 The comparison of numerical results in all blood flow models with and without stents.

Non-Newtonian

Newtonian Carreau Power-law
Models Minimum Maximum Minimum Maximum Minimum Maximum
Velocity (m/s) Without stent 0.000 0.208 0.000 0.199 0.000 0.208
With stent 0.000 0.211 0.000 0.203 0.000 0.211
Pressure (Pa) Without stent 0.000 43.944 0.000 50.265 0.000 43.944
With stent 0.000 59.305 0.000 65.977 0.000 57.976
Wall Shear Stress (Pa) Without stent  0.973 5.145 1.172 5.485 0.973 5.145
With stent 0.001 14.299 0.001 14.672 0.001 12.572

4 | CONCLUSIONS

In this study, computational fluid dynamics have been simulated for a coronary artery. In this research, the difference
in hemodynamic parameters in models built with Newtonian and non-Newtonian fluid assumptions has been inves-
tigated, and the effect of stenting on each of the flow models has also been investigated. The results have shown that
non-Newtonian models have a significant effect on blood flow dynamics.

The conclusion on the obtained results can be summarized as follows,

1. The distribution of the velocity, pressure, and wall shear stress profiles in blood flow without stents for two Newtonian
and non-Newtonian power-law models with the index considered in the article was similar, but in the Carreau model,
the velocity was 4.52% lower, the pressure was 12.58% higher, the minimum wall shear stress was 16.98% and the
maximum wall shear stress was 6.2% higher than the other two models.

2. The distribution of the velocity profiles in blood flow with stent effect was similar for two Newtonian and
non-Newtonian power-law models, and the maximum velocity in the Carreau model was 3.94% lower than
the other two models. For the results of pressure in blood flow with the stent effect, it can be noted that
the Carreau model illustrated the highest pressure, which was 10.11% more than the Newtonian model, and
the non-Newtonian power-law model depicted the lowest pressure, which was 2.29% less than the Newtonian
model. For the results of wall shear stress in blood flow with stent effect, it can be noted that the Car-
reau model indicated the highest shear stress, which was 2.54% more than the Newtonian model, and the
non-Newtonian power-law model showed the lowest wall shear stress, which was 13.74% less than the Newtonian
model.

3. The highest values of the wall shear stress in the stented part were related to the area of the stent struts. More-
over, the wall shear stress for the blood flow with the effect of the stent was also maximum for the Carreau
model.

4. In the results of the geometric model with a stent effect compared to the geometric model without the stent
effect, a higher velocity and wall shear stress occurred since the stent behaved as a cylindrical obstacle to
the flow.

In further investigations, blood characteristics including the time dependency of properties as well as shear rate
dependency of rheological behaviors can be considered in numerical simulations, in addition to elastic, viscoelas-
tic, and hyper-elastic behaviors of arteries. Moreover, according to the specific coronary artery geometry of each
patient, research can be personalized from a physiologically realistic point of view for each patient, especially since
this issue has a significant impact during stenting and the choice of stent geometry. Finally, a complete validation
of numerical results will appear in the next work using the Mock blood circulation ring tester and stents made with
3D printing.
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FIGURE 16 The comparison of numerical results in all blood flow models with and without stent: (A) maximum velocity, (B) pressure
drop per unit length, and (C) wall shear stress.
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NOMENCLATURE
D Diameter (m)
K Time constant (s)
k Consistency Index (kg.s™2/m)
L Length (m)
L, Entrance length (m)
n Index
Powr Outlet pressure (Pa)
Re  Reynolds number
T Temperature (K)
To  Reference temperature (K)
|4 Velocity (m/s)
Vin  Inlet velocity (m/s)
WSS Wall shear stress (Pa)
V Shear rate (1/s)
Ap  Pressure drop (Pa)
u Viscosity (kg/m.s)
Ho Zero shear viscosity (kg/m.s)
Heo  Infinite shear viscosity (kg/m.s)
Hmin  Minimum viscosity limit (kg/m.s)
Hmax Maximum viscosity limit (kg/m.s)
p) Density (kg/m?3)
T Shear stress (Pa)
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APPENDIX A

In Table A1, different vessel diameters are given to select the vessel diameter for simulation.

TABLE Al Diameters of different types of coronary artery vessels.

Vessel types Diameter range (mm) References
Proximal LAD 3.27+0.23 34
Proximal RCA 3.20+0.27 34
The average diameter of coronary artery 2.87+0.37 35
LAD 2.26+0.41 35
RCA 2.95+0.60 35
Proximal LAD 3.70 +£0.40 36
Proximal RCA 2.8 +0.50 to 3.90 + 0.60 36
LMCA 4.13+0.53 37
LAD (p) 3.43+0.67 37
LAD (m) 3.01+0.52 37
LAD (d) 2.39+0.51 37
RCA (p) 2.93+0.68 37
RCA (m) 2.81+0.70 37
RCA (d) 2.24+0.55 37
Ostio-proximal LAD 3.36+£0.28 38
LAD 2.00-5.00 39
LAD 4.21+0.28 40
RCA Female: 2.80 + 0.40, Male: 3.20 + 0.50 41

Abbreviations: d, distal segment; LAD, left anterior descending coronary artery; LMCA, left main coronary artery; m, mid segment; p, proximal segment; RCA,
right coronary artery.

APPENDIX B

In this appendix, the exact solution equations for laminar Newtonian flow inside the pipe are given>!;
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