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Abstract

This work aimed to perform a numerical study of aortic
hemodynamics and evaluate both Newtonian and non-
Newtonian blood flow parameters in an ascending aortic
aneurysm model.

An aortic model was reconstructed from a medical
computed tomography (CT) image, and finite element
method laminar blood flow modelling was performed using
different blood parameters. The inflow boundary
conditions were defined as a flow profile, and the outlet
boundary conditions were defined as the pressure at each
outlet. The first simulation was calculated by considering
blood as a Newtonian fluid, while in the second simulation,
using the Carreau model, blood was assumed to be a non-
Newtonian fluid.

The results showed that average systolic and diastolic
velocities were 2% and 9% higher, respectively, for the
non-Newtonian fluid. In addition, the wall shear stress
(WSS) values on the surface of the aneurysm were 30%
higher during systole in the non-Newtonian simulation,
while the average WSS on the artery surface in diastole
was 20% higher for the Newtonian fluid.

1. Introduction

Numerical modelling of the cardiovascular system
enables investigation of the properties of blood flow,
simulation of the mechanical workings of the vascular
system, and observation of hemodynamic models, pressure
gradients, stress distributions and deformation of blood
vessel walls under certain conditions [1,2]. Patient-specific
computational fluid dynamic models are used to address
aortic aneurysms, dissection, atherosclerosis and heart
valve pathologies [3-6].

Computational vascular modelling consists of several
steps: data acquisition or reconstruction, identification and
description of boundary conditions, choice of
computational model and equipment, and computation,
processing and display of the results [7].

Newtonian fluids exhibit constant viscosity and zero
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shear coefficient at zero shear stress. This means that the
shear coefficient is directly proportional to shear stress,
and the ratio of shear stress to shear rate is constant
throughout the fluid. Non-Newtonian liquids can change
viscosity when a force is applied, becoming more fluid or
more solid [8]. Human blood has non-Newtonian
properties, becoming less viscous at high shear rates, for
example, with increased flow, such as during exercise or at
peak systole. Blood viscosity increases when shear rates
decrease with increasing vascular diameter or with low
flow, such as downstream of an obstacle or during
diastole [9].

One of the main challenges of describing blood
conditions is to model blood as either a Newtonian or non-
Newtonian fluid, as the differing fluid dynamics affect the
distribution of stresses on the aortic wall. Studies to
evaluate the effect of these types of distributions on the risk
of rupture of an aortic aneurysm are required. The current
investigation aimed to evaluate and compare the two types
of fluid using the same boundary conditions in an
ascending aorta model.

2. Materials and Methods

An ascending aorta model was constructed from a
medical CT image using SimVascular software [10]. Finite
element method (FEM) laminar blood flow modelling of
six cardiac cycles was performed using different blood
parameters.

Navier-Stokes equations for incompressible fluids were
used for blood flow simulations generated by the
COMSOL 5.5 CFD tool [11]. The model was discretized
using FEM to perform the calculations. The mesh
parameters chosen for the simulation were designed for
fluid dynamics problems with a boundary wall layer.

Inflow boundary conditions were a fluid flow waveform
that simulated the flow of the aortic valve. As the blood
flow in the human body is pulsatile, a constant velocity at
the outlet does not simulate the actual flow; in this case,
flow was indicated as a periodic change profile (Figure 1).
Assuming a heart rate of 60 beats per minute, the duration
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of each period was 1 s, yielding a blood flow of Q = 5.5
I/min under these conditions. The first cardiac cycle started
at 0.5 s, and outlet pressure varied with time according to
a given function; pressure was 125.4 mmHg]f(t) in the
branches of the aortic arch and 125.1[mmHg]f(t) in the
descending aorta.
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Figure 1. Boundary conditions at the inlet (Q) and outlet
(Pi*f(t)) in the discretized ascending aorta model

Three-dimensional Navier-Stokes equations for an
incompressible fluid were applied to simulate blood flow
using the CFD tool COMSOL Multiphysics:

av
p—t+ p(v-V)v =Vt inQf,

p vt €1, (1.1)

V-v=0 inQ, vt €1, (1.2)
where | is the time interval and p is the blood density. The
unknown variables are blood velocity and pressure, which
depend on Cauchy stress.

In the case of Newtonian fluids, the general stress
tensor is simply defined:
t(v,p) = =PI + 2n D(v), (1.3)
Here, W is the dynamic viscosity of the blood, and D is
the strain rate tensor given by:
(Vv) + (V)T

p(v) = . (1.4)
A common stress tensor for a non-Newtonian fluid:
(v,p) = =PI + 25n(y)D(v). (15)

Viscosity is variable and depends on the shear rate y =

J 2tr(D?).
The second simulation treated the blood as a Newtonian
fluid using the Carreau model:

n—1
n=n_+(n,-n,)1+)]z, (1.6)
where the viscosity at a high shear rate (n) is equal to

the value of the Newtonian model (0.0035 Pa s), and at
zero shear no = 0.056 Pa s; A = 3.313 s and n = 0.3568 [12];
blood density, p = 1060 kg/m®,

The simulation ran for 6 cardiac cycles (giving a total
time of 6.5 s as the first cardiac cycle started at 0.5 s), while
the number of steps was 65 and the step size was 0.1 s;
results were recorded at each step.

3. Results

The use of different fluid parameters in blood flow
models with the same boundary conditions enabled
haemodynamic parameters relevant for the assessment of
cardiovascular function to be investigated, namely blood
flow velocity and wall shear stress (WSS).

Figure 2. Distribution of blood flow velocities in an
aneurysm in diastole phase: (A) non-Newtonian fluid, (B)
Newtonian fluid

In the non-Newtonian model, peak blood velocity
during systole (0.82 m/s) was 2% higher than in the
Newtonian model (0.806 m/s). In diastole, the non-
Newtonian fluid, blood velocity varied from 0 to 0.09 m/s,
while for the Newtonian fluid the range was 0 to 0.105 m/s.
(Figure 2 A,B) Maximum flow velocity values occurred in
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the aneurysm zone and the descending aorta. Cross-
sections of the aorta at the site of the aneurysm show the
differences in the trajectories of the flow lines (Figure 3
A,B). To compare blood velocities within the areas
delineated by the sections, another section was made on
each section (a straight line), and a graph of the distribution
of values on the straight line was plotted (Figure 3 C).
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Figure 3. Distribution of blood flow velocities in an
aneurysm in diastole phase in section plot: (A) non-
Newtonian fluid, (B) Newtonian fluid, (C) section
comparison plot.

Comparison of the distribution of WSS on the surface
of the aneurysm also revealed some differences: in the non-
Newtonian simulation, systolic WSS was 0.3 Pa, while for
the Newtonian simulation, WSS was 0.2 Pa. The highest
time-average one-cycle wall shear stress (TA WSS) value
was the same for both non-Newtonian and Newtonian
simulations (2 Pa) (Figure 4).

Figure 4. Aortic time-average wall shear stresses over the
cardiac cycle: (A) non-Newtonian fluid, (B) Newtonian
fluid.

3. Discussion

Comparison of Newtonian fluid simulation values using
the same geometry model and inlet boundary conditions
but different simulation software (SimVascular) in our
previous study showed differing results for both systole
and diastole. Previously obtained values were 0 to 1.18 m/s
in systole and 0 to 0.24 m/s in diastole [13], whereas the
maximum systolic velocities obtained using SimVascular
were 1.46- and 2.6-fold higher for systole and diastole,
respectively.

In addition, WSS values at systole obtained using the
same geometry but with SimVascular software were the
same as in the present study; however, the distribution of
WSS values was different. In addition, TA WSS values
were higher in the previous simulation. The aneurysm
model with ascending aorta, aortic arch and descending
aorta yielded WSS values ranging from 1.5 Pa to 3.3 Pa
[13].

Other researchers have obtained WSS of 15.29 Pa in a
non-Newtonian simulation and 16 Pa using a Newtonian
blood model [14]. Another study obtained TA WSS values
ranging from 0.128 to 12 Pa (the highest values were
observed in the branches of the aortic arch) and 0.45 Pa in
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the ascending aorta [14]. A model of a non-Newtonian
fluid in the ascending aorta resulted in maximum WSS
values of 7.5 Pa during systole and 1.6 Pa during diastole
[15]. Furthermore, using the non-Newtonian Carreau
model with ANSYS Fluent software yielded a WSS of 32
Pa at systole (maximum blood velocity of 1.6 m/s) in the
ascending aneurysm zone [16].

Simao et al., 2017 suggested that higher or lower WSS
values can lead to dysfunction of the inner aortic layer,
potentially  contributing to the progression of
atherosclerosis. Extremely high WSS values are associated
with rearrangement of the vascular structure responsible
for the initiation and progression of aneurysms, while
regions of low WSS are correlated with atherosclerosis
progression. WSS is related to blood flow in the artery and
is also dependent on the size and geometry of the aorta.
Areas with low and fluctuating WSS are vulnerable to the
development of pathologies such as aneurysms and
vascular dissections [6].

5. Limitations

The main limitation of the work was that the modelling
used a rigid aortic wall. In addition, non-individualized
patient parameters were used: all values were taken from
the scientific literature.

6. Conclusions

Comparing blood flow models using Newtonian and
non-Newtonian fluids, the following general conclusions
were made:

1. Mean systolic and diastolic velocities were 2% and
9% higher, respectively, for the non-Newtonian fluid.

2. WSS on the surface of the aneurysm was 30% higher
for the non-Newtonian fluid during systole.

3. Mean WSS on the arterial surface during diastole was
20% higher for the Newtonian fluid.

4. Non-Newtonian fluid modelling consumes more
computational resources and takes 60% longer.
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