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Abstract

Wall shear rates and pressure developed in circulatory system
play an important role on the development of some clinical
problems such as atherosclerosis and thrombosis. In the present
work, blood flow behaviour was numerically studied in
simplified domains and several relevant local properties were
determined. The stenosis degree was varied in the distinct
studied channels and blood rheology was described by three
different models — constant viscosity, power-law model and
Carreau model. Pressure attains maximum values in the wall of
the atheroma and shear rates achieved maximum values in the
top of the atheroma. It was also observed that, with the studied
flows, the predictions for velocity and shear rate using non-
Newtonian models were very similar. This observation can be
explained by the magnitude of the obtained shear rates.
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1. Introduction

Arthrosclerosis means literally “arteries hardening”, however it is a generic term
that refers to three patterns of vascular diseases which have the hardening and loss
of elasticity of the arteries walls as a common factor [1]. The dominant pattern is
atherosclerosis, characterized by the formation of atheromas - fibrous plaques that
generally exhibit a centre rich in lipids.

The initial lesion of an atheroma formation can trigger due to the turbulence of the
flow. Most of the times, the formation of an atheroma is accomplished by a
thrombus formation. It is thought that the location of higher pressures and
velocities promote the endothelium lesion and hence the formation of a thrombus,
which normally conduce to a thromboembolism due to the high speeds and
pressures [1].

2. Numerical Simulations

The governative equations for the isothermal laminar incompressible blood flow
were solved by the finite-element software POLYFLOW™. Since experimental
study of blood flow in the circulatory system is not an easy task, the numerical
results can be useful in order to understand the blood behaviour in stenosed
arteries/vessels.

In the calculations, blood was considered both Newtonian and non-Newtonian
fluid, its rheology being described, in the second case, by the power-law and
Carreau models which can be mathematically expressed, respectively, by:

nz K?"_I , (1)

ae-1)2
n=n,+(m, —m,)[l+(f1r) } 2)

where 77 is the apparent viscosity, K the consistency index, » the flow index
behaviour, y the shear rate, 77 the viscosity for lower shear rates, 7.. the viscosity

for higher shear rates and A the natural time. For blood, the values of all these
rheological parameters were presented in Tab.1.

Table 1: Rheological properties of blood [2].

Rheological model 7 (Pas) K (Pas") n(-) A(s) N (Pas) 1y (Pas)
Newtonian 0.00345 - - - - -
Power-law model - 0.035 0.6 - - -
Carreau model - - 0.3568 3.313 0.00345 0.056
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The simulations were carried out in 3D geometries representing cylindrical

stenosed channels, the atheroma being constructed resorting to a semi-sphere, Fig.
1,
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Figure 1: Representation of the computational domain and used mesh,

Three channels presenting different stenosis degrees were studied. All the
channels had the same length (L = 30 mm) and radius (R = 3 mm) and the radius
of the atheroma varied as presented in Tab. 2. Stenosis degree was defined as the
ratio between the diameter of the channel and the radius of the atheroma (2R/R,).

Table 2: Geometrical properties of the studied channels.

Channel Stenosis degree (%) Atheroma radius (mm)
Cl 20 1.2
c2 30 1.8
C3 50 3.0

The discretization of the geometrical domain was made using an unstructured
non-uniform mesh (Fig. 1) and the size of the elements was fixed after a grid
independence test in which the size of the elements is successively reduced and
the velocity results, obtained with the different meshes, were compared. The
results were considered to be independent when a difference below 1% was
achieved [3, 4].

The boundary conditions were established in order to reproduce the experimental
work developed by Johnston et al. [2] to study the rheology of blood in arteries.
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In the inlet (x = 0), a constant flow rate - M, = 1.27x107 m’s” - was imposed and
non-slip at the walls was admitted.

The equations solved were the conservation of mass and momentum equations for
laminar incompressible blood flow. Since this is a non-linear problem, it was
necessary to use an iterative method to solve the referred equations. In order to
evaluate the convergence of this process, a test based on the relative error in the
velocity field was performed. For the velocity field, the modification on each
node between two consecutive iterations is compared to the value of the velocit}f
at the current iteration. In the present work, the convergence value was set to 10°
since this value is appropriate for the studied problem [4-8].

k]

In order to verify the reliability and exactness of the computational fluid dynamics
(CFD) calculations, two tests were performed: one involving local properties and
other with global properties of the flow. First, velocity profiles were compared
with the analytical solution for the fully developed flow of a power-law fluid in a

cylindrical duct [9]:
(n+1)/n
3n+1 r
v(r)= 1-| — 3
o=2(5]™ . o

where u is the average velocity and is given by:

y=—>. (4)

In Fig. 2 it is possible to observe the good agreement between the numerical
velocities and Eq. (3) for both Newtonian (» = 1) and power-law fluid (n = 0.6)
(mean deviation of 0.28 % and 1.27% for the Newtonian and power-law fluid,
respectively). As expected, the maximum deviations were observed near the wall,
since the velocities in this region were close to zero.
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Figure 2: Velocity profiles for fully developed flow in the region before the atheroma in
channel C3 for different rheological models. (e) Newtonian; (o) Power-law model; (—)
Eq.(3) with n=1; (- - -)Eq.(3) with n=0.6.

To estimate the pressure drop, it is usual to use correlations between Fanning
friction factor, f; and Reynolds number, Re. However, when the viscosity of fluid
is not constant and difficult to predict, Reynolds number in the relation fRe can be
replaced by a generalized Reynolds number, Re,, the referred relation being:

f=aRe] ©a=fRe, (5)

for fully developed laminar flows. In Eq. (5) a is a constant dependent of the
geometry and f'is given by:

i (6)
2Lpu’

with AP the pressure drop in a channel with length L, p the density of the fluid
and Dy the hydraulic diameter (Dy = 2R for a cylindrical duct).

The use of Re, instead of Re allows the calculation of a single friction curve for
both Newtonian and non-Newtonian fluids. For flows of power-law fluids in
ducts with constant arbitrary section, the following expression for Re, have been
proposed by Delpace and Leuliet [10]:

pu:_"JD‘.':r
K {(24:1 + {)/((24+§] n)}" R

Re =

(7

& being a geometrical parameter that assumes the value 8 for cylindrical ducts.
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Substituting Egs. (7) and (6) in Eq. (5), constant a can be expressed as function of
rheological and geometrical parameters as follows:

e D"+1AP
2u"KL {(74n+¢’)/((74+§)n)} £ a (8)

In order to calculate the constant a for the studied channels, the pressure drop in
small cylinders of 1 mm length were used and constant @ was estimated resorting
to Eq. (8). In the region before the atheroma the average values of a were 16.053
and 15.931 for Newtonian (n =1 and K = 5 = 0.00345 Pas) and power-law fluid
(n=10.6 and K = 0.035 Pas"®), respectively. Comparing these results with the one
predicted analytically (16) it is possible to conclude, once again, that the
numerical model used in the present work describes well the studied flow, since
the mean deviations were 0.329% and 0.767% for the Newtonian and power-law
fluid, respectively.

3. Results and Discussion
In the present work, velocity, pressure and shear rate profiles in stenosed channels
were analyzed in order to understand the blood flow when this pathology appears.

In Fig. 3 it is possible to observe that the atheroma leads to a distortion of the
velocity profile developed in a cylindrical duct.
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Figure 3: Velocity profiles (ms™) in the plane z = 0 (see Fig. 1) for channel C1 fluid and
distinct rheological models. (a) Newtonian; (b) Power-law model; (¢) Carreau model.
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The influence of the non-Newtonian behaviour of blood is very small in the
velocities developed in the studied channels, since the profiles present very
similar aspect and the values of velocity were also very close when considering
the different constitutive equations (Fig. 3). However, a lower difference was
verified between the velocities obtained for the two non-Newtonian models for
the three channels.

Quantitatively, the effect of the atheroma can be evaluated by the increase of the
maximum velocity obtained for the stenosed channels compared to the one
predicted analytically for a flow of a power-law fluid in a cylindrical duct, which
can be determined by (Eq. (3) with »=0):

a _311+l
"+l

u. &)

From the values reported in Tab. 3 it is possible to observe that the influence of
the atheroma increases with the increase of the stenosis degree, as expected. In
the referred table, the values of v, were the ones obtained numerically and [/
represents the increase of v, due to the presence of the atheroma (v, for the
channel without atheroma was calculated by Eq. (9)).

Table 3: Increase of maximum velocity due to the presence of the atheroma.

Cl1 C2 C3
Viax (MS™) I (%) Viax (ms™) I (%) Viax (ms™) 1(%)
Newtonian 0.0097 7977 0.0108 20.2216 0.0151 68.0876
Power-law 0.0086 9.4080 0.0096 22,1299 0.0136 73.017

As observed for the velocity profiles, the shear rate distribution in the different
channels and for the different rheological models were qualitatively the same. In
Fig. 4 it is possible to observe that shear rate achieve its maximum in the top of
the atheroma.
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Figure 4: Shear rate in the wall of the channel C3 and Carreau model.
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Two lines were considered in a more detailed analysis of shear rate - Lines 1 and
2 represented in Fig.1. This way it was possible to study the impact of the

atheroma and rheological properties of the blood in the shear rate along the wall
of the channels.

Like observed in the velocity field, the results obtained for the non-Newtonian
models where very close (Figs. 5(a) and 6 (a)). The proximity of these results can
be explained by the linear behaviour between shear rate and viscosity predicted by
the referred models in the range in which this study was performed.
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Figure 5: Shear rate along Line 2 (Fig. 1). (a) Channel C3 and different rheological
models. (b) Carreau model and distinct channels.

In Fig. 5(a) the behaviour of the shear rate along Line 2 (Fig. 1) can be clearly
observed. Shear rate remains constant in the beginning of the channel for about 4
mm before the atheroma and then decrease until a value close to 0 s in the base
of the atheroma. Along the wall of the atheroma, shear rate exhibit a parabolic
profile the maximum being reached in the top of the atheroma. As expected, the
maximum shear rate increase with the increase of stenosis degree, Fig. 5(b).

The impact of the existence of the atheroma along Line 2 is also felt in Line 1
(Fig. 1), as can be observed in Fig. 6.

@CMMSE Page 1327 of 1703 ISBN: 978-84-614-6167-7



VELOCITY, PRESSURE AND SHEAR RATE DISTRIBUTIONS IN STENOSED CHANNELS

20

s

Fis)

Power-law model

0.01

0.015

1(m)

(a)

0.02 0.025 0.03

0.003 (.01 0.015 002 0.025 0.03

xGm})

(b)

Figure 6: Shear rate along Line 1 (Fig. 1). (a) Channel C3 for the different rheological
models. (b) Carreau model and distinct channels.

Like it was observed for the velocity and shear rate profiles, the pressure fields
were qualitatively the same for the distinct channels and rheological models, Fig

7.
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Figure 7: Pressure distribution (Pa) in the plane z = 0 for channel C3 and Carreau model.

The pressure profile along Line 2 (Fig. 1) is dependent of the used rheological
model and the pressure drop along the atheroma is much lower when the
Newtonian behaviour is considered (Fig. 8(a)).
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Figure 8: Pressure along Line 2 (Fig. 1). (a) Channel C2 and distinct rheological models.
(b) Power-law model and distinct channels.
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In Figs. 8(a) and (b) it can also be observed that the pressure reaches a maximum
in the wall of the atheroma.

In the opposite side of the base of the atheroma, Line 1 (Fig.1), the presence of
this obstruction is also felt, as can be observed in Fig. 9. Since the influence of
the atheroma is much lower along the referred line, the pressure for Newtonian
fluid exhibits almost a linear behaviour, as the one existent in a cylindrical duct.
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Figure 9: Pressure along Line 1 (Fig. 1). (a) Channel C2 and distinct rheological models.
(b) Power-law model and distinct channels.

4. Concluding Remarks

In the present work, the influence of rheological properties of blood and stenosis
degree in the properties of the laminar blood flow in stenosed channels has been
studied using the commercial finite element code POLYFLOW™, The governative
equations were solved using different constitutive models — Newtonian fluid,
power-law model and Carreau model. Additionally, different computational
domains were also analysed.

The impact of the different rheological models in the velocity profiles were
analysed and it was observed that velocities obtained for the Newtonain fluid
were slightly different from the ones predicted when the blood was considered a
non-Newtonian fluid, this tendency being also observed for the shear rate.
Concerning the pressure profiles, different results were obtained for the distinct
constitutive equations.

The analysis of pressure and shear rate developed in the wall of the channels

shown that he maximum shear rates were achieved in the top of the atheroma and
pressure reaches a maximum in the wall of the atheroma.
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When the walls of the atheromas are submitted to large pressures, it is possible to
generate an endothelium disruption and consequently lead to the formation of a
new thrombus. The numerical results revealed that pressure achieves a maximum
in the walls of the atheromas, fact that can explain the referred clinical problem.
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