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Abstract

A numerical study of the secondary flow in two geometrically different models of a common carotid artery has been
carried out. One of the models (Model 1) is characterized by a statistically averaged curvature, and the second one
(Model 2) is attributed to the maximal curvature of the artery. It was shown that the most intensive swirl occurred at the phase
of flow rate decreasing, the maximum values of the swirl parameters were observed at the interface of the cervical and thoracic
segments of the artery. This interface is the place where the Dean vortices are transformed into a single vortex forming a
swirling flow. The swirl intensity averaged over the systole and characterized by the ratio of the maximal values of the axial
and circumferential velocities was evaluated as 0.20 for Model 1 and 0.25 for Model 2. Generally, it was in accordance with

the data of clinical measurements.
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Introduction

Carotid arteries are the major blood vessels deliv-
ering blood from the heart to the brain. The left com-
mon carotid artery originates from the aortic arch and
the right one from the brachycephalic artery. Both split
into the internal carotid artery, which supplies blood to
the brain, and the external carotid artery, which feeds
blood to the rest of the head.

Recent studies on the effect of spatial curvature of
the common carotid artery on blood flow [1-3] sug-
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gest that flows with axisymmetric velocity distribu-
tions in the arterial cross-sections virtually never oc-
cur. As proved by the results of the computations per-
formed for spatially curved geometry of the common
carotid artery in Ref. [1], a flow with a skewed axial
velocity profile evolves in the artery, even at a mod-
erate curvature of its cervical segment. The maximum
velocity is shifted towards one of the walls due to the
development of secondary (cross) flows. The compu-
tations performed in [2] for a tortuous carotid model
also point to the formation of a flow with a strongly
skewed axial velocity profile. Ref. [3] studied the sec-
ondary flow in the common carotid artery using an
ultrasonic Doppler technique; the authors detected the
presence of Dean vortices and a skewed axial velocity
profile.
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Table 1
Geometrical parameters of the right common carotid artery and the models examined.
Parameter Notation Value
MRI data Statistically average Model with maximal
model (M1) physiological tortuosity (M2)
Radius of curvature, mm
Cervical segment R; 40+£20 40 20
Thoracic segment R, 1504100 150 50
Chord length, mm
Cervical segment RT 40+ 15 40 40
Thoracic segment RC 60+ 15 60 60
Angle between the chords, deg o 25425 25 25
Angle between the planes in which 0 90490 90 90

the cervical and the thoracic
segments lie

Note: The MRI data was obtained by averaging over 28 healthy volunteers in Ref. [1].

In the present paper, we used the methods of com-
putational fluid dynamics to study the flow in two ge-
ometrically different models of the common carotid
artery, the statistically average one and the one with
maximum physiological tortuosity. We have examined
the temporal and spatial evolution of swirling blood
flow depending on the curvature parameters of the
artery and have drawn conclusions about the structure
and features of the blood flow in the tortuosities.

Geometrical model of the common carotid artery

The geometry of the examined models has been
constructed from the data obtained by 3D magnetic
resonance angiography of blood vessels in the region
from the aortic arch to the bifurcation of the carotid
artery; the data was averaged over 28 healthy volun-
teers [1]. According to the technique proposed in [1],
the common carotid artery was conventionally divided
into the thoracic and the cervical segments; the best-
fit circular arcs were used for estimating the centerline
radius of curvature (RC) for each of the segments. The
estimation was carried out by the least square method.

The geometrical parameters of the considered artery
models, as well as the range of physiological data from
Ref. [1] are listed in Table 1. The simulation was per-
formed with an inner vessel radius R =2.5 mm.

The choice of the second geometry (Model 2) was
governed by the extreme values of the radii of cur-
vature of the cervical and thoracic segments from the
physiological range.

The geometry of the common carotid model was
constructed in several stages using the DesignModeler
software that is a part of the ANSYS Workbench plat-
form. First, arcs with a common intersection point at

the origin were constructed in mutually perpendicular
planes XY and XZ: the first arc corresponded to the
cervical segment of the common carotid artery and
the second one to the thoracic one (Fig. 1). Each arc
was described by the radius of curvature and the chord
length. Equally spaced points were then plotted on the
arcs, and a smooth space curve was drawn through the
points using the 3D-Spline tool. This curve served as
an axis for the common carotid model. As the final
stage, a cylindrical surface simulating the inner wall
of the artery was constructed.

Mathematical model

Three-dimensional unsteady Navier—Stokes equa-
tions were solved in order to simulate the flow in the
common carotid artery. The computations were per-
formed with the ANSYS CFX code by the control
volume method with second-order accuracy in space
and time.

A uniform velocity profile and a variation in the
mean flow velocity during the cycle (which will be
demonstrated below by the dotted curve in Fig. 5)
were specified at the inlet boundary. The mean ve-
locity curve was obtained from the flow rate curve
reproducing the results of clinical measurements of
blood flow in healthy volunteers by phase-contrast
magnetic resonance imaging (MRI) [4]. The cycle pe-
riod T=1s. The velocity increase phase makes up
15% of the total cycle time. The maximum mean flow
velocity for the period Vpmax =0.7m/s. The phase of
mean flow velocity decrease is characterized by the
presence of three local velocity maxima associated
with the motion of the pulse wave through the ves-
sels. A constant pressure was specified at the outlet
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Fig. 1. Stages of constructing a geometrical model of the right common carotid artery: a is the MR image of the blood vessel network (the
left and the right common carotid arteries are marked); b is the right common artery divided into segments (7 is the thoracic and C is the
cervical segment); c is the vessel axis (dashed line), thoracic and cervical segments (solid line); d is the common carotid model obtained by
smoothing the thoracic and cervical arcs with subsequent construction of the cylindrical surface [1].

boundary of the vessel model. The no-slip condition
was imposed on the walls.

The computations were performed for a liquid
whose properties were similar to blood: the dy-
namic viscosity coefficient u=0.004Pas, the density
o =1000kg/m?. The maximum Reynolds number per
cycle for these parameters is

Re = 2pVp maxR/ 1 = 900
and the Womersley number is

Wo = R\ 2mp/uT = 3.
Choice of the computational mesh

The computational mesh for the common carotid
model was constructed in the ANSYS Meshing (an
application of the ANSYS Workbench environment)
using the Body Sizing and Inflation tools. The first of
these tools sets the type of the mesh elements and their
maximum size, and the second sets the clustering of
the mesh to the model’s wall. The computational mesh
consisted of prismatic elements whose maximum size
was selected based on a mesh convergence test.

Fig. 2 shows two of the four computational meshes
in the cross-section of the artery model. We used the
coarsest (with a total number of 43,000 elements) and

Fig. 2. Images of the coarsest (a) and the finest (b) computational
meshes in the cross-section of the artery model.

the most refined (with 450,000 elements) meshes for
the mesh convergence test.

Fig. 3 shows the axial velocity field in the cross-
section positioned in the middle of the cervical seg-
ment. The field was computed using the two meshes in
the steady-state problem case for artery model 2 with
the mean flow velocity V;, =0.7m/s (this value corre-
sponds to the maximum velocity per cycle in case of
unsteady problem setting).

The results of the mesh convergence test allowed
to reach a general conclusion that the velocity field
for the coarsest mesh was significantly different from
the fields obtained for the other three meshes (86,000,
172,000, and 450,000 elements). However, the results
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Fig. 3. Axial velocity fields in the middle of the cervical segment
(cross-section), computed for the coarsest (a) and the finest (b)
meshes.

for the second and the third grids were very similar:
the difference did not exceed 5%. As a result, the grid
with 450,000 total elements was chosen for unsteady
computations.

A test was also performed on the time-step sen-
sitivity of the obtained results. The solutions com-
pared were obtained with the steps of 0.005, 0.010
and 0.020s. As a result, it was found that the solution
varied only slightly with decreasing time steps in the
specified range; because of this, the main computa-
tions were carried out only with a step of 0.01s.

a

Computational results

The computations revealed that Dean vortex pairs
in which the fluid rotated in opposite directions formed
in the thoracic segment of the common carotid artery.
The Dean vortices in Fig. 4 are visualized by Q-
criterion isosurfaces; they have the form of two struc-
tures of similar shape, elongated along the outer wall
of the vessel model. Upon entering the cervical seg-
ment of the common carotid, the Dean vortices were
transformed into a single vortex generating a swirling
flow. The most intense swirling was generated in the
junction between the thoracic and cervical segments.
The swirl attenuated downstream, and a second vortex
emerged approximately in the middle of the cervical
segment, gradually increasing in size along the length
of the vessel.

Two parameters were used to characterize the inten-
sity of the swirling flow: the integral swirl parameter
S,

_ fV(szrzdr
o Rszzrdr ’

b

Fig. 4. Q-criterion isosurfaces in the phase of flow rate decrease (r=0.3s) and the flow lines in the three cross-sections (I, 1, III) for Model
1 (@) and Model 2 (b); the inset shows the dynamics of the mean flow velocity per cycle, the time t=0.3s is marked with a dot.
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Fig. 5. Variation of the two swirl parameters during the cycle: S
(dashed lines) and B (solid lines) in the cross-section in the middle
of the cervical segment for models 1 and 2, in comparison with the
dynamics of the mean flow velocity (dotted line).

which is defined as the dimensionless angular momen-
tum flux, and the swirl parameter 8 widely used in
practice:

,32 V(p max

VZ max ’
which is defined as the ratio between the maximum
peripheral velocity to the maximum axial velocity. In
these formulae r is the radial coordinate; R is the ves-
sel radius; V,, and V. are the circumferential and the
axial velocities.

Fig. 5 shows the variation of the two swirl parame-
ters during the cycle for both of the examined models.
It can be seen that the most intense swirl occured dur-
ing systole (from about 0.17s to 0.40s). During this
time interval S~0.08 and B~ 0.2 for the statistically
average model, while the swirl intensity was higher by
about 30-50% for the model with maximum physio-
logical tortuosity. Notably, the §/S ratio was approxi-
mately constant for both models for most of the cycle
and amounted to 2.0-2.5.

Fig. 6 shows the variation of the swirl parameters
along the length of the cervical segment of the artery
model. It is characterized by a smooth decrease that is
almost linear in some regions. Despite a pronounced
difference between the swirl intensities obtained for
the two models in the beginning of the cervical seg-
ment (S&0.1, 0.2 for Model 1; Sx0.2, ~0.45
for Model 2), the intensities of the swirling flow lev-
eled by the end of the cervical segment and were char-
acterized by the values S~ 0.05, 8~ 0.1. These values
are recommended for use as inlet conditions in setting
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Fig. 6. Variation of the swirl parameters over the length of the cer-
vical segment: S (dashed lines) and B (solid line) at time = 0.3 s for
models 1 and 2 of the common carotid artery; the inset is identical
to the one shown in Fig. 4.

a numerical problem on computing the blood flow in
the carotid bifurcation.

Conclusion

Swirling flow in the tortuous carotid artery is
formed under the influence of the spatial curvature of
the artery and the pulsating nature of the flow. The
most intense swirl is formed during the flow rate de-
crease phase at the junction of the thoracic and cer-
vical segments, where the Dean vortices, typical for
flow in curvilinear tubes, are transformed into a sin-
gle vortex generating the swirling flow. As the swirl
attenuates, a second vortex re-emerges downstream.
The mean swirling intensity per systole (determined
by the ratio of the maximum circumferential velocity
to the maximum axial velocity) amounts to 0.20 for
the model of the statistically average common carotid
artery and to 0.25 for the model with maximum phys-
iological tortuosity, which agrees with the clinical re-
sults [5].
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