EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

1:I]lumerical and experimental analysis of carotid artery blood
ow

Citation for published version (APA):

Steenhoven, van, A. A., Rindt, C. C. M., Reneman, R. S., & Janssen, J. D. (1990). Numerical and experimental
analysis of carotid artery blood flow. In Biomechanical transport processes : proceedings of a NATO Advanced
Research workshop, Cargese, France, October 9-13, 1989 / Ed. F. Mosora, C.G. Caro, E. Krause (pp. 67-75).
(NATO ASI Series. Series A : Life sciences; Vol. 193). Plenum Press.

Document status and date:
Published: 01/01/1990

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 17. Nov. 2023


https://research.tue.nl/en/publications/8858bdc4-e967-4cbd-bee9-97bb78bacd17
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ABSTRACT

To obtain more insight into the complex blood flow patterns in the carotid
artery bifurcation, finite element calculations have been carried out
combined with flow visualization studies and laser-Doppler velocity measure-
ments. As curvature effects are expected to be important in a bifurcation,
first the steady flow development in a curved tube was investigated. From a
detailed analysis of steady flow in a three-dimensional model of the carotid
artery bifurcation it is concluded that curvature effects indeed play an
important role in the daughter branches of this bifurcation, but also that
the local geometry of the carotid sinus highly affects the axial and
secondary flow fields. In general a good agreement is found between the
numerical and experimental results.
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INTRODUCTION

In the development of non-invasive detection methods of atherosclerotic
lesions in the carotid artery bifurcation at an early stage of the disease,
insight into the complicated flow field in this bifurcation is indispensable.
The geometry of this bifurcation is shown in figure 1. It consists of a main
branch, the common carotid artery, which asymmetrically divides into two
branches, the internal and external carotid arteries. The internal carotid
artery is characterized by a widening in its most proximal part, the sinus or
bulb. Detailed experimental information about the flow field in this
bifurcation has been obtained for the steady case by Bharadvaj et al.(1982)
and for the unsteady case by Ku et al.(1983).

The aim of the present study is to develop an accurate numerical model of
fluid flow in the carotid artery bifurcation. With such a model the
influences of interindividual variabilities in geometry and the presence of
small stenoses on the flow field can be quantified. The geometry used in this
study is similar to that used by Bharadvaj et al.(1982); the characteristic
dimensions are shown in figure 1. Both calculations and measurements were
carried out enabling an experimental validation of the numerical model. In
earlier studies, the numerical (Cuvelier et al.,1986 and van de Vosse et
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Figure 1. Schematical presentation of the human carotid artery bifurcation
(Adapted from Bharadvaj et al., 1982).

al.,1986) and experimental methods (Corver et al.,1985 and van Steenhoven et
al.,1988) were described. Besides, in an experimental and numerical study by
van de Vosse et al.(1985) steady and pulsatile flow over a two-dimensional
square step was analysed. Rindt et al.(1987) performed steady and unsteady
velocity measurements and calculations of fluid flow in a two-dimensional
model of the carotid artery bifurcation. A study by van de Vosse et al. (1990)
indicated that three-dimensional analysis of the flow field in the carotid
artery bifurcation is necessary to better understand the in vivo flow
situation. To gain more insight into the secondary flow patterns and because
of its geometrical simplicity, first steady entrance flow in a 90-degree bend
was studied. Bovendeerd et al.(1987) performed laser-Doppler velocity
measurements in such a bend, while three-dimensional calculations were
reported by van de Vosse et al.(1989) and Rindt (1989). Next, the steady flow
in a three-dimensional model of the carotid artery bifurcation was analysed,
using experimental (Rindt et al.,1989) and numerical (Rindt et al.,1990)
techniques. In all those studies a reasonable agreement was found between the
numerical and experimental results.

In this paper the numerical and experimental methods used will be briefly
described and some characteristic results for steady flow in a 90-degree bend
and in a 3D-model of the carotid artery bifurcation will be presented. For
the sake of clearness the total flow field will be divided into axial and
secondary flow fields, the latter defined as the flow field in a
cross-section perpendicular to the tube axis. The results will be shown at a
Reynolds number, based on the diameter of the common carotid artery, of about
700. The flow division ratio between the internal and external carotid
arteries is chosen to be about 50/50. Both numbers correspond to the peak
systolic values of blood flow in the carotid artery bifurcation (Ku et
al.,1983)

NUMERICAL METHOD
Flow of an incompressible and isothermal fluid is described by the momentunm

and continuity equations. Neglecting gravity effects, for steady flow these
equations read in dimensionless form:

elu-Vo=0 ;: Va=o (1)
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with u the velocity vector, s the Cauchy stress tensor and V the gradient
vector operator. In this study only Newtonian fluids will be considered for
which the Cauchy stress tensor is coupled to the velocity field as:

a=—p1+%5[§5+(\?3)°] . Re= (2)

E2 )
with p the pressure, I the unit tensor and (Vu)c the conjugate of the
velocity gradient tensor. Re denotes the Reynolds number and its value is
calculated from the diameter (D) and mean velocity (U} at the inlet and the
kinematic viscocity v of the fluid.

The numerical method used is based on a Galerkin finite element
approximation of equations 1 and 2, which leads to the following set of
non-linear equations (Cuvelier et al.,1986):

IN(U) + SJU+L'P=B ; LU=0 (3)

Here N(U)U represents the convective acceleration term, SU the viscous term,

LTg the pressure gradient term and LU the velocity divergence term. B

represents the boundary forces and U contains the velocity and P the pressure
unknowns in the nodal points. To avoid partial pivoting this set of equations
is uncoupled with the penalty function method. The non-linear convective tern
N(U)U is linearised by a Newton-Raphson iteration method. The construction of
the system of equations, its solution and the post-processing of the velocity
data is carried out with the finite element package SEPRAN (Segal,1984).

The discrete points, in which velocities and pressures are calculated, are
determined by partition of the 3D-geometry into elements. The 3D element used
is the so-called Crouzeix-Raviart element, shown in figure 2a. It has 27
nodes for the velocity (triquadratic, 81 velocity unknowns) and 1 node for
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Figure 2. The element used (a) and the element divisions for the 90-degree
curved tube (b) and the carotid artery bifurcation (c).
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the pressure (linear, 4 pressure unknowns). Due to the triquadratic
approximation within the element the velocity has a third order accuracy.
Figure 2b shows the element division used for the analysis of the steady
entrance flow in a bend. It consists of 20 elements in axial direction and 30
elements per cross-section. Figure 2c shows a plot of the element division of
the carotid artery bifurcation, where 1474 elements were used.

For both geometries similar boundary conditions were used. Flow at the
inlet was supposed to be fully developed, which means a parabolic axial
velocity profile and zero secondary velocities. The velocities at the wall
were presumed to be zero, according to the no-slip condition. At the outlet
the normal and both tangential stresses were set to zero, while in the plane
of symmetry both tangential stresses and the normal velocity component were
put to zero.

EXPERIMENTS

In figure 3a the experimental set-up is shown for the visualization
experiments and velocity measurements under steady flow conditions. By means
of a voltage controlled gear pump P the fluid was pumped from the reservoir R
into the measurement section. A long circular pipe upstream of the model was
used to ensure a fully developed pipe flow at its entrance. The 3D-models
consisted of two halves of perspex, split at the plane of symmetry, in which
the 90-degree curved tube and the carotid artery bifurcation were machined
out. In figure 3b the models used for the laser-Doppler experiments are
presented; for the visualization experiments 5 times enlarged models were
used. The ratioc of tube radius and curvature radius for the bend was chosen
to be 1/6, resembling more or less the geometry of the entrance region of the

internal carotid artery.
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Figure 3. Fluid circuit as used in the experiments (a) together with the
perspex models of the 90-degree curved tube and the carotid artery
bifurcation (b).
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The fluid flow was visualized with the use of the hydrogen bubble
technique, as described by Merzkirch (1974). The cathode is a thin (20 gm)
platinum wire positioned in the flow field to be studied. The anode is a
stainless-steel plate located in such a place that is does not disturb the
flow. The fluid used was demineralized water to which a small amount of an
electrolyte (0.5% acetic acid) was added. Hydrogen bubbles are produced
periodically at the cathode by a square wave generator. The axial flow field
in the symmetry plane of the 90-degree curved tube was visualized
simultaneously at two locations (0 and 38 degrees) along the bend. To
visualize the secondary flow patterns also sheets of hydrogen bubbles were
produced applying a dc voltage between the electrodes. In that case the
cathode wire was placed out of the plane of symmetry.

The fluid velocity was measured by a one-component laser-Doppler
instrument (DISA, measuring volume = 400 pm x 40 gm x 40 pm), based on the
forward-scattering reference-beam method. A Bragg cell was used to
discriminate velocity directions. Velocity measurements in 3D-geometries
require exact matching of the refraction indices of the fluid and of the
perspex models. Therefore, as circulating fluid a mixture of oil (Shellflex
214 BG) and kerosine was used. The experiments were performed at 400C to
lower the kinematic viscosity of the oil mixture and to eliminate the
influence of ambient temperature variations. For seeding silicagel
(Lichrosorb, Si 100, mean particle diameter 5 pm) was used. Three stepper
motors were used to traverse the model in three independent directions,
through which positioning of the measuring volume at various sites in the
model was possible with an accuracy of about 5 gm in each direction.
Independently, the axial velocity component and both secondary velocity
components were measured in about 100 grid points per cross-section. For each
measurement 10 samples were taken from which the mean value and the 95%
confidence interval were calculated. A personal computer was used to control
the traversing mechanism and the data acquisition.

RESULTS

In figure 4 the results of the flow visualization in the 90-degree bend are
shown. In the upper panel the axial flow field is visualized in the plane of
symmetry. Due to the centrifugal forces the profiles remain not axial
symmetric. The maximum velocities occur near the outside wall, while at the
inner wall a so-called velocity plateau is formed. Due to the interaction of
centrifugal, pressure, and viscous forces two helical vortices develop; one
at each side of the plane of symmetry. This pattern is visualized for the
upper half in the lower panel of figure 4.

In figure 5a the axial velocity profiles in the plane of symmetry are
presented for both the laser-Doppler measurements and the finite element
calculations. A similar shift to the outer bend is found as observed from the
visualization experiments. There is a fair agreement between the experimental
and numerical data, although in the numerical case the axial velocity plateau
at 58.5 degrees is somewhat less developed. In figure 5b the calculated and
measured secondary flow fields at 23.4 and 58.5 degrees are presented by
velocity profiles of the component parallel to the plane of symmetry (upper
half) and the component perpendicular to the plane of symmetry (lower half).
As shown in this figure and visualized in figure 4, the secondary velocities
near the plane of symmetry are directed from the inner bend towards the outer
bend, while near the side wall a circumferentially inward motion of the fluid
occurs. Here again a good agreement exists between the experimental and
numerical results.

In figure 6 the visualized flow field in a 3D-model of the carotid artery
bifurcation is shown. The visualization wires are placed perpendicular to the
plane of symmetry. From this figure it is concluded that also at the entrance
of the internal carotid artery secondary motions are present.
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Figure 4. Flow visualization in the plane of symmetry (a) and in the upper
half (b) of the 90-degree curved tube (Re = 840).
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Figure 5. Calculated (-) and measured (ooo} axial velocity profiles in the
plane of symmetry (a) and secondary velocity profiles at two
cross-sections (b) of the 90-degree curved tube (Re = 640, I: inner
wall, 0: outer wall, S: side wall).
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Figure 6. Flow visualization in a 3D-model of the carotid artery bifurcation
(Re = 900).

a1

|

Figure 7. Calculated (-) and measured (ooo) axial velocity profiles in the
plane of symmetry (a) and secondary velocity profiles at two
cross-sections (b) of the carotid artery bifurcation (Re = 640,
D: divider wall, S$: side wall). From Rindt et al.(1990), with
permission.
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In figure 7a the axial velocity profiles in the plane of symmetry of the
bifurcation are presented for both the laser-Doppler measurements and the
finite element calculations. The characters C, I and E refer to the common,
internal and external carotid arteries and the numbers to axial distances to
the flow divider expressed in diameters of the main branch. In the model
common carotid artery (Cl1.5) the velocity profile is parabolic. At the
entrance of the internal carotid artery high axial velocities are found near
the divider wall, which is primarily caused by flow branching. A region with
negative axial velocities with a diameter up to 60% of the local diameter of
the bulb is found opposite to the flow divider. The agreement between the
experimental and numerical data is good. In figure 7b the profiles of the
secondary velocity components are shown at positions one diameter downstream
in the internal and external carotid arteries. Near the plane of symmetry the
secondary velocities are directed towards the divider wall and near the side
wall they point circumferentially back towards the non-divider wall. There is
again a fair agreement between the numerical and experimental data.

CONCLUDING DISCUSSION

From the present study it i1s concluded that the finite element method can be
used for detailed analyses of fluid flow in complex three-dimensional
geometries. The findings in this study also indicate that qualitatively the
secondary flow fields in a curved pipe and halfway the carotid sinus show
remarkable similarities, although other results (Rindt et al.,1990) suggest
that at the entrance and end of the bulb the secondary flow fields are also
highly influenced by the specific geometry of the carotid sinus. Both
findings support the statement of Olsen {1971) that the flow phenomena in a
symmetrical bifurcation with straight daughter branches mainly originate from
curvature effects. On the contrary to the flow in a 90-degree curved tube, a
large region with reversed axial flow is observed opposite to the flow
divider in the internal carotid artery. These negative axial velocities are
mainly due to the divergent geometry of the inlet section of the carotid
sinus. The width of the region is somewhat larger than the value reported by
Bharadvaj et al.(1982), probably due to the higher flow division ratio
(70/30) used by them.

In the near future the unsteady flow phenomena in the carotid bifurcation
will be investigated. Next, the influence of the wall flexibility on the
axial and secondary flow fields has to be evaluated. To that end, the
analysis of wave propagation of pressure and flow pulses (van Steenhoven and
van Dongen,1986 and Horsten et al.,1989) has to be incorporated in the
numerical model. A strategy and some preliminary results have been described
by Reuderink et al.(1989).
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