
 

Influence of the pulse shape on the flow field in a three
dimensional model of the human carotid artery bifurcation
(LDA experiments)
Citation for published version (APA):
van der Beek, M. H. E. (1994). Influence of the pulse shape on the flow field in a three dimensional model of the
human carotid artery bifurcation (LDA experiments). (DCT rapporten; Vol. 1994.067). Technische Universiteit
Eindhoven.

Document status and date:
Published: 01/01/1994

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
DOI 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: 24. May. 2023

https://research.tue.nl/en/publications/b91fe4cb-c74d-406c-879d-e59d27551675


Influence of the pulse shape on the 
flow field in a three dimensional model 
of the human carotid artery bifurcation. 
(EDA experiments.) 

M.H.E.van der Beek 
June 1994 
WFW 94-067 

Laboratory of Biomechanics 
Department of Mechanical Engineering 
Eindhoven University of Technology 

Report on a Period of Practical Training 



INFLUENCE OF THE PULSE SHAPE ON THE FLOW FIELD IN 
A THREE DIMENSIONAL MODEL OF THE HUMAN CAROTID 

ARTERY BIFURCATION. 

M.H.E. van der Beek. 

Laboratory of Biomechanics, Department of Mechanical Engineering, Eindhoven University of Technology, 
P.O.BOX 513,5600 MB Eindhoven, ïhe  Nethedands. 

Abstract Unsteady flow measurements were performed in a stenosed and a non-stenosed 25:l enlarged three 
diimensi0n-d model of ?he hman mrotid a e r y  bifurcation at Reynolds numbers Remb=iûûû and Re,,k=270 with a flow 
division ratio of 35% and Womersley parameter 1~~7.24. Both axial and secondary velocities were measured by means of 
Laser Doppler Anemometry P A ) .  ïhe influence of the pulse shape was examined by decreasing the systolic deceleration 
of the flow pulse with respect to the pulse used in the experiments of Gijsen et al. (1993). Comparing the results of the non- 
stenosed model with those of Gijsen et al. (1993) yields to results that are in complete accordance to what we would expect 
from the fuidmgs of Palmen et al. (1992): the velocity distribution of the pulse with a decreased systolic deceleration 
displays a smaller region with reverse flow containing more negative velocities, a more pronounced shear layer and an 
increased vortex formation. JLxpehents in the stenosed model show that the main differences in the flow field of the 
stenosed model can be found in the shear layer and in the area with high velocities as confirmed by the results of Gijsen 
et al. (1993). As conclusion of this paper it can be said that whereas the effect of the pulse shape cames much weight, the 
infiuence of the stenosis on the flow field is rather subtle. This should certainly be taken into account in the diagnosis of 
cardiovascular lesions based on the detection of flow disturbances. 

INTRODUCTION 

Detailed information about the flow field in the 
human carotid artery bifurcation is of great clinical 
interest with respect to studies of both genesis and 
diagnostics of atherosclerotic disease. The 
bifurcation consists of a main branch, the common 
carotid artery (CCA), which asymmetrically divides 
into two branches, the internal (ICA) and external 
carotid artery @CA) (fig.1). The internal carotid 
artery is characterized by a widening in its most 
proximal part., the sinus or the bulb. The non- 
divider wali of this sinus is very sensitive to the 
development of atherosclerotic lesions. 

Clinical non-invasive diagnosis of such lesions is 
often based on detection of flow disturbances 
induced by these lesions meneman and Hoeks 
(1982)l. In clinical practice we are dealing with 
patients who each have a different heart pulse. That 
is, the shape of the heart pulse can vary between 
patients and per patient the pulse shape can vary in 
time. Previous studies have already dealt with 
stationary and instationary flow fields in non- 
stenosed K u  et al. (1989, Rindt et al. (1990)l and 
stenosed palmen et al. (1992)l three dimensional 
models of the carotid artery bifurcation. From the 
hydrogen-bubble visualisation study performed by 
Palmen et al. (1992), it appeared that, among 
others, the shape of the flow pulse significantly 
influences the flow phenomena in the carotid artery 
bifurcation. 

Considering the above the following questions can 
evolve: what is the specific influence of the shape 

of the flow pulse on the flow field in the 
bifurcation and to what extent is it possible to 
distinguish the influences of the stenosis from the 
influences of the shape of the flow pulse? 

This present study deals with Laser Doppler 
Anemometry (LDA) experiments in three 
dimensional plexiglass models of the carotid artery 
bifurcation. The experiments have been performed 
in the same plexiglass models, of a stenosed and a 
non-stenosed carotid artery bifurcation, as were 
used in the LDA experiments performed by Gijsen 
ei al. (1993). Except for the shape of the flow 
pulse, the experiments were performed under the 
same instationary flow conditions. The influence of 
the pulse shape on the velocity field will be 
examined by decreasing the systolic deceleration. In 
this way the flow field will have more time to 
adjust from systolic peak velocities to the diastolic 
velocity levels at the end of systoie. 
This paper has two main objectives: (1) to 

examine the infiuence of the shape of the flow 
pulse on the flow field by comparing the results of 
the non-stenosed model with earlier results of 
Gijsen et al. (1993). (2) comparing the influence of 
the stenosis on the flow field with the influence of 
the shape of the flow pulse. 

EXPERIMENTAL METHODS 

Experimental setup and materials 

The geometry of the rigid three dimensional 
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fig.1 Geometies of the non-stenosed (a) and the 25% stenosed 
(b) carotid artery bifurcation in the plane of symmetry and a 
cross section of the stenosed carotid sinus (c). 

model of the non-stenosed carotid artery bifurcation 
as used in this study, is based upon the data of 
Bharadvaj et al. (1982). The experiments have been 
performed in 2 5 1  enlarged plexiglass models, a 
non-stenosed and a 25% mildiy stenosed carotid 
artery bifurcation, of the physiological bifurcation 
(fig.1). The mildly stenosed model has a stenosis in 
the bulbus of the intemal carotid artery at the non 
divider wall that reduces the lumen of the intema 
with 25%. The dimensions of the stenosis are 
L,=5D/4, k11D/8  and B20mm. A more 
extensive description of the models has been given 
by Palmen et al. (1992). Both the models have been 

machined out of plexiglass with an index of 
refraction n=1.491. 

The fluid circuit containing the models is 
schematically presented in fig.2. The reservoir 
containing the working fluid, is placed in a 
container fdled with water that is kept at a constant 
temperature of 360 C. A gear pump with non-metai 
cog wheels (micropump, Verder) is used to generate 
the stationary flow component. The instationary 
flow component is generated by a computer 
controlled piston pump (superpump, VSI). The fluid 
passes a settling chamber and an inlet tube of 
length 150D, where D represents the diameter of 
the common carotid artery, before entering the 
model of the carotid artery bifurcation. This inlet 
tube is necessary to guarantee a stable and fully 
developed flow as the fluid enters the measuring 
section. Return tubes with taps and flow sensors 
(transflow 601, Skalar instruments) transport the 
fluid back to the reservoir. 

The fluid used is a concentrated solution of 71% 
weight percent KSCN in water (n=1.487 at a 
temperature t = 37.1' C). This specific solution is 
used to enable matching of the refraction index to 
that of the plexiglass models. The KSCN solution 
behaves like a Newtonian fluid with a dynamic 
viscosity q = 2,90*iO-3 kg.m-'.s-' at 36' C and a 
density p = 1.41'16 kg/m3 at 36' C .  By using the 
dynamic viscosity and the density of the solution, 
the kinematic viscosity can be calculated as 2) = q/p 
= 2.0' m2.s-'. In order to facilitate laser-Doppler 
measurements the KSCN solution was seeded with 
Rutile crystals with sizes smaller than 15 pm 
(Irodine 11 1, Merck). 

i 

f i g 2  Schematic representation of the fluid circuit. 

The actual velocity measurements have been 
performed using a two component fibre optics LDA 
system in backscatter mode Ui combination with a 
Flow Velocity Analyzer (58N20, Dantec). The laser 
apparatus is a 300 mW argon-ion laser (5500A, Ion 
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Laser Technology). This apparatus can generate 
three laser beams by electrical discharge for 
measuring the three velocity components that exist 
in a three dimensional flow. As we are only 
inkrested in two velocity components, only the 
green (A = 488.0 nm) and the blue (I. = 515.5 nm) 
laser beam are used in this 2D configuration. Via 
fibEglass, these two beams are transmitted to the 
measuring probe where a front lens with focal 
length of 80mm focuses the laser beams to form a 
measuring volume with dimensions 50x50~200 pm. 
Because both the tmmsrniüer and the meiver of the 
LDA apparatus are located at the same side of the 
measuring volume, the LDA apparatus is said to 
work according to the backscatter method. More 
deîailed information concerning the LDA apparatus 
and the backscatter principle can be found in Gijsen 
et al. (1993) and Kleuskens (1992). 
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Experimental procedure 

The physiological fiow pulse is modeled by 
superimposing a cosine that lasts 30% of the period 

f i g 3  Schematic representation of the pysiological flow pulse. 

time on a steady flow component (fig.3). Notice 
that the systolic peak consists of a accelerating 
cosine part and an decelerating cosine part that lasts 
twice as long. The piston pump that generates the 
instationary flow component is controiied by a 
control unit (servo power amplifier, VSI). The 
position curve for controlling the position of the 
piston, is generated in a separate MATLAB 
program and sent via an ASYST program to the 
control unit. The stationary flow component is 
generated by the gear pump which output flow can 
be varied uniformly. 

The dimensionless parameters, for approximating 
physiological flow conditions, are the Reynolds 
numbers Rebm,, and Re,m,,, the Womersley 
parameter Q and the flow ratio y that are defined as: 

where U represents the cross sectional mean 
velocity in the CCA, D is the diameter of the CCA, 
2) is the kinematic viscosity of the KSCN solution, 
T denotes the period of the flow cycle and Qxt, 

Q,, represent the flow in the ECA and the CCA 
respectively. The experiments have been performed 
for Rehmle=270, pes,w~e=lOOO, e7 .24  and ~0.35 
during a flow pulse. The correct value of y can be 
obtained by tuning the taps in the return tubes. 
These taps control the resistance of the internal and 
external carotid artery. 

Velocities have been measured along the centre 
lines in the piane of symmetry (symmetry axis) and 
in the plane perpendicular to the plane ofsymmetry 
(horizontal axis). Velocity measurements in the 
communis (C), are performed along a line that is 
situated at 31) upstream of the apex. In the intema, 
velocity measurements are performed at severai 
sites. Velocity measurements in the plane of 
symmetry are taken at 5 sites starting at the apex 
(Im). A new site is defined by moving along the 
axis of the interna every 0.5D (Io,, I,,, I,, and I*,). 
In the horizontal plane, measurements are 
performed only until site I,, because the 
experiments of Gijsen et al. (1993) show that there 
are no significant differences between the I,, and I,, 
plane for both the axial and secondary velocity 
distribution when measuring in the horizontal plane. 
Fig. 4a) outlines the measuring locations. Both in 
the communis and in the interna two velocity 
components are measured simultaneously. That is 
the velocity component paraiiel to the axis of the 
vessel (axial velocity) and the component 
perpendicular to this axis and parallel to the plane 
of symmehy (secondary velocity). The definition of 
positive and negative velocities are presented in 
fig.4b). 
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fig.4 (a) Measuring locations in the internal carotid artery. (b) 
Velocity akfinitions. 

Data acquisition and data processing 

Every measuring site, for example &,, is actually 
a line consisting of several measuring points. 
At every point, velocities have been measured 
during 16 cycles of the flow pulse with a period of 
6 seconds each. By means of the seeding 
concentration, the effective dab  rate is kept in the 
order of 30 Hz. Unfortunately, applying LDA in 
combination with the Flow Velocity Analyzer 
V A )  will cause some specific problems regarding 
data handling. For several reasons conversion of the 
original sample record to an equidistant sample 
record is therefore desirable [Gijsen (1993)l. Each 
cycle is then divided into 64 intervals and the 
velocities in these intervals are averaged using the 
transit time of the particle through the measuring 
volume as a weighting factor. From these 16 cycles, 
the 8 best cycles are selected manually using the 
averaged velocity signal as a criterion. Eventually, 
the remaining 8 cycles are used to compute the 
ensemble velocity signal in the specific measuring 
point. 

GENERAL RESULTS 

The ensemble averaged signals per line are 
presented in three dimensional plots. The parameter 
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'time' has been transformed into the dimensionless 
time t/r by dividing the actual time by the period 
of the flow pulse.The parameter 'velocity' is 
transformed into the dimensionless velocity 
'U/Ud'.This is the ratio of the actual velocity and 
the mean velocity in the communis at the end of 
diastole. Finally, the parameter 'position' presents 
the actual position along an axis divided by the 
local diameter of the vessel. In the intema 
'position = -1' defines the non-divider wall and 
'position = +l' responds to the divider wall. 
Velocity values at the wails are set to zero 
manually. 

Dealing with the results of the experiments may 
be somewhat hard to keep up with. For improving 
the readers insight, some definitions of areas in the 
flow pulse will be declared. 

M 

fig.5 Definition of various areas in aflow pulse as measured in 
the i, plane of the non-stenosed model. 
(a) systolic peak 
(b) area of flow reversal: region of reverse, negative flow 
(c) shear layer: transitional area, between an area of low 

velocities and the area with high velocities. containing high 
shear rates. 

(d) area with high velocities 
(e) diastolic phase: almost quasi-siationary flow. 



Non-stenosed carotid flow. 

Axial velocities along the axis of symmetry. 

C : Generally speaking the velocity signals will 
follow the shape of the flow pulse throughout the 
communis. The systolic peak occupies 30% of the 
flow cycle, followed by a quasi-stationary flow 
during the diastolic phase. The flow features at this 
site, the communis, are identical for both the 
normal and the stenosed model. 

b: Near the non-divider wall, an area with low 
velocities can be discerned throughout the flow 
pulse. Positive velocities during peak systole are 
relatively low. A region with flow reversal follows 
the steep velocity gradient during the deceleration 
phase of the flow pulse. This region with flow 
reversal persists throughout the diastolic phase at 
near wall sites, gradually decreasing in size as r/R 
increases. The high velocity area at r/R = 0.4 shows 
high velocities during systole that gradually 
decreasing during the diastolic phase. 

I& Near the non-divider wall, negative velocities 
can be seen throughout the diastolic phase. The area 
with flow reversal has increased at the expense of 
the high velocity area and the negative velocities 
are more negative with respect to the I,,,, plane. 
Moving towards the shear layer, a small oscillation 
can be seen at t/r = 0.47 and r/R = O. At r/R = 0.4 
steep velocity gradients introduce the shear layer. In 
the shear layer at r/R = 0.5 and in the area with 
high velocities at r/R = 0.7 some new features 
appear. After systolic peak, a second peak at 
t/r = 0.13 develops, followed by some oscillations 
before quasi stationary conditions are reached 
during the diastolic phase. 

1 1 ~  The main velocity feature3 near the non-divider 
wall remain the same as at site b. All the features 
in the shear layer and in the high velocity area are 
more pronounced. This includes both the peak after 
the systolic peak and the oscillations that arise at 
r/R = 0.4. 

Il& The area of flow reversal has diminished 
dramatically. This small area is followed by near 
zero velocities during diastole. The second peak 
arising after the systolic peak in the area with high 
velocities, has decreased in size and is shifted 
towarcls higher values of fl. The following 
oscillations are also smaller in size. 

1 

4 

1 
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VT 
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I*,: As well the absence of the area of flow reversal 
as the relatively high velocities near the non-divider 
wall during systole are caused by the convergence 
of the lumen of the ICA. From the non-divider wall 
up to r/R = -0.5, the velocity signal follows the 
flow pulse almost exactiy: a peak at the systolic 

diastolic phase. The velocity signal during diastole 
is not entirely constant mainly because of two 
oscillations at Vi' = 0.4 and at t/T = 0.5. A second 
peak develops at the onset of diastole further 
towards the divider wall €oflowed by a steep 
velocity gradient and some oscillations before quasi 
steady flow is reached in the diastolic phase. In the 
hardly perceptible shear layer the velocity dip after 
the second peak is followed by two oscillations at 
t/r = 0.5 and at t/T = 0.7. 

4 

phase and aimost constant velocity during the -2 1 

VT 

Secondary velocities along the m ' s  of symmetry. 

C : The seconday velocities in the communis in 1 

both the normal and the stenosed model are as 3 0 

expected zero. 1 

2 

-2 

roo: The velocities in this specific plane are not 
representative to the rest of the secondary velocities 
in the plane of symmetry. 

2 

1 

3 0  

1 

-2 
1 

Io& Near the non-divider wail, velocities are almost 
zero during the entire flow cycle. Moving towards 
the centre, these almost zero velocities lead to a 
velocity dip at VT = 0.2 foliowed by two 
pronounced osciIIations. These flow features extend 2 

towards the divider wall and, except for the fiist 1 

velocity dip, increase in size. ~ ina l~y ,  small negative 3 0 

velocities persist throughout the flow cycle near the 1 

divider wall. -2 
1 

i 

VT 

I& Negative velocities during the systolic phase in 
the 45 plane have turned to (aimost) zero velocities. 
Moving towards the centre the same flow features 
can be discerned. These features extend further 
towards the divider wall and are more pronounced 
than in the b5 plane. Secondary velocities near the 
divider waii are less negative or even positive. 

2 

3 o 

1 

1 
-2 

VT 

6 



115: Near the non-divider wall, the secondary 
velocities are directed towards the divider wall due 
to the convergence of the lumen of the intema A 
velocity dip at î/T = 0.1 and an oscillation followed 
by a velocity peak develops at î/T = 0.4 near the 
non-divider wall. In the centre the positive 
velocities triggered by the end of systole become 
more pronounced near the divider wall. Near the 
divider wall the secondary velocities are directed 
towards the non-divider wall due to the 
convergence of the lumen of the intema. 

Iz0: The main flow featms are almost identical to 
the ones in the 115 plane. The effect of the 
convergence of the lumen becomes more 
pronounced, which is best illush-ated by looking at 
the end of diastole and peak systole. 

Axial velocities along the horizontal axis. 

C : The flow features in the communis along the 
horizontal axis are identical to the flow features 
along the symmetry axis. 

b: At sites near the non-divider wall two 
oscillations can be discerned during systole, before 
quasi stationary flow conditions are reached in 
diastole. When moving towards the centre of the 
intema, both the oscillations disappear and are 
replaced by one systolic peak. In the area of 

r/R = 0.25 the systolic peak is followed by a 
steep velocity gradient and an area with negative 
velocities develops due to the region with flow 
reversal. Notice that the flow pattem is clearly 
symmetrical. This is a characteristic feature of all 
the axial velocities along the horizontal axis. 

Io& Some important changes in the velocity profile 
have taken place: the oscillations near the non- 
divider wall have become more pronounced and 
increased in size. More to the centre of the intema 
an expansion of the area with low to negative 
velocities can be seen. For U a . 4  a secondary 
oscillation develops more towards the centre of the 
vessel. 

Ilo: At near wall sites the oscillations are even more 
pronounced during the entire flow cycle compared 
to the flow in the b5 plane. Due to this fact and the 
broadening of the oscillations, the area with low to 
negative velocities in the centre of the vessel has 
considerably reduced. Furthermore the secondary 
oscillation becomes more pronounced. All the other 
flow features have kcome more distinguishable in 
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comparison to the situation in the b5 plane. 

115: Probably due to convergence of the lumen 
down stream, a more pulse alike velocity profile 
appears and al the flow features are damped out. 
At near waU sites the first two oscillations are 
replaced by one systolic peak. The same process of 
replacement can be seen when moving more 
towards the centre. Finally an even more reduced 
area with low to negative velocities can be O 

discerned in the centre of the vessel foilowing the 
systoslic peak as a result of i: less steep velocity 
gradient. 

4 

-2 

VT 

Secondary velocities along the horizontal axis. 

C : The ffow secondary velocity distrubution in 
horizontal plane is identical to the distibution in the 
plane of symmetry in the communis. 

I,,,,: Flow features in the intema are symmetrical in 
the horizontal plane. Positive velocities persist 
throughout the flow cycle at near wall sites with a 
peak at t/r = 0.2. While moving towards the centre 
these positive velocities decrease and transform into 
an extended area with negative velocities. At the 
end of the diastolic phase, positive velocities near 
the wall and negative velocities in the centre of the 
intema can be seen. .. 

1 

IeS: The peak near the wall is less pronounced at 
this ,site. When moving more to the centre, two 
more peaks develop at r/R = 0.5 and t/r = 0.3, 1 

tD = 0.4 respectively. Negative velocities at the end 
of diastole have diminished in size. 

Il@: At near w a l  sites a second peak develops at 
t/r = 0.45 whereas the first peak increases. In 
diastole all velocities are positive near the wall. 
Generally, all the other main flow features are the 
same as in the I,,5 plane but become more 
pronounced. Velocities in the centre of the vessel 
are elevated to near zero velocities at the end of 
diastole. 

1 
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115: The first peak near the wall is transformed into 
two smaller peaks, followed by a more pronounced 
velocity dip prior to the third velocity peak. The 
latter has also decreased in size. When moving 
more towards the centre the opposite effect has 
taken place. The two peaks at r/R = 0.34 and 
t/r = 0.23, fl = 0.33 in the I,, plane, are more or 
less melted together into one less pronounced peak. 
The positive velocities near the wall in the diastolic 
phase decay more slowly towards the centre. 

Stenosed carotid flow. 

Axial velocities along axis of symmetry. 

C : As stated before, the flow features in the 
communis are identical to the features in the non- 
stenosed model. 

bo: The flow features at this site resemble very 
much the features of the non-stenosed carotid flow 
at the &, piane. One very characteristic difference 
however, are the elevated velocities that follow the 
region of flow reversal. The latter has diminished in 
size. 

1,s: Moving from the non-divider wall towards the 
shear layer, decreased elevated velocities and a 
region of flow reversal of equal size can be seen. A 
new feature is the velocity dip that developed in the 
shear layer and in the area with high velocities at 
fl =0.3. Also a small oscillation at i/T=0.5 can be 
discerned in the shear layer. 

Ilo: At this site the region with reverse flow has 
diminished even more. All the other flow features 
in the shear layer and in the area with high 
velocities are more pronounced. 

I1g The region with flow reversal almost 
disappeared completely, probably due to 
convergence of the lumen. In the area of low 
velocities, a small velocity peak arises that extends 
from the non-divider wall to the shear layer. In the 
area with high velocities a second peak develops at 
Vï= 0.3 prior to the more pronounced velocity dip. 
All the other flow features have stayed the same. 
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Iz0: In this plane the effect of the convergence of 
the lumen is even more pronounced. The region of 
reverse flow has now disappeared completely. The 
velocity peak in the area of low velocity is more 
pronounced than in the I,s plane. Except for the 
velocity dip in the area with high velocities, all the 
other flow features are dampened and a more pulse 
alike velocity distribution is displayed. 

Seconda9 velocities dong  the mis of q m e t r y .  

C : The velocity distribution is identical to the 
secondary velocities in the non-stenosed carotid 
flow. 

‘25% IO0 

Ioo: During the systolic phase, negative velocities 
can be seen across the lumen. Secondary velocities 
that are triggered by the end of systole, are 
developing in the centre of the intema. More 
towards the divider wail negative velocities can be 
discerned throughout the flow cycle. 

Io& The negative velocities during the systolic phase 
have decreased. Except for the increased velocities 
at the end of systole, all the other flow features are 
the same. 

Il& At this site the negative velocities during systole 
have disappeared. Furthermore, secondary velocities 
triggered by the end of systole are more pronounced 
and are followed by a velocity dip in the centre of 
the vessel. The negative velocities near the divider 
waii have turned to zero velocities. 
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IIs: Except for the even more pronounced velocities 
at the end of systole, a i l  flow features have stayed 
equal to the ones in the I,, plane. 

2 

1 

1 

-2 
1 . 12,,: At this site the effect of the convergence of the 

lumen clearly influences the flow phenomena. This 
is best illustrated by the velocities in the systolic 
phase, and at the end of the diastolic phase, that are 
directed towards the centre of the vessel. Another 
effect Q€ this convergence is the dampening of the 
velocity peak triggered by the end of the systolic 
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summary 

Quantitative information with respect to the flow 
field in the carotid artery bifurcation is obtained by 
performing LDA experiments in three dimensional 
rigid models of the human carotid artery. By 
comparing the results of the stenosed and the non- 
stenosed model, the influence of the stenoses on the 
current flow field can be determined. Furthermore, 
the influence of the pulse shape on the flow field in 
the bifurcation can be determined by comparing the 
results of the experiments im the non-stenosed 
model with the results of the experiments performed 
by Gijsen er ai. (1993). First some characteristic 
flow features of the flow field in the non-stenosed 
model will be discussed. 

Axial velocity distribution: the axial velocity 
distribution in the plane of symmetry is very 
asymmetric and steep velocity gradients can be 
discerned as a result of branching. 

Secondary velocity distribution: the curvature of 
the interna will cause a secondary flow. This is 
illustrated by looking at the secondary velocity 
distribution in the horizontal plane. The secondary 
velocity component along with the axial velocity 
component will form a helical structure. In 
accordance to Gijsen et al. (1993) a second helical 
structure develops more towards the centre of the 
vessel that is less pronounced. 

Flow reversal: due to the divergent lumen of the 
intema, decelerating flow and curvature of the 
geometry a region with flow reversal develops near 
the non-divider wall. 

Convergence of the interna: due to the 
convergence of the vessel, an accelerated flow 
develops that causes the area with flow reversal to 
disappear. It will cause high velocities during peak 
systole and a pronounced velocity gradient in the 
systolic phase whereas the pronounced flow features 
in the shear layer of the axial velocity profile in the 
plane of symmeiry are dampened. The secondary 
velocities in the plane of symmetry are directed 
towards the centre of the interna as aresultof its 
convergence. 
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INFLUENCE OF THE PULSE SHAPE ON THE 
VELOCITY PROFILE. 

From the study of Palmen et ai. (1992) it was 
already concluded that the shape of the flow pulse 
has a significant influence on the flow phenomena 
in the carotid artery bihcation. Palmen et al. 
(1992) stated that an increasing systolic deceleration 
results in a slightly larger recirculation region with 

smaller negative velocities in this region. 
Furthermore, the shear layer becomes less 
pronounced and vortex formation diminishes. In 
case of a decreased systolic deceleration we would 
expect to observe the opposite effect: a smaller 
recirculation region containing more negative 
velocities, a more pronounced shear layer and an 
increased vortex formation. This we will keep in 
mind when we compare the results of the LDA 
experiments in the non-stenosed model of Gijsen et 
al. (1993) to our results . 

Puis I 

Puls I I  

0 1 2 3 4 5 6  
time(s) 

fig.6 Representation of the two different ,flow pulses. Pulse I us 
used in ihe experiments of Gqsen ei al. (1993) and Pulse II as 
modeled in this paper. 

The two modeled flow pulses are schematically 
represented in fig.6. Notice that the deceleration 
phase of the second pulse takes twice the time of 
the first pulse. The shape of the second flow pulse 
was chosen for several reasons: (1) in studies 
concerning parameter variation it is more obvious to 
vary the specific parameter by a factor I, in which 
I represents an integer; (2) the pulse shape fitted 
well to an averaged flow pulse. This averaged flow 
pulse was obtained by averaging eight flow pulses 
that resulted from ultrasound measurements. These 
measurements were performed at the Academic 
hospital of hhastricht using the blood flow in the 
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carotid artery bifurcation of eight subjects; (3) in 
the visualisation study of Palmen et al. (1992) the 
same flow pulse was used. Thus, some dah  
concerning this specific pulse shape are already 
available. 

We will now turn to the actual comparison of the 
results. Axial and secondary velocity profiles as a 
function of time in the plane of symmetry are 
represented in fig. Al and A2 in the Appendix. 

Axial velocities along the axis of symmetry: from 
the axiai velocity profiles it gets very clear that, as 
sîakd by Palmen ei al. (19921, in case of an 
increased systolic deceleration (right), the 
recirculation region is slightly increased, containing 
smaller negative velocities and the shear layer is 
less pronounced. Already in the plane, 
oscillations and velocity peaks occur in the high 
velocity area and in the shear layer of the velocity 
profile of pulse I. Oscillations and velocity peaks in 
the velocity profile of pulse 11 do not occur until 
the Io5 plane. Furthermore, if velocity peaks and 
osciliations occur in the velocity profile uf pulse 11 
(left), than the following can be said (1) the first 
velocity peak takes place at the same 'time' t/T and 
is more pronounced; (2) other disturbances, such as 
velocity peaks and dips or oscillations, are more 
pronounced but usualiy take place at smaiier values 
of fl. 

Secondary velocities along the axìs of symmetry: 
the velocity profile of flow pulse II, displays much 
more oscillations that are also more pronounced. 
Furthermore, the secondary velocities triggered by 
the end of systole have higher velocity levels and 
take up more of the lumens cross area (with 
exception of the I,, plane). The velocity profile in 
the diastolic phase is more flat, again with 
exception of the I*, plane. There is no visible 
difference in the effect of the convergence of the 
lumen. 

As sîated before measurements in the horizontal 
plane were only performed at four sites (I, ... I15). 
The results are compared in fig. A3 and A4 (see 
Appendix). 

Axial velocities along the horizontal axis: when 
comparing the various velocity profiles per 
measuring site, that result h m  the two flow pulses, 
it is easy to notice some very distinguishable 
differences in flow features in case of the velocity 
distribution of pulse II. The transition from systolic 
peak velocities to the oscillations that arise near the 
waii is much more gradual. These osciilations near 
the wali are much more persistent throughout the 
entire flow pulse. When moving more towards the 
divider wall we see that the transition from the high 
velocities at near wali sites to the low to negative 

velocities at the centre of the vessel, is much more 
pronounced. The velocity gradient following the 
systolic peak and leading to the region with 
negative velocities at the centre of the vessel, is 
much steeper than in case of flow pulse I. The 
region with negative velocities can be found in 
every measuring site (I, ... I,,). At first, in the 
plane, only the peak systolic velocities are of higher 
velocity level. These higher velocity levels 
gradualiy evolve towards the oscillations near the 
wall and have an ending in the higher velocity 
leveh in the diastolic phase in the I,, plme. 

Notice that the velocity profile due to the 
oscillation near the vessel wails in combination with 
the secondary velocities form vortices. This vortex 
formation, earlier referred to as primary helical 
structure, is much more pronounced in case of flow 
pulse II. The secondary helix on the other hand is 
less pronounced. 

Secondary velocities in the horizontal plane: the 
velocity profiles in this plane are very different 
from one another. In general it can be said that 
more oscillations, that are also more pronounced, 
are distinguishable in case of flow pulse II. When 
comparing the various velocity profiles more in 
detail, then the foilowing can be said the first 
velocity peak developing near the wall of the vessel 
usualiy has higher velocities and is followed by 
more oscillations when applying pulse II. Especially 
in the centre of the vessel more oscillations occur 
in case of pulse II. In the centre of the vessel there 
is usually an area with negative velocities in both 
cases. This area is immediately followed by 
oscillation in case of pulse 11, whereas in case of 
pulse I this area gradually develops into the quasi- 
stationary negative velocities of the diastolic phase. 
The initial negative velocities in  this same area are 
more negative when applying flow pulse 11. 

summary 

Axial velocity distribution: the axial velocity 
distribution is very asymmehic and steep velocity 
gradients can be seen. These velocity gradients 
however are more steep than in case of pulse shape 
I, i.e. the shear layer is more pronounced. In the 
region with high velocities and in the shear layer 
more disturbances can be seen. 

Secondary velocity distribution: the helical 
structure, formed by the axial and secondary 
velocity component in the horizontal plane, is much 
more pronounced and persists for higher values of 
fl. This is completely in accordanice to what we 
would expect from the findings of Palmen et al 
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(1992). The transition from the systolic peak into 
vortex formation at near wail sites is much 
smoother. The more towards the centre developing 
second helical structure is less pronounced than in 
the experiments of Gijsen et al. (1993). Secondary 
velocities in the horizontal plane are in general 
more pronounced. 

Flow reversal: the region with negative velocities 
in the plane of symmetry is less pronounced but 
contains of more negative velocities. This also is in 
accordance to the findings of Palmen et al (1992). 

Convergence of :he I m n :  no signincarit 
differences in the effect of the convergence of the 
lumen can be discerned. 

INFLUENCE OF THE STENOSIS ON THE 
VELOCITY PROFILE. 

Because both the flow features in the normal and 
in the stenosed model are identical in the 
communis, we will start comparing the velocity 
profdes of the stenosed and non-stenosed model 
beginning at the plane. 

We wili now compare the results of the LDA 
experiments performed in the non-stenosed and in 
the stenosed model (see fig& and A6). Both these 
experiments were performed using pulse II as flow 
pulse. The plane of symmetry was chosen for 
measurements because more information concerning 
the influence of the stenosis can be obtained from 
the velocity profiles in this plane than from the 
profiles in the horizontal plane. 

Axial velocities in the plane of symmetry: when 
comparing the axial velocities in the plane of 
symmetry, the f i t  thing we notice is that the area 
of flow reversai has diminished in the flow field of 
the stenosed model. In the proximal part of the 
intern (I, and I,,5 plane), elevated velocities can be 
discerned in the area with low velocities. The 
negative velocities reach their final diastolic 
velocity level for smaller values of t/T. These 
elevated velocities are likely to be caused by the 
smaller lumen of the interna due to the stenosis. 

Moving from the non-divider waU towards the 
centre of the vessel, the area between the non- 
divider wall and the shear iayer shows less 
oscillations. The shear layer itself and the area with 
high velocities also show less oscillations. This is in 
accordance with the results of Gijsen et al. (1993) 
and Palmen et al. (1992). 

Secondary velocities in the plane of symmetry: in 
general, there are less oscillations. This certainly 
concerns the shear layer, sites near the non-divider 
waii and the entire diastolic phase. The latter also 

shows a more flat velocity profile. 
Secondary velocities triggered by the end of 

systole usually have higher velocity levels. This will 
cause more protruding of particles with low velocity 
in the area with high velocity. 

summary 

Axial velocis, distribution: as a result of the 
occlusion of the lumen, the accelerated flow in the 
proximal i n k m  will cause elevated velocities in 
the region with low velocities. Furthermore, less 
oscillations can be seen in the shear layer and area 
with high velocities. In general the differences are 
relatively small. 

Secondary velocity distribution: the secondary 
velocities in the plane of symmetry triggered by the 
end of systole are more pronounced. In general 
there are less oscillations. 
Flow reversal: due to the earlier mentioned 

elevated velocities in the region with low velocities 
the region with flow reversal has diminished a little. 

Convergence of the lumen: contrary to the non- 
stenosed flow, there is a significant dampening of 
the secondary Velocities in the plane of symmetry. 

DISCUSSION 

In this study detailed information is obtained from 
Laser Doppler experiments about the flow field in 
a three dimensional rigid model of the human 
carotid artery bifurcation under unsteady flow 
conditions. From the various velocity distributions 
it appears that both axial and secondary flow xe  
highly influenced by the shape of the flow pulse. 
Characteristic flow features as vortex formation, 
flow reversal, number and perceptibility of 
oscillations etc. have significantly changed. Some 
effects of a decreased systolic deceleration on the 
flow field as stated by Palmen et al. (1992) were 
confiied by the experiments: a more pronounced 
shear layer, more vortex formation in the horizontal 
plane and a diminished region with reverse flow. 
Also some new effects of the decreased systolic 
deceleration were discerned a second helical 
structure, more towards the centre of the vessel, that 
is less pronounced than in the experiments of 
Gijsen et al. (1993), more disturbances in the shear 
layer and region with high velocities and no 
significant influence on the effect of the 
convergence of the lumen. 

With respect to the accuracy of performing the 
experiments the following can be said: as a result of 
a slightly different index of refraction of the KSCN 
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solution (n=1.487) than the index of the plexiglass 
models (n=1.491), the measuring volume formed by 
the laser apparatus is shifted towards a slightly 
different position. This however has no significant 
influence on the experiments because of the small 
dimensions of the measuring volume. A weak point 
in the experimental set up is that the laser probe has 
to be aligned manually to the plexiglass models. 
This however is difficult to improve and the 
accuracy of aligning will therefore depend on the 
users ability. 

When comparing the influence of îhe stenosis and 
the influence of the pulse shape with respect to the 
characteristic flow features it is clear that generally 
speaking the influence of the pulse shape on the 
flow phenomena is more dominating. In this 
discussion the infiuence of both stenosis and pulse 
shape with respect to axial and secondary velocity 
distributions in the plane of symmetry will be 
discussed in more detail. The influence of they 
parameters on the region of flow reversal and 
osciliations will be emphasized. 
Axial velocity distribution: in case of a stenosed 

intern the axiaí velocity distribution displays a 
diminished region with flow reversai, containing 
negative velocities that are of the same velocity 
level as in the non-stenosed vessel. One of the 
reasons for this characteristic veiocity disîribution 
are the elevated velocities that can be discerned in 
the low velocity area near the non-divider wall. 
When looking at the shear layer and area with high 
velocities a smaller number of oscillations that are 
also less pronounced can be seen. In this study the 
influence of the puise shape is examined by 
decreasing the systolic deceleration. This also has a 
diminishing influence on the region of flow 
reversal. The difference however with respect to the 
flow features in a stenosed axial flow, are the more 
negative velocities in the region with reverse flow. 
Conîrary to thestenosed axial now this diminished 
region of reverse flow is accompanied by a more 
pronounced shear layer. The shear layer contains, 
just like the area with high velocities, of more 
oscillations that are more pronounced. 

Secondary velocity distribution: the influence of 
the stenosis reveals itself in peak velocities, 
triggered by the end of systole, of a slightly higher 
velocity level. The oscillations that occur are less 
pronounced and decreased in number. By 
decreasing the systolic deceleration of the flow 
pulse, peak velocities triggered by the end of 
systole, wiii increase more than in case of a 
stenosed interna. Osciilations will not only increase 
in size and in number, but will also take up a larger 
part of the lumens cross section. 

As concluding remark with respect to the vaious 
influences we can say that in general the influence 
of a vaxying flow shape carries much more weight 
contrary to the only marginal influence of the 
stenosis on the flow field. In the diagnosis of 
lesions based on the detection of flow disturbances, 
the influence of the flow pulse should certainly be 
taken into consideration. Features as a diminished 
region of reverse flow and increased secondary 
velocities, could be accounted for by both stenosis 
and a altered pulse shape. One should therefore 
always carehiilly exmine other flow features that 
accompany these changes. 

Finally, for improving future experiments some 
changes in the experimental set up should be made. 
The flow pulse as generated by the piston pump is 
not very reproducible. This is mainly caused by the 
noise that contaminates the flow signal due to 
internal friction of the piston in its housing. The 
solution can be found in another pump for 
generating the instationary flow component. A less 
rigorous improvement would be to include a 
membrane just after the piston pump in the fluid 
circuit. This has the advantage that the fluid circuit 
between the piston pump and the membrane can be 
filled with oil. The oil reduces the internal fiction 
of the piston in its housing by which the noise 
reduces. Another advantage is that the membrane 
will dampen the remaining noise. The membrane 
will therefore improve the signal to noise ratio of 
the flow signal in more than one way, and the 
signal will be more reproducible. 
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APPENDIX 
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f i g A I  Axial velocity distribution as a function of time for several lines in the plane of symmetry 
using Pulse II (left) and Pulse I (right) in the non-stenosed bifurcation. 
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f ig& Secondary velocities as a function of time at several lines in the plane of symmetry using 
Pulse II (left) and Pulse I (right) in the non-stenosed model. 
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