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Experimental study of effect of stenosis geometry on flow parameters
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Abstract. A stenosis is a narrowing in a tubular organ or structure. In medicine, vessel stenosis poses health

risks for people. In this work, experimental investigations of pressure loss coefficient for varying stenosis

eccentricity and shape were performed. Five models of different geometry were studied; all models were

stenosis of 75 % area reduction. The flow conditions approximate physiological flow. The measuring range of
Reynolds number was from 130 to 2730, measured values of pressure loss coefficient were from 12 to 20. The

steady experimental results indicated that static pressure loss coefficient is affected by the shape of stenosis,
but it was affected more significantly by the eccentricity. Visualization experiments have been performed in

Polycarbonate models.

1 Introduction

Stenosis is defined as a narrowing of a vessel. It is
capable of causing pressure losses as blood flows through
a vessel. The change in pressure has implications for the
functioning of the body’s systems. For example carotid
artery stenosis can give rise to an ischemic attack [1].
Generally the stenoses are characteristic feature of the
atherosclerosis.

The relationship between the occurrence of the
atherosclerosis and  local  hemodynamic  flow
characteristics has been highlighted by many studies [2],
[3], [4]. Both technical complications of required
experiments and ethical limitations of humans studies
have caused the transfer of the research from the medical
field to the field of technology and the experiments are
carried out more frequently in laboratories with
utilization of technically advanced methods. Although
blood in non-Newtonian fluid, for certain experiments
conditions (e.g. for arteries with a larger diameter than
0.5 mm) the non-Newtonian characteristics can be
neglected and the use of Newtonian fluid is sufficient [5],
[6]. The range of cardiovascular formations analysed in
laboratory conditions most frequently comprises vessel
narrowing with a variable degree of lumen reduction, i.e.
stenosis. Attention is generally focused on models with a
solid [7], [8], [9] as well as elastic wall [10], [11].

Young [12] developed a correlation between pressure
loss across stenosis and stenosis  dimension:
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where Ap is the pressure loss, p is the density of
blood, Re is the Reynolds number, A, is the cross-
sectional area of unobstructed vessel, A, is cross-sectional
area of the obstructed vessel, average value of K, for the
blunt plug stenosis is 1.52 and K, was given by the
equation [12]:
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where L is the stenosis length, D is the diameter of

unobstructed vessel and D; is diameter of obstructed

vessel.

In this work five models were studied; three
symmetric stenoses with different narrowing angle and
two eccentric with different geometry of cross-section of
obstructed part of model. All models were stenosis with
75 % area reduction.

For experiment, the friction pressure loss was
neglected and the local pressure loss is given by the
equation:

2
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where Ap is the local pressure loss, & is the local pressure
loss coefficient and v is the flow velocity in the
unobstructed part of model.
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Figure 1. Cross-sections of the models used in the experiment.
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Figure 5. Eccentric stenoses with circular cross-section,
narrowing angle 50°.
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Figure 6. Eccentric stenoses with non-circular cross-section,
narrowing angle 45°.

Laser optical measurement technique PIV (Particle Image
Velocimetry) was employed for flow visualization and
measurement. In this work, PIV technique was used for
evaluation the velocity field past obstructed part of
models.

The aims of this experimental study are twofold.
Firstly see if static pressure loss was affected more by
shape of stenosis or by eccentricity, secondly see how
shape of stenosis and eccentricity affected velocity field
behind stenosis.

2 Methods

2.1 Pressure loss

Schematic diagram of the experimental setup for
measuring the pressure-flow is shown in Figure 7.

] Model of
Overhead stenosis
tank
Membrane
¢ pressure sensors ¢
Rotameter
R ‘ol
eservoir \ )
Pump
Computer

Figure 7. Experimental setup.

The steady flow was established in the models. The
pressure was measured by membrane pressure sensors.
Pressure was measured 16 cm upstream and 30 cm
downstream of the sensors. The sensors were calibrated
before measurement using water column.

The working fluid was water at room temperature.
Flow rate was measured using a rotameter. The flow
conditions approximate physiological flow in vessels, the
measuring range of Reynolds number in the unobstructed
part of model was from 130 to 2730.

For each flow regime the pressure gradient between
probes was recorded. The pressure loss coefficient for
each models were calculated from obtained experimental
data using Equation 3 by polynomial regression analysis.

2.2 Visualization

Schematic diagram of the experimental setup for
visualization velocity field in models is same as setup on
Figure 7. The measured area was illuminated by two
continual lasers and CCD camera was employed for
image acquisition. The camera was placed above the
model and the model was illuminated by laser in axial
plane.
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The four regimes of steady flow of water at room
temperature were investigated by PIV method. The flow
was seeded with fluorescent particles. The measuring
range of Reynolds number in unobstructed part of model
was from 130 to 818; the range corresponds to
physiological flow in calf vessel.

For each regime 100 images were captured. The
images were analysed by software Dantec Dynamics
Studio.

3 Results

3.1. Pressure loss

Table 1 summarises the set of experimental results
obtained for models of stenoses. In all experiment,
correlation coefficient was higher then 0.95.

Table 1 show that the local pressure loss coefficient
increases with increasing narrowing angle of the
symmetric stenoses. The highest value of local pressure
loss coefficient of symmetric stenoses has stenosis with
the highest value of narrowing angle.

Similarly the local pressure loss coefficient increases
with changing of eccentricity. Eccentric stenoses have
higher value of local pressure loss coefficient than
symmetric stenoses. The maximum value of local loss
coefficient has eccentric stenosis with non-circular cross-
section.

Figure 8 shows relationship between the local
pressure loss coefficient and angle of narrowing. Figure 8
shows that symmetric stenosis number 3 (c) and eccentric
stenosis with non-circular section (e) have same
narrowing angle, but value of local pressure loss
coefficient is greater for eccentric stenosis.

Figure 9 plots relationship between local pressure
loss and flow rate.

Considering the same boundary conditions, the
pressure drop in a narrowed lumen causes flow reduction
in comparison with an unobstructed diameter. Decrease
of flow volume was expressed by the ratio Qua/Q. Qumax
is the flow rate in unobstructed tube, Q is actual flow rate
for given shape of stenosis. For the ratio Q. /Q the
equation can be applied:
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0 J1+¢& ©)

The ratios of Q../Q for measured stenosis
geometries are plotted in Figure 10. The flow rate
changes from approximately 27 % to 22 % of maximum
flow rate. The minimal decrease is reached for the
smoothest symmetric geometry, the maximum drop in
flow rate occurs for eccentric stenoses.
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Figure 8. Relationship between the local loss coefficient and
angle of narrowing; a — symmetric number 1, b — symmetric

number 2, ¢ — symmetric number 3, d — eccentric with circular
cross-section, € — eccentric with non-circular cross-section.
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Figure 9. Relationship between the local loss pressure loss and
flow rate; a — symmetric number 1, b — symmetric number 2, ¢ —
symmetric number 3, d — eccentric with circular cross-section,
e — eccentric with non-circular cross-section.
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Figure 10. Flow rate drop of models; a — symmetric number 1,
b — symmetric number 2, ¢ — symmetric number 3, d — eccentric
with circular cross-section, e — eccentric with non-circular
cross-section.
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Table 1. Local pressure loss coefficient for models of stenosis.

Stenosis Geometry of stenosis | Cross-section | Local pressure loss coefficient
Symmetric T~ &
number 1 (a)  — % 27
1 s T Peo
Symmetric RN = By & 13.6
number2(b) [/~ oy
. S L,
Symmetric S e o S a W 142
number 3 (¢) s . h e
i — ,f/ & ] \,
];ccentnc I o ‘.. - i 156
circular (d) ﬂ b 4
Ecgcntnc S % e 193
non-circular (e)

3.2 Visualization

The visualization and velocity measurement was
performed in order to provide qualitative and quantitative
data on the flow field behind stenosis. This is important
since the degree of stenosis within arteries is often
diagnosed from the maximum velocity measured by
Doppler ultrasound system.

Figure 11 shows results for the lowest Re (Re = 130)
and figure 12 shows results for the highest Re (Re = 818).
The curves show the development of the maximum
measured velocity in the axial plane behind stenosis. The
maximum velocity Uy, is normalized by maximum
velocity in the stenosis. The x/D ratio expresses the
distance from the stenosis. The distance is given in
multiples of unobstructed diameter D. Figure 13 and 14
show velocity field for Re 130 and 818 for stenosis
number 1 (a) and number 3 (¢) in the form of streamlines.

4 Conclusions

In this work, experimental investigations of
pressure loss coefficient for the five models of stenosis
were performed: three symmetric stenoses with different
shape and two eccentric stenoses with different cross-
section. All models were stenosis of 75% area reduction.
The results prove the relationship between pressure loss
and varying eccentricity and shape of stenosis. The
eccentric stenoses create higher pressure loss then the
symmetric stenoses, the eccentric stenosis with non-
circular cross-section create higher pressure loss then the
eccentric stenosis with circular section.

Investigation of the relationship between pressure
loss and geometry of stenoses indicates that static
pressure loss coefficient is affected by the shape of
stenosis, but it was affected more significantly by the
eccentricity.

The results obtained by PIV method prove that the
development of the velocity profile past stenosis depends

on shape of stenosis and Reynolds number. This fact
could be crucial for the determination of stenosis severity
in clinical diagnosis.
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Figure 11. Maximum velocity curve for Re = 130;
a — symmetric number 1, b — symmetric number 2, ¢ —
symmetric number 3, d — eccentric with circular cross-section.
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Figure 12. Maximum velocity curve for Re = 818;
a — symmetric number 1, b — symmetric number 2, ¢ —
symmetric number 3, d — eccentric with circular cross-section.
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Figure 14. Velocity field for Re = 818 for stenosis number 1 (a) and for stenosis number 3 (c).
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