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Abstract

The heart diseases are one of the major causes of death in recent years.
Most of them are related to the atherosclerosis of coronary artery, whereas the
mechanism of atherosclerosis is still unknown and the only known is that the
atherosclerosis occurs under the influence of blood flow and the wall stresses
on vessel walls. In the present study, in order to obtain the information of un-
steady flow in the blood vessels, the flow structures of pulsatile flows in an
elastic tube modeled as a blood vessel are investigated. Firstly, to validate
our PIV (Particle Image Velocimetry) measurement technique, we apply it to
sinusoidal flows with no net flow rate in a rigid straight tube, for which the
exact solution with low Reynolds number exists. Then, two types of imitated
blood flow in arteries are simulated in a rigid and an elastic straight tubes,
and the results are compared together with the numerical simulation, which is
also constructed in the present study, using SMAC type fractional step
method with ALE (arbitrary Lagrangian and Euler) moving grids treatment.
Finally, the effects of elastic boundaries on local flows as well as the wall
shear stresses are discussed.
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1. Introduction

The heart diseases are one of the major causes of death in recent years. The most severe one,
the acute myocardial infarction, is known to occur due to the necrosis of the cardiac muscles caused
by the atherosclerosis of coronary artery, which supplies nutrition into the cardiac muscles. The
mechanism of atherosclerosis, i.e. inception, growth and break down of atherosclerotic lesion is still
unknown, and the only known is that the atherosclerosis occurs under the influence of blood flow
and the wall stresses on vessel walls.

Recently, many researchers have begun to study the mechanism of atherosclerosis in the fluid
dynamics sense. Many of them”” are based on the computational fluid dynamics (CFD), which is
developing rapidly, and have provided the detail descriptions of unsteady flow structures in modeled
blood vessels. However, there seems not to be sufficient data for the validation of CFD results, and
most of experimental works done before are limited to steady” or pulsatile” flows in model vessels
with rigid wall, wheres the interaction between the elastic motion of vessels and the pulsatile blood
flow produced by the real heart might play an important role in the atherosclerosis.

We have developed a pump system consisting of a constant flow pump, three sinusoidal wave
plungers and a rectified sinusoidal wave pump with delivery and suction valves®, which have been
found to be able to produce any periodic flows including the imitated pulsatile blood flow in arteries.
In the present study, with the aid of the above pump system, the flow structures of pulsatile flows in
an elastic tube modeled as a blood vessel are investigated. Firstly, in order to validate our PIV (Par-
ticle Image Velocimetry)® measurement technique, we apply it to sinusoidal flows with no net flow
rate in a rigid tube, for which the exact solution with low Reynolds number exists”"¥. Then, two
types of imitated blood flow in arteries are simulated in a rigid/elastic tubes, and the results are
compared together with the numerical simulation, which is also constructed in the present study, us-
ing SMAC type fractional step method with ALE (arbitrary Lagrangian and Euler) moving grids
treatment. Finally, the effects of elastic boundaries on local flows as well as the wall shear stresses
are discussed.

2. Experimental Procedure

2.1 Experimental apparatus with pulsatory flow pump system

The experimental apparatus with the present pulsatory flow pump system is shown in Figs. 1
(a) and (b). The test section, which is a rigid/elastic straight tube as shown in Fig. 1 (b), is verti-
cally attached downstream of the pulsatory flow pump system. Volumetric flow rates, € and Qou,
and wall pressures, pi» and pow, upstream and downstream of the test section are measured respec-
tively by individually installed magnetic flow rate meters and pressure transducers. Because the
pressure does not differ between upstream and downstream of the test section with the small inertia
and resistance in the test tubes, we define Ap = po — po for representing the reference pressure dif-
ference between inside and outside of the tested tube, where po denotes the pressure outside of the
test tubes. The open tank with sufficiently large cross-sectional area is installed in order to absorb
the volume change of the elastic tube.

The pulsatory flow pump system used in the present study was a modified version of the one
developed by Kiyose et al.” as illustrated by Fig. 1 (a). The pump system consists of a constant
flow pump, five sinusoidal wave plungers and a rectified sinusoidal wave plungers with delivery and
suction valves, which have been found to be able to simulate many types of periodic flows. In the
present study, we test three types of waveforms as (a) sinusoidal waveform with no net flow rate,
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(b) pulsatile waveform of typical normal arterial blood flow (Type A), and (c) pulsatile waveform of
typical arterial blood flow with the arteriosclerosis (Type B), as shown in Figs. 2 (a)-(c).

Two test tubes with a rigid and an elastic wall are used in the present study. The rigid tube is
made of an acrylic resin with a part of the surface flattened for the flow visualization to avoid the
deformation of images as much as possible; it is still needed to modify the images due to the differ-
ence in the refractive indices with different materials. The elastic tube is made of transparent silicon,
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Fig.2 Waveforms of tested pulsatile flow

Table 1 Mechanical characteristics of elastic tube

Density [kg/m’] 2.21X10°
Young’s modulus [N/m’] 1.13X10°
Poisson’s ratio [ —] 4.03X10°!

whose material characteristics are summarized in Table 1. The thickness of the test elastic tube is
2.5 mm. An acrylic water jacket is used to avoid the deformation of images. The change of refrac-
tive index of elastic tube due to its deformation is found to be negligible within the range of pressure
difference between inside and outside of the tube applied in the present study.

2.2 PIV technique

In order to obtain the unsteady velocity profiles during the periodic flows in the elastic/rigid
test tubes, two-dimensional cross-correlation PIV technique is applied. The nylon 12 particles with
the diameter of approximately 50 um and the specific gravity of 1.03 are used as seeding particles.
The Ar laser sheet with the thickness of (0.5 mm is used as a light source and the images are re-
corded by a CCD video camera and stored as digital images in PC, where the post-process with
cross correlation PIV technique is made. Usually, PIV measurement of unsteady flow requires a
high-speed video camera or a double-pulse laser controlled by AOM (Acoustic Optic Modulator) to
obtain the continuous images with the sufficiently small time delay, whereas, in the present study,
we use neither because of large periodicity of the applied pulsatile flow.

The recorded analog images are converted to the digital images by a video capture board and
stored in PC, which contains 240 X 200 pixels inside of the tube with the diameter of D =20 mm in
the case with the rigid tube. Then, all the video images are converted into grey-scaled images for
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Reference region Scanning region

(a) Image at ¢ (b)Image at r+Af¢

Fig.3 Two consecutive images used for PIV. Reference and scanning regions are indicated.

the two-frame cross-correlation PIV post-processing.

To obtain the velocity vectors, cross-correlation coefficients are calculated by comparing the
gray level between two consecutive images with the time interval of 0.033 s. The main principle of
the algorithm is as follows:

(I) Take the small reference region 17X 17 around the point where the velocity vector is being
measured. (See, Fig. 3 (a).)

(II) Define the scanning region 10X60 as shown in Fig. 3 (b), and calculate the cross-correlation
coefficients of the grey level between the reference region in the first image and any regions in
the scanning region in the second image.

(IIT) Find the location of the reference region with the maximum cross-correlation coefficient, from
which we can calculate the displacement of the fluid particle within the time interval of the two
frames, and then we obtain the velocity vector.

Repeating the above procedure (I)-(III), we obtain the velocity vector distributions allover the
images, whereas, in the present study, we focus on the velocity vector distribution at the mid-length
location of the rigid/elastic test tube; the length of the tested tubes is 300 mm in the present study.

2.3 Experimental conditions

The typical condition of peripheral artery is regarded approximately as the inner diameter of
Do =10 mm, the pulse rate of f =1 Hz, the maximum peak flow rate of Qamex =1.8 /min, and
kinematic viscosity of v« =4.0X107°m’/s. For the fluid dynamic and hemodynamic similarity, the
following two non-dimensional parameters, Reynolds and Womersley numbers, must be the same
for the real and simulated flows.

Re — UmaxD — 4Qmax — 955
xDy

v
_D jo _
af~2 , 6.27

Both the test rigid and elastic tubes have the diameter of 1) =20 mm, which yields approximately to
the following experimental conditions;

Pulse frequency: f =1/16 Hz / Periodicity: T =16 s

Maximum peak flow rate: @max =800-1000 ml/min
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3. Numerical Analysis

3.1 Fundamental equations

The Navier-Stokes equations described in the cylindrical coordinates are solved using SMAC-
like fractional step method in combination with ALE (Arbitary Lagrangean and Eulerian) moving
boundary treatment. Under the assumption of axisymmetric flow with no swirl components, the
fundamental equations solved here can be written as;

ou r*0R ou [ Ry 1 or‘ve _
o« Roxor R7 o 0 M

Ou  Qu* v R du® Ry 1 or‘wv, _ 1 0p  r*9R 0P

ot ox R ox or~ R r* or o\odx R ox or
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ot + ox R ox or +R r or*  p R or
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ox \ox R ox ar* R ox or*\ox R ox or

&_ : 1 0 N a?)r _R_o : Vr
—HJ(R ) reor’ (V 87/*)+V(R ) rre
where R and Ro respectively denote the temporal and equilibrium radii of the tube, ¢ density, and v
dynamic viscosity of working fluid. The radial coordinate which stretches with the movement of
the elastic wall is defined as #* = 7 (Ro/R ), and the above equations are solved in this system.

Assuming that the elastic tube expand and shrink purely in the radial direction, non-slip wall
boundary condition yields to the following form;

u =0, vr=0R/ot at ¥ =R (r* = Ro) 4)

which needs the temporal radius of the tube. This is obtained by solving the following equation
based on the membrane theory with the small thickness of the wall shell;

32[ En R En

ox? 12(1—U§) 9% 2 ROQR: Ap ®)

where Ap is the reference pressure difference defined before as Ap = pour — po. Generally, the local
wall pressure must be used for the pressure difference in the right hand side of the above equation,
whereas the reference pressure difference is used here because the pressure deviation due to the
local flow is much smaller than the temporal system pressure change due to pulsatory flow in the
present study. We have confirmed that this simplification gives good approximation by comparing
the result of full computation using local pressure difference in Eq. (5).

The other boundary conditions applied are as follows.

At the center of axis, radial velocity component must diminish because of the assumption of
axisymmetric flow. The inflow volumetric flow rate & is given at the inlet. The corresponding
velocity profile is calculated under the assumption of 0#/dx =0 in the rigid tube, and applied for the
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inlet boundary condition. A static pressure is given at the outlet boundary.
3.2 Numerical procedure

In the present study, the motion of the elastic wall of the tube and the fluid flow inside are cou-
pled and simulated by solving the above-described equations. The all spatial derivative terms are
evaluated by 2nd order central finite difference method, and the time integration is done by a SMAC
like fractional step method on the 1st order basis. Overall numerical procedure can be summarized
as follows;

(i) Calculate the inflow velocity distribution #/*" which is needed for the inlet boundary condi-
tion.

(ii) Calculate deformation of elastic tube, i.e. the temporal radius distribution R ‘%', from Eq. (5)
with the given reference pressure.

(iii) Estimate the velocity predictions, (#?, v/ ), by time integrating the Eqs. (2) and (3) using the

values at time 7. Note that these predictions do not satisfy the continuity equation (1).

(iv) Solve the Poisson’s equation on the potential correction term ¢, to make the velocity compo-

nents at ¢ = f+ Af satisfy the continuity equation (1).

(v) Correct the velocity components and obtain the pressure from the potential correction term ¢ .
(vi) Return to the step (i) and proceed to the next time step.

The computational domain consists of an inlet rigid tube part with the length of 20 mm and the
radius of 10 mm, the test elastic tube part with the length of 300 mm, and an outlet rigid tube part
with the length of 20 mm and the radius of 10 mm. A staggered grid system with the mesh size of
nx X 1, =340X20 and the constant Ax and Ar* of 1 mm is used in the present study. The computa-
tional results with this grid system have been confirmed not to alter from those of the computation
with the finer mesh in some test cases.

4. Results and Discussions

4.1 Validation of PIV technique with exact solution

In order to validate the present PIV measurement technique, we apply it for a purely sinusoidal
periodic flow with no net flow rate in the rigid tube. The result is compared with the exact solution,
which can be found in some textbooks (see, for example, White® and Zamir”.)

Figure 4 (a) shows instantaneous axial velocity distributions in one cycle of sinusoidal flow
rate fluctuation, where the velocities normalized by the area-averaged velocity at the maximum flow
rate, Umar = 4Qmar/wD %, are plotted. The maximum flow rate and the frequency are @max =0.80 1/
min and f = 1/16 Hz, respectively. We can see that the measured velocities by the present PIV agree
fairly well with those of the exact solution. In Fig. 4 (b), the volumetric flow rate, e, estimated
by the integration of the velocity distributions obtained by PIV in Fig. 4 (a) is plotted for one cycle.
The estimate agrees with the measured value of the magnetic flow meter plotted with a solid line in
Fig. 4 (b).

Based on the above obtained results, we conclude that the present PIV measurement technique
is capable for the velocity measurement in unsteady periodic flows. Next, we proceed for the PIV
measurement of unsteady flows in an elastic tube.

4.2 PIV technique in an elastic tube

Now, we apply the present PIV technique for pulsatory arterial flow in the elastic tube.
Numerical simulation is also done using the experimentally obtained inflow volumetric flow rate,
Qin, and the reference pressure difference, Ap /og.
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Fig. 4 Velocity distributions in rigid tube in the case with sinusoidal flow with no net flow rate.
Estimates of flow rate from velocity profiles are compared with the measured flow rate.
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Fig. 5 Measured and calculated temporal velocity distributions and time histories of inflow and
outflow volumetric flow rates, flow rate difference, reference pressure difference, and
radius of the tube in the case with pulsatile flow with waveform of Type A.
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Fig. 6 Measured and calculated temporal velocity distributions and time histories of inflow and
outflow volumetric flow rates, flow rate difference, reference pressure difference, and
radius of the tube in the case with pulsatile flow with waveform of Type B.

Figure 5 shows the results for the case with Type A, which is a typical waveform of normal
arterial blood flow. The time-averaged flow rate and the frequency are Qmen =0.211 I/min and f =
1/16 Hz, respectively. Figure 5 (a) shows instantaneous axial velocity distributions in one cycle,
where the velocities normalized by the mean velocity of time-averaged flow rate,
Umean = 4Qmean /7D ?, are plotted with closed circles. The radial location is normarized by the tem-
poral radius of elastic tube as 7/R (t). Results of numerical simulation are also plotted with dashed
lines. We can see that the measured velocities by the present PIV agree fairly well with those of the
numerical simulation, except that the in-negligible discrepancies can be seen during #/7°=0.25-
0.375, in which the measured velocity is larger especially around the center of the tube. Figure 5
(b) shows time histories of the inflow and outflow flow rates, @i and G, the flow rate difference,
Qin — Qour, the reference pressure difference, Ap/og and the radius of the tube, R/Ro. A good
agreement between the experiment and the numerical simulation can be seen for those values. Thus,
the reason why we have in-negligible discrepancies of velocity distributions during ¢/7°=0.25-0.375
is unknown, but one possible explanation is that the elastic tube does not shrink axisymmetrically;
this duration corresponds to the shrinking period of the elastic tube. To examine this hypothesis, we
need further investigation for the motion of elastic wall of the vessel in multi-dimensions.

Figure 6 shows the results for the case with Type B, which is a typical waveform of arterial
blood flow with arteriosclerosis. The time-averaged flow rate and the frequency are @mean =0.205 1/
min and f=1/16 Hz, respectively. A good agreement between the experiment and the numerical
simulation can be also found in this case, except that the in-negligible discrepancies can be seen in
the shrinking period of the elastic tube, just as we have observed in the case with Type A.

From the above results, the present PIV technique seems to be capable for the cases even with
the unsteady flows in the elastic tube under the conditions we examined in this experimental study.
We should note that the validation was made just for the axisymmetric flow with the axisymmetric
motion of elastic wall of the vessel. The further validation with various conditions is favorable for
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more reliability of the present PIV technique.

4.3 Effects of elasticity of vessel wall

Figure 7 (a)

shows the comparisons of PIV measurement between in the rigid tube and in the

elastic tube for the case with the pulsatile flow with Type A waveform. Figure 7 (b) shows the time
histories of the estimated flow rates, Qeusiic and &rigia, which are obtained by integrating the meas-
ured velocity profiles shown in Fig. 7 (a). The radius of the elastic tube is also plotted in the figure.
The apparent difference of the flow patterns between in the elastic and rigid tubes can be seen espe-
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Fig. 7 Comparisons of experimental results between rigid and elastic tube flows with Type A
pulsatile flow rate waveform
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cially around £/7°=0.042 and 0.333; which respectively corresponds to the moments with the maxi-
mum growth and shrink rates of the elastic tube as you can see from the temporal radius shown in
Fig. 7 (b). At those moments, the net flow rate differs from the inlet flow rate, i.e. flow rate in the
case with rigid tube, resulting in the deviation of flow pattern from that in the rigid tube. It can be
also seen that the deviation of flow pattern is more remarkable around ¢/7°=0.333 than around
t/T=0.042. We are supposing that this is due to the axi-asymmetric shrink of the elastic tube, re-
calling the fact that, in the shrinking period of the elastic tube, the velocity profiles measured by
PIV differ from those obtained by numerical simulation as shown in Fig. 5 (a) and 6 (a).

Figure 8 shows the time histories of wall shear stress obtained by numerical simulation for the
pulsatile flow with Type A waveform in the rigid and elastic tube. The estimate of the shear stress
assuming the laminar Poiseuille flow in a rigid tube is also plotted in the figure. We can see that the
elasticity of the vessel wall reduces the fluctuation of wall shear stress as well as the time-averaged
shear stress, which is a favorable condition to avoid the atherosclerosis. The assumption of laminar
Poiseuille flow is apparently insufficient for the estimation of wall shear stress.

5. Conclusions

In the present study, the PIV (Particle Image Velocimetry) measurement technique and numeri-
cal scheme using SMAC type fractional step method with ALE (arbitrary Lagrangian and Euler)
moving grids treatment, both of which are capable for analyses of the unsteady flows in elastic tubes,
are developed, and the flow structures of two types of typical pulsatile blood flows in a rigid and an
elastic tubes are investigated. The obtained results are summarized as follows.

(1) The present PIV technique is validated by comparing the results with the exact solution in the
case with the rigid tube, and with the numerical analysis in the case with the elastic tube. This
also indicates that the present numerical analysis can simulate the unsteady flow in elastic
tubes despite of the very simple coupling between the fluid dynamics and the elastic dynamics
of thin shell vessel wall.

(2) The apparent difference of the flow patterns between in the elastic and rigid tubes can be seen
especially around the moments with the maximum growth and shrink rates of the elastic tube.
At those moments, the volumetric flow rate differs from the that of the inflow, which makes the
flow pattern deviated from that in the rigid tube.

(3) The elasticity of the vessel wall reduces the fluctuation of wall shear stress as well as the time-
averaged shear stress. This is a favorable condition for the avoidance of the atherosclerosis.
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