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Presented paper is focused on the experimental and computational study of fluid flow in pipes with flexible walls. One possible real 
example of this phenomenon is the blood flow in arteries or their substitutes in the human body. The artery material itself should be 
understood as anisotropic and heterogeneous. Therefore, the experiment was carried out on the deforming tube, made of silicone 
(polydimethylsiloxane - PDMS). Obtained results and observed events were verified by numerical FSI simulations. Due to the large 
deformations occurring during loading of the tube, it was necessary to work with a dynamic mesh in the CFD part. Based on experimental 
testing of the tube material, a non-Hookean and Mooney-Rivlin material model were considered. Blood flowing in vessels is a 
heterogeneous liquid and exhibits non-Newtonian properties. In the real experimental stand has been somewhat simplified. Water, chosen 
as the liquid, belongs to the Newtonian liquids. The results show mainly comparisons of unsteady velocity profiles between the experiment 
and the numerical model. 
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1.  INTRODUCTION 

Presented paper is focused on the study of fluid flow in 
pipes with flexible walls. One possible real example of this 
phenomenon is the blood flow in blood vessels (especially 
large arteries) in the human body or their substitutes in the 
form of artificial blood vessels or allotransplants or 
xenotransplants. Degenerative cardiovascular disease, 
accompanied by atherosclerotic manifestations in dilatory or 
obliterate form, leads to blood circulation disorders or 
aneurysms, which, in particularly large arteries such as the 
aorta, may cause their rupture and subsequent bleeding [1], 
[2]. Degenerative vascular disease is generally at the top of 
the causes of death. Therefore, it is necessary to address this 
problem from the engineering point of view, which takes into 
account the behavior of real vessels or bioinert polymers 
loaded by pulsating fluid flow, based on experiment and 
predictive mathematical-physical models. 

Although the present time offers extensive possibilities in 
the field of numerical methods, it is not easy to realize a 
faithful simulation of fluid flow through a flexible tube in a 
fluid-structure interaction (FSI) task [3]. In most cases the 
results are limited to an experiment or to a numerical 
simulation without comparison. In works [4] and [5] were 
done experimental measurements with pulsatile flow and 

straight elastic tube. Next step was experimental simulation 
of flow in curved elastic tube [6]. All these works were done 
without any numerical comparison. On the other side there 
are papers like [7] and [8], which solved flow in more 
complicated geometries only by numerical methods. Due to 
the very low fluid flows, the non-stationary nature  of 
physical quantities, the size of the simulated area, and the 
sensitivity to boundary and initial conditions, the degree of 
fidelity of the results achieved by numerical simulation can 
be problematic. On the other hand, in the experiment it is 
practically impossible to achieve the same conditions as in 
the human body, nor is it possible to obtain all the necessary 
data in this way. The aim of the study was therefore primarily 
to compare the experimental part realized by particle image 
velocimetry (PIV) with numerical results of fluid-structure 
interaction (FSI) simulation, which in addition to prediction 
allows a relatively large degree of evaluation and data 
collection for further study and analysis. 
 
2.  EXPERIMENT 

The artery material itself should be understood as 
anisotropic and heterogeneous. It exhibits large elastic 
deformations and is classified as so-called hyperelastic 
materials [9], which are characterized by non-linear 
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dependence between stress and strain. It is impossible to 
define average material properties of arteries. The properties 
depend on type of artery, gender, age and state of health [10]. 
Blood flowing in blood vessels is a heterogeneous liquid and 
exhibits non-Newtonian properties [11]. As it was mentioned, 
in the real experiment it is practically impossible to simulate 
the same conditions as in the human body, and therefore the 
experimental stand has been somewhat simplified (see 
Fig.1.). Water, chosen as the liquid, belongs to the Newtonian 
liquids. For the purposes of basic research, the gradual steps 
in selecting a more common fluid were deliberate with a view 
to defining the effects of individual components, materials 
and models so that the individual effects could be separated 
from each other and assessed well. For this reason, only flow 
in a straight unbranched tube was also addressed. 

The deforming tube itself was made of silicone 
(polydimethylsiloxane - PDMS), which as subsequently 
considered hyperelastic and homogeneous [12], [13]. The 
experimental circuit was further composed from a diaphragm 
pump as a source of pulsating flow, a relatively rigid pipeline 
(relative to silicone), a vent valve, two pressure sensors 
(located in front of and behind the tube), and a high speed 
camera. In this case it was a 2D PIV, in which only one plane 
is being sensed. 

To prevent tube oscillation, the tube was preloaded in the 
axial direction by 10 mm and fixed at both ends by clamps to 
simulate the fixed support. This also partially reduced 
unwanted deflection of the tube from the straight direction. 
Nevertheless, there was some slight deflection of the tube to 
the sides. The main properties of the experimental equipment 
are listed in Table 1. It is obvious that the frequency of 
diaphragm pump is very low. This is essential to make a 
decision if the material behavior is viscoelastic or not [12]. 
Since the frequency is low, the material was considered only 
as hyperelastic without any losses. 

In the following Fig.2. shows the static pressure at the inlet 
and outlet of the tube and the mean cross-sectional velocity 
for one period. The measured point in the case of velocities 
of course corresponds to half the length of the experimental 
tube, see Table 1. It is apparent from the results that the 
velocity field varies considerably in spite of the relatively 
calm pressure course. This phenomenon is mainly caused by 
fluctuating pressure differential, which is not at first sight in 
Fig.2. 

The effect of the elastic deformations of the tube on the 
velocity of the liquid is partly evident at the inlet and outlet 
of the tube, which of course cannot be studied by the 
experiment. It is very problematic to place a high-speed 
camera at the same time on the pressure sampling position for 
positional and optical reasons. Data from Fig.2. was then used 
to define boundary conditions for numerical simulation. The 
course of velocities for the next periods is shown in Fig.3. It 
is obvious from the time record of individual periods that the 
plot is not perfectly periodic. This is due to the inaccuracies 
of measurement and especially the characteristics of the 
experimental circuit, which is conceived as closed. 

 
 

Fig.1.  Experimental stand. 
 

 
 

 
 

Fig.2.  Experimental results for one period. 
 

 
 

Fig.3.  Mean axial velocity for 3 periods. 
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Table 1.   Experimental stand properties. 
 

Pipe properties Length Inner diameter Wall thickness Material 
500 mm 18.1 mm 2.2 mm PDMS 

Pump frequency ~ 1 Hz (0.968 Hz) 
Pressure sensors Range Accuracy  Sensors distance  Frequency 

0 – 2 bar 0.35 % max. range 630 mm 500 Hz 

2D PIV  Sensing frequency of camera Sensing position 
1000 Hz Middle of the pipe length 

 

 

3.  NUMERICAL FSI SIMULATIONS 

As mentioned in the introductory passage, the main means 
of verifying and inducing the events observed during the 
experiment were numerical FSI simulations. These 
simulations were performed in ANSYS Workbench 17.2, 
where System Coupling was used to bind finite element 
method (FEM - solid phase) and finite volume method (CFD 
- liquid phase) [14]. Stress-strain analysis utilized Transient 
Structural and fluid flow simulation was performed using 
ANSYS Fluent solver. The geometry corresponded to the 
experiment, but due to the time-consuming simulation, only 
a quarter of the tube was considered (see Fig.4. and Fig.5.). 
In other tests tested, it was verified that the data obtained for 
a quarter and the entire cross-section of the tube showed 
absolutely minimal deviations in the static pressure 
overpressure range. Under the vacuum resulting from the 
implementation of the closed experimental circuit, the 
internal cross-section of the solid tube cannot be reduced to a 
level less than the initial unloaded configuration. This results 
in deformation of the shape of the circular cross-section of the 
tube and consequent significant deflection of the tube from 
the direct direction due to additional stresses.  
 
 

 
 

Fig.4.  Scheme of fluid and structural domain geometries and 
boundary conditions. 

 
 

 
 

Fig.5.  Dimensions of fluid domain.  
 
 

Table 2.  List of symbols. 
 

Ar, ANH, 
AMR 

[N-1 m3] Transform relation 

C1, C2 [Pa] Mooney-Rivlin material 
constants 

d, d1, d2, d3 [m] 
Inner diameters of the 
simulated domain 

E [Pa]   Young modulus  
f [-]   Darcy friction factor 
g [m s-2]   Gravity acceleration 
G [Pa]   Initial shear modulus 

I�̅� [-] 
First invariant of the right 
Cauchy-Green deformation 
tensor 

I�̅�, I�̅� [-] 
First and second invariant of 
the right Cauchy-Green 
deformation tensor 

K [Pa] Bulk modulus 

L1, L2, L3 [m] Length parts of simulated 
domain 

p, p1, p2 
[Pa] 
[bar] 

Static pressure and absolute 
static pressures for domain 
inlet and outlet 

r31 = d3/2, 
r32 

[m] Variable inner and outer radius 
of the tube 

r310, r320 [m] Starting inner and outer radius 
of the tube 

s3 [m] Wall thickness of tested tube  
t [s] Time 
U [m s-1] Experimental velocity value in 

the tube 
v [m s-1] Flow velocity in the tube 
W [Pa]   Strain energy density 
x [m]   x-coordinate, axis of the tube 
μ [Pa s]   Dynamic viscosity-liquid 
ν [-] Poisson's ratio 
ρ, ρF [kg m-3] Tube and liquid density 

 
 
 

Table 3.  Range of the calculated domain. 
 

L1 = 25 mm d1 = 25 mm 

s3 = 2.2 mm L2 = 40 mm d2 = 15 mm 

L3 = 500 mm d3 = 15 mm 
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Table 4.  Description of numerical model. 
 

Simulation FEM CFD 

Material neo-Hookean water  

Material constants 

ρ = 1210 kg.m-3 
E = 1.9 MPa 
ν = 0.5 
G = 0.633 MPa 

ρF = 998.2 
kg.m-3 
μ = 0.001 Pa.s 

Nr. of cells  10 000 249 000 

Type of elements 
quadratic, Hex 
20 

linear, Hex 8 

Max. skewness 0.03 0.50 

Max. Aspect ratio 2.81 3.92 

Boundary 
conditions 

Frictionless, 
Fixed, Fluid 
solid interface 

Velocity inlet 
(pressure inlet) 
Pressure outlet 

Damping Control 
and dynamic mesh 
update method 

Numerical 
Damping: 0.1 

Diffusivity 
Based on Cell 
Volume 
Diffusion 
Parameter: 0 

Solution 
Stabilization 

- 

Coefficient-
based 
Scale Factor: 
0.002 

Calculation mode 
Unsteady, time step = 0.005 s, 
incompressible and laminar flow, 
incompressible solid 

Reynolds number in the 
middle of the tube 

~ 0 - 8000 

 
 

This phenomenon can be countered as in the experiment by 
preloading the tube. In the case of hyperelastic Neo-Hookean 
materials, the prestressing alone does not have a significant 
effect on the magnitude of the radial deformations of the tube, 
if a purely circular cross-section is considered, the same value 
of axial stresses on the inner and outer radius of the tube and 
the fixed tube length. The calculation time of the bound task 
(System Coupling mode) is at the limit of acceptability even 
with such a simple task due to possible testing and 
verification of the results. Simulations were done on 
computer station with following hardware: AMD Ryzen 
5 2600x Six-Core Processor, RAM 32 GB. One period of 
simulation (200 coupling steps) took about 20 hours of 
computing time. The fact that the full tube considered would 
be, like its quarter of a purely circular cross section, speaks to 
the reduction of the tube to a quarter. However, the actual 
tube exhibits some variations in circularity and wall 
thickness. In the following Table 2. to Table 4. are used 
markings, computer domain dimensions and numerical model 
settings. Sensitivity analysis is a part of all numerical 
simulations. If experimental data exists, the main criterion is 
the match of the numerical simulation result with the 
experiment. In this particular case, the number of solid and 
liquid phase computational cells in the radial and axial 

direction was therefore monitored with respect to their 
minimum number. 

Due to the large deformations occurring during loading of 
the tube, it was necessary to work with a dynamic mesh in the 
CFD part of the task. Therefore, Dynamic Mesh Update 
Methods in Diffusion-Based Smoothing were chosen in the 
deforming regions, which seemed to be the most suitable of 
the available options, see Table 4. All zones of the fluid 
domain except for the liquid-elastic wall interface (wall 
deforming, see Fig.4.) were then defined as deforming. 
However, the position of these zones has been fixed by 
coordinates and vectors because the position of these entities 
is in fact constant or fixed. The wall deforming interface was 
subject to the System Coupling setting within which data are 
shared and transferred between the structural and fluid solver. 
Due to the problems with the convergence of the simulation, 
the Solution Stabilization was also used, see Table 4. The 
setting of the stabilization coefficient can significantly 
influence the simulation, e.g. in the vacuum area. 

The liquid in the CFD simulation made up of pure water did 
not contain other particles that were, by nature, part of the 
experiment. However, the concentration of these particles 
must be less than 2 % at a very low level with a density close 
to water. Therefore, these particles have no significant effect 
on the results obtained. The tube flow regime was considered 
laminar. This fact, which at first glance contradicts a 
meaningful conception of the task, because in the centre of 
the tube reaches Re value up to 8000, has its reason. In the 
follow-up work should be tested liquid, which falls into the 
category of non-Newtonian similar to blood. However, the 
turbulent behavior of non-Newtonian fluids is not yet 
sufficiently described [14], [15], [16]. From this point of 
view, it is more certain to consider only laminar flow, even 
with regard to the experience gained for the follow-up work. 
The second reason in using the laminar flow regime is the 
boundary conditions. It is known that it is necessary either to 
import the input velocity profile (in this case unsteady) into 
CFD solver, but this is not known due to the location of the 
pressure sampling, or to extend the area by a free section of 
the pipeline where the corresponding velocity profile is 
generated. However, the lengthening of the computational 
domain brings a considerable distortion of the results 
achieved, since the computational domain itself is relatively 
short. In the input cross section defined by the diameter d1 in 
Fig.5., the Reynolds number is even greater than half the 
length of the tube. This is one reason why the expected 
unsteady turbulent velocity profile has been replaced by a 
non-stationary piston profile that corresponds to the velocity 
inlet condition with a constant velocity distribution across the 
cross-section. 

In addition to the definition of boundary conditions, the 
setting of the structural solver consists in prescribing a 
suitable hyperelastic material. Based on experimental testing 
of the tube material, a non-Hookean (1) and Mooney -Rivlin 
(2) material model was considered to be the most suitable 
neo-Hookean with regard to the less problematic convergence 
of the problem. 
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The tensile modulus of PDSM of material E was determined 

by a uniaxial tensile test and its properties are listed in 
Table 4. In terms of fidelity of numerical simulation, the 
choice of boundary conditions is essential. The input and 
output values of static pressures are known from the 
experiment, see Fig.2., but which do not represent a complete 
specification of the boundary conditions of the fluidic part of 
the simulation. A common combination of boundary 
conditions in a CFD simulation is a combination of velocity 
and static pressure conditions, or a combination of two 
pressure conditions. In the latter case, however, one of the 
pressures shall be the total pressure containing the dynamic 
component. The dynamic pressure component is relatively 
small and is often neglected in some applications. However, 
due to the relatively small dimensions of the tube, dynamic 
pressure is important. In the case of an absolutely rigid tube, 
it would of course be possible to use the magnitude of the 
mean velocities obtained by the 2D PIV method at half the 
tube length to determine the dynamic component. However, 
in the case of a flexible tube, the dynamic pressure at the inlet 
or outlet to the computing area will differ considerably 
compared to the dynamic pressure at half the length of the 
tube. Therefore, boundary conditions are required in 
connection with Fig.2. 

There are two ways to deal with the problem. The first 
variant assumes that the tube is halved, the mean speed of 
Fig.2. at the outlet of the tube while using the experimentally 
determined static pressure at the inlet of the tube. It is actually 
a combination of speed and static pressure conditions. After 
performing this FSI simulation, the approximate size of the 
dynamic pressure component at the inlet of the tube can be 
gradually determined. The basic criterion for the correctness 
of such a procedure, but not the only one, is, of course, the 
FSI simulation of the original tube with the pressure output 
condition corresponding to the experiment, while maintaining 
the mean velocity at the center of the tube, which also 
corresponds to the experiment. The second way to define the 
dynamic component of the inlet pressure is a one-dimensional 
FSI simulation representing a combination of a fluid equation 
of motion (3), a continuity equation (4) and at least a simple 
solid phase equation of motion (5) assuming a fixed length 
tube. The density of the tube material is close to water, see 
Table 4. and therefore it makes no sense to consider its 
inertial effects. The question of the viscous behavior of the 
material has already been answered in relation to the 
frequency of pressure pulses in the experimental circuit. It 
should further be noted that although in the relationship (4) 
there is a modulus of liquid compressibility K, the liquid is 
nevertheless understood to be incompressible. However, the 
convergence of the 1D model is more favorable with this 
setting. The equation of motion of the tube (5) can easily be 
extended by 1D models with neo-Hookean material (6) or 
Mooney-Rivlin can be tested with two parametric material 
models (7) with constants C1 = 292308 Pa and C2 = 24359 Pa. 

���� + � ���� = � − ��� ���� − ����� �|�|�                (3) 

 ���� = !"#$#%�&'()**�� − � ����                       (4) 

 ������ = +� ����                          (5) 

 +� = +,- = �����	.*��/'*��0 !*�'/'*�'0 1               (6) 

 +� = +23 = �
4���5��.*��/'*��0 !*�'/'*�'0 1&

&�'. �*��/'! �*�'/'16
             (7) 

 

 
 

 
 
Fig.6.  Boundary conditions for CFD and 1D simulations of the 

inlet velocity. 
 
Both ways were used to realize the final FSI simulation of 

the test tube. In connection with the above, it is necessary to 
mention one more fact, which is based on the possibilities of 
the experiment. In Table 1., the accuracy of pressure 
transducers at 0.35 % of their maximum measurable range of 
2 bar, i.e. 700 Pa, is mentioned. The absolute pressure sizes 
are relatively large, but the pressure differential of the static 
pressures between the inlet and the outlet of the tube takes 
substantially smaller values. The tube itself is only 500 mm 
long, so the pressure drop is minimal and the hydrostatic 
pressure is also small. Even when using another type of 
encoder with a higher accuracy class, a measurement error for 
a similar task cannot simply be neglected. It is therefore 
advisable to eliminate undesired pressure inaccuracies or at 
least the static outlet pressure of Fig.2. is a simpler curve, see 
Fig.6. The course of static pressure was therefore replaced by 
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the polynomial of the 6th degree and in the steady-state areas 
by a straight line. In Fig.6., the results of 1D FSI simulations 
obtained through relationships (3) to (7) for the neo-Hookean 
and Mooney-Rivlin material models are also recorded. It 
seems that 1D simulations are particularly suitable for 
checking the results obtained or as a starting point for refining 
boundary conditions. Better match of 1D Mooney-Rivlin 
material model over 1D neo-Hookean material in Fig.6. 
compared to the final form of the inlet velocity inlet boundary 
condition in ANSYS FSI simulation is not critical. The reason 
is of course the term in the denominator of the relation (7), 
which stands at the constant C2, and which is itself a constant. 
It is known that the sum of C1 and C2 corresponds to G / 2 if 
ν = 0.5 (Table 4.). The larger amplitude magnitude of the 1D 
neo-Hookean model in Fig.6. is due to the nature of the 
numerical 1D model and the input boundary conditions, 
which are in parts by continuous functions, defined by the 
measurement interval, to which this model can respond worse 
than the Mooney-Rivlin model. Of course, it is ideal to fit 
boundary conditions with one continuous function, if 
possible. However, by default, purely experimental data was 
used in 1D simulations. 

 
4.  RESULTS 

As it was mentioned before, one of the FSI simulation 
accuracy criteria was the match of mean velocities at half the 
length of the tube compared to the experimental data. The 
comparison is shown in Fig.7.  
 

 

 
Fig.7.  Comparison of the average velocity values during one 

period. 

 
The waveforms of both curves are fairly consistent, but it is 

evident that the numerical calculation did not affect all the 
dynamics of the experimental data. This can be caused by 
different size of time step in FSI simulation, but also by 
different tasks. We are not able to cover all the characteristics 
of the experimental track in the simulation. The size of the 
time step in FSI simulation, in turn, is related to the total 
computation time, see Table 1. and Table 4., which, if the 
time scale is the same as in the experiment, would grow five 

times. Equally important criteria for simulation fidelity are 
the time sequences of velocity profiles set at half the tube 
length. If we were to consider a real application in the form 
of blood flow in arteries, we would get a more or less faithful 
picture of the dynamics of blood circulation in the affected 
area. For example, it is no longer difficult to analyze the 
relevant tube stresses or arteries in the FSI simulation. 
However, since experimental data is missing for obvious 
reasons, the corresponding stresses will not be plotted. 
Indeed, stress analysis of rotationally symmetric bodies is 
well described in literature [5], [17], [18]. Other works [3], 
[7], [19], which were carried out at this topic, show that the 
link between the static pressure in the tube and the actual or 
simulated deformation of the tube is less prone to possible 
inaccuracies than is the case with purely hydraulic 
parameters. By this is meant the coupling between the static 
pressure and the corresponding flow velocity, which can be 
faithfully simulated in the flexible tube substantially more 
difficult. Therefore, the following figures (Fig.8. to Fig.24.) 
show mainly comparisons of velocity profiles between the 
experiment and the numerical model. The curve 
corresponding to the FSI simulation only extends to half the 
profile as it corresponds to a quarter of the simulated tube. 
The actual width of the planar experimental velocity profile 
may vary because the hose, in contrast to the simulation, 
swung sideways while the high-speed camera position was 
stationary.  

 

 
 

Fig.8.  t = 0.05 s. 
 

 
 

Fig.9.  t = 0.1 s. 
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Fig.10.  t = 0.15 s. 

 
Fig.11.  t = 0.2 s. 

 
Fig.12.  t = 0.25 s. 

 
Fig.13.  t = 0.3 s. 

 
Fig.14.  t = 0.35 s. 

 
Fig.15.  t = 0.4 s. 

 
Fig.16.  = 0.45 s. 

 
Fig.17.  t = 0.5 s. 
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Fig.18.  t = 0.55 s. 

 
Fig.19.  t = 0.6 s. 

 
Fig.20.  t = 0.65 s. 

 
Fig.21.  t = 0.7 s. 

 
Fig.22.  t = 0.75 s. 

 

 
Fig.23.  t = 0.8 s. 

 
Fig.24.  t = 0.85 s. 

 
Obviously, the experimental velocity profiles exhibit a 

greater degree of instability and asymmetry due to the size of 
the time step and the continuous operation of the pump, which 
pulsates constantly vibrates the tube regardless of the 
theoretical beginning and end of the simulated period. It is 
also known that any such task depends greatly on the 
initialization conditions. In principle, however, in the first 
half of the simulated period, the speed profiles obtained 
through the FSI simulation in shape correspond quite well to 
the experiment. In the second part of the tested period, the 
asymmetry of the velocity profile further increases and the 
deviation between the experimental data and the numerical 
simulation increases. It can be further noted that if we assume 
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a symmetric velocity profile at the beginning of the simulated 
period (Fig.8. to Fig.11.), this symmetry is progressively 
disturbed during inflation of the hose due to pressure build-
up in the system. The situation worsens when the static 
pressure reaches its maximum and the tube begins to shrink, 
which takes place in the second half of the period examined. 
For this, it is necessary to consider a slightly variable wall 
thickness of the actual tube, which leads to the formation of 
ovals and uneven deformation of the originally almost 
circular cross-section. In Table 3. it is stated that the thickness 
of the tube is relatively thin, corresponding to approximately 
2.2 mm. Changes in thickness uniformity at the level of five 
to ten hundredths of millimeters will significantly affect the 
size of the radial deformations of the tube. The worst situation 
then occurs at the very end of the simulated period, when part 
of the tube gets under vacuum (see Fig.2.) and the velocity 
profile shows deviations from the profile simulated in size 
and shape. As mentioned previously, during the vacuum 
mode, the tube tends to deviate from the straight direction. 

 
5.  CONCLUSION 

Although the tested domain is relatively simply shaped, FSI 
simulation of a cylindrical tube presents a number of 
problems with respect to the fidelity of the characteristic 
values of the flow field in the tube. We could consider and 
then simulate a branched tube similar or identical to the actual 
bloodstream, but such a problem has two weak points. The 
first is the true value of the experiment and the second is the 
fidelity of the FSI simulation. Both of these shortcomings are 
largely based on the relevance of boundary conditions and the 
fidelity of the experimental model, real and virtual. 

The experiment described in this work most closely 
approximates the simulation of blood flow through large 
vessels with a high elastin content. The task of the large 
vessels is, among other things, to convert the pulse flow into 
a continuous flow. From this point of view, the 
experimentally measured flow in the tube, determined at half 
its length and described by the mean velocity of the cross-
section, can be considered as acceptable. 

In the experimental part of the work, it would be worth 
considering the implementation of an open hydraulic circuit, 
which would limit the effect of timing of the suction and 
discharge valves of the diaphragm pump. Thus, it would be 
possible to improve the compliance of the non-stationary 
course of physical quantities in individual periods and to 
reduce the vacuum area. Regarding the boundary conditions 
and thus the position of the measurement sites, 
reconfiguration of the experimental stand after the 
experimental data from the static pressure transducers could 
be useful. It has been said that it is relatively problematic to 
determine both static pressures and the character of an 
unsteady velocity field at the same measured position. 
Therefore, changing the pressure tapping point to the position 
of the high-speed camera seems to be an advantageous way, 
while maintaining the required optical conditions. Although 
it is still not possible to link the static pressure magnitudes to 
the corresponding velocity profile or velocity profile at the 
inlet of the tube and at half its length at one time, this would 
be beneficial as a guide to further adjusting the boundary 

conditions. Of course, two high-speed cameras supplemented 
by a pressure sensor would be optimal. In connection with the 
sensing frequency of non-stationary static pressures and the 
choice of pressure transducers, we can certainly recommend 
work dealing with the dependence of the sensing frequency 
on the magnitude of the measured pressure amplitude with 
regard to its decrease due to damping. 

In the field of FSI simulations implemented using 
commercial software ANSYS with CFD solver ANSYS 
Fluent, besides the mentioned boundary conditions, the so-
called solution stabilization seems to be an important option. 
The size of the Scale Factor with the coefficient-based 
method chosen can significantly affect the simulated current 
field and unfortunately no clear opinion can be given with 
respect to its size. The value of the simulations was 0.002. As 
the value of this factor increased, the response of the change 
in velocity field to the change in static pressure in the system 
decreased. 

The question of boundary conditions was already 
mentioned in connection with the evaluation of the 
experiment. For further determination in terms of 
simulations, there is no choice but to use the division of the 
tube into smaller units so that it is possible to use the 
experimentally determined velocity field at a particular 
location of the tube and make it a boundary condition. The 
combination of velocity and pressure conditions on the 
shortened tube eventually allows the necessary amount of 
dynamic pressure in the tube to arrive at the position of the 
pressure sensor. The disadvantage of such an approach is, of 
course, the time consuming, which is generally associated 
with FSI simulations. 

Auxiliary one-dimensional FSI simulations are able to 
qualitatively capture the basic trend of mean velocities in the 
cross-section at the tube entry, but the error in the 
determination of mean velocity appeared quite significant. A 
disadvantage is also the nature of the tube material itself with 
respect to the frequency of pressure pulsations. Purely elastic, 
more precisely, hyperelastic tube behavior combined with 
experimental data yields more noticeable variations in mean 
velocity amplitude in 1D FSI simulations. Of course, internal 
damping can be introduced into one-dimensional models, but 
will result in unwanted attenuation of some frequencies that 
does not correspond to reality. In this context, the two-
parameter Mooney-Rivlin material model appears to be more 
favorable than the neo-Hookean, which in 1D yields better 
results with respect to the concept of the relationship between 
radial deformation of the tube wall and the internal pressure 
in the tube. Considering the continuous functions of the input 
and initial conditions, the differences between the neo-
Hookean and the two-parameter Mooney-Rivlin material 
model of the same tube in 1D FSI simulations would be small. 
By this is meant in particular the magnitude of the radial 
deformations of the tube and the velocity in the center of the 
tube. However, radial deformations of the tube are not part of 
the presented work. The estimation of the input mean velocity 
in the cross-section of the tube by 1D FSI simulations can 
then serve as a starting value for the subsequent refinement 
of the boundary condition, or as a control of the FSI 
simulation of the shortened tube, which uses the basic data 
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experimental mean values of cross-sectional velocities, e.g., 
half the length of the tube, and static pressure at the inlet of 
the tube. 

The main criteria for evaluating the success of 3D FSI 
simulation were the mean velocity in the tube cross-section 
and the individual experimentally determined velocity 
profiles. Conformity of velocity profiles within the measured 
period may, in subsequent applications, indicate fidelity in 
the description of the blood system hemodynamics. Probably 
the biggest problem in the evaluation of experimental 
velocity profiles is the greater or lesser lateral deflection of 
the tube depending on the load on the tube wall. Thus, the 
stationary velocity camera is prevented from symmetrically 
sensing the velocity profile over the entire cross-section of 
the tube. As a result, information about the exact position of 
the inner walls of the tube is lost and the width of the planar 
experimental velocity profile differs slightly compared to the 
actual size of the inner diameter of the tube. 

Comparison of velocity profiles from FSI simulations 
compared to experimental data can be evaluated as a match 
of velocity profile and maximum achieved velocities 
relatively good in the first half of the measured period during 
which the tube is inflated. At the same time, the symmetry of 
velocity distribution in the profile is gradually reduced with 
respect to the intended axis of the tube. Of course, this does 
not mean that the tube is deflected sideways. The velocity 
profile becomes increasingly unsymmetrical in the second 
part of the measured period when the tube is shrinking again, 
with the worst situation in this respect occurring in the 
vacuum area. 

FSI simulation of a full cross section tube only partially 
solves this problem because lateral deflection is typical only 
for that vacuum area of the simulation. The geometry 
considered for the purposes of numerical simulations also 
assumes a constant wall thickness and a completely circular 
cross-sectional shape of the tube. In the case of a real tube 
neither of these two facts applies completely. The deviations 
are small in the order of hundredths and tenths of a millimeter, 
but they influence the stress and deformation of the tube. In a 
way, it is expected that CFD or FEM simulations based on 
symmetric geometric and boundary conditions will offer 
more symmetry than the experimental observation of a 
deforming tube almost in free space. This applies to the 
simulated full cross-section of the tube and its quarter except 
the already mentioned vacuum area. The FSI simulation of a 
full tube is significantly more sensitive to the convergence 
and stability of the solution in the vacuum area, for example 
because of the tube deflection from the straight direction. In 
this context, however, it should be added that there is no 
significant time-dependent movement to the sides of the 
blood vessels for obvious reasons. 

The last neglected fact is the flow regime. It was stated that 
due to the lack of a description of the turbulent behavior of 
non-Newtonian fluids in the existing literature, the flow 
regime was considered laminar. If a different shear stress 
distribution in the tube cross-section and a different flow 
pattern near the deforming tube wall are considered in the 
follow-up works, this may result in some asymmetries in 

velocity profiles in the full tube simulations during the 
inflation and contraction process. However, it is not yet 
possible to assess in advance whether this asymmetry will be 
predominantly of numerical or hydraulic origin. 
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