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Abstract: Hemodynamics plays an important role in genesis of
such vascular diseases as atherosclerosis, thrombosis and aneurysm.
The better understanding of flow conditions in the regions which
prone to have such diseases helps a physician in clinical decision-
making process. In this study, we present a detailed description of
two experimental setups for evaluation of blood flow in arteries of
cardiovascular system. The experimental fluid could be a Newtonian
or non-Newtonian. The same dimensionless parameters — the Reynolds
and Strouhal numbers — should be used for a comparison of
Newtonian and non-Newtonian fluid in models. Experimental setup
for visualization of the flow could be used as a preliminary tool for
the fast detection of main flow features. The detected regions could
be studied in detail by the experimental setup with a high-precision
measuring device. The measured flow field should be analyzed to
detect the regions prone to vascular diseases and estimate the risk of
a disease. The described experimental setups could be used to assist
a physician during the clinical decision marking process.

Introduction. Hemodynamics plays an important role in genesis of such
vascular diseases as atherosclerosis, thrombosis and aneurysm [1-3]. The better
understanding of flow conditions in the regions which prone to have such
diseases helps a physician in clinical decision making process [4]. Currently
available clinical methods, such as ultrasound and MRI, have the restrictions in
spatial and temporal resolution and could not be applied for hemodynamics
studies in some cases. Numerical simulation of blood flow in arteries of
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i - “ﬂ cardiovascular system is considered as
’_ < the most promising tool for study of
hemodynamics in selected region of

/ Lo cardiovascular system [5—7]. However,

; ) due to the high computational

N complexity and time limitations, the
',*j + results of numerical simulations are not

4 : verified with an experiment. Moreover,

‘ B L in a case of emergency, the flow-pattern

. SV L in selected artery of -cardiovascular
& ‘(:\1. > ‘-3.:_‘.}‘ system should be estimated in a

clinically reasonable time. For such cases
the experimental setups could be used to
Fig. 1. Example of silicone model of artery determine the main hemodynamic
characteristics in selected artery [8].
The aim of the study is to present a detailed description of experimental
setups which could be used in a clinical practice for evaluation of the main
hemodynamic characteristics in selected artery of cardiovascular system.

Methods

Model preparation. MRI-data should be segmented to obtain the patient-
specific geometry of selected artery. After the visual inspections the obtained
model should be post-processed in order to eliminate the surface irregularities
and defects. A wax model of artery could be prepared using 3D printing
technique. After this, the model should be covered by the layers of silicone until
the thickness of silicone wall will be sufficient. Then the wax should be poured
out, to keep only the shell model. The example of silicone model is shown in Fig. 1.

Measuring methods. Two measuring methods could be used for the
experimental evaluation of hemodynamic parameters: LDA (laser Doppler
anemometry) and PIV (particle image velocimetry). The LDA method uses the
Doppler shift of laser beam to measure the velocity of the fluid in the silicone
model. The usage of this method requires keeping the same refraction index for
silicone wall and for experimental fluid. The LDA device could measure a
velocity at the point in one direction (1D LDA) or at three directions (3D LDA),
but with a less spatial resolution. The PIV method is based on the estimation of
the velocity for seeding points. A position of the seeding points at one time step
is used as a reference to derive the velocity field at the next time moment. It is
done by subtraction of the old coordinates of the
seeding points from the new ones. The advantage Relative Viscosity
of the PIV against the LDA is that the flow field
could be obtained for the whole cross-section,
whereas the LDA requires point-by-point 1
measurements. 44 Blood

Experimental fluid. To simulate the flow
characteristics of blood, a blood analog should be

. o . : 2 Plasma
used which has a refraction index identical to that . — :
of the silicone wall. Blood is a non-Newtonian 0 20 40 E0
fluid (Fig.2), however the experimental fluid Hematocrit, %
could be a Newtonian or non-Newtonian. Fig,2. Relative viscosity of blood
Selection of particular type of the fluid depends over hematocrit
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on the aim of a study. A mixture of ETA, mPa-s
glycerol and water traditionally used to |,

obtain an experimental fluid with . +',,

Newtonian behavior. Preparation of non- ",

Newtonian fluid requires is complicated 8 i 5

and requires a lot of effort to match the °4’%‘

curve for viscosity between experimental 0 Hotgy
fluid and blood. An example of 4

experimental fluid with non-Newtonian

properties is fluid which consists of 51 % 0 P e o
by weight aqueous Dimethylsulfoxide into 1 10 100 D, s
which various polyacrylamides are added . . .
(0.0035 % Separan AP-302 and 0.0025 % & > Cone experimental s
AP-45, Dow Chemical). The rheological ETA — dynamic viscosity of fluid;
behavior of this fluid is nearly identical to D — shear rate

that of blood with a hematocrit of 46 %.

Figure 3 compares the viscosity over the shear rate of the experimental fluid at
21 °C with the values for human blood, with hematocrits of 46 and 42 % at
37 °C. The viscosity of the experimental fluid and the blood samples were
measured at the respective temperatures with this rotational viscosimeter.
The density of the mixture was equal to 1050 kg/m’ of that of blood.

The same dimensionless parameters should be used for a comparison of
Newtonian and non-Newtonian fluid in models. Thus the Reynolds and Strouhal
numbers should be the same both for Newtonian and non-Newtonian fluids.
A representative viscosity for non-Newtonian fluid should be used for
calculation of the Reynolds number.

_udp
T'lrep ,
where u — average velocity at the inlet; d — proximal diameter of artery; p — fluid

Re

density; n,,, — representative viscosity.

An average velocity could be calculated from the flow rate as

u=—-m,
nd?
where 7 —is flow rate.

In order for two flows to be similar they must have the same geometry and
the same dimensionless parameters. The definition says that two flows may be
considered similar, if a stable ratio is created between geometric and
characteristic physical parameters of the flows be compared at arbitrary
correlated points.

The representative shear rate for non-Newtonian fluid could be calculated
from the known flow rate V at the inlet of an artery and the proximal radius r
as follows:

N4
Y rep 1”3

Using this value the representative viscosity 1, could be obtained from

the curve of shear stress-over-shear rate. If the measured data is not available,
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Fig. 4. Block diagram of experimental setup
for visualization of flow in selected Fig. 5. Flow visualization
artery with particles in the artery using particles

the representative viscosity could be calculated from the coefficients of Power

Law model as
_@ 2nu \(3n+1Y"
Mrep 4\ d T ’

where £ and n — are coefficients of Power Law viscosity model.

The similar dimensionless parameters for Newtonian and non-Newtonian
fluids should be achieved by adjusting the inlet velocity and pulse frequency at
the inlet of selected artery.

Results

An experimental setup was developed for visualization of particles flow in
the selected artery of systemic circulation. The scheme of the setup is presented
in Fig. 4. This setup could be used for a fast determination of main flow features
in the selected artery: vortices, flow separation region, backflow and so on.
Particles are used to visualize the flow field. The setup consists of pump (1),
reservoir tank (2), overflow tank (3), flow meter (4), pressure transducer (5),
container with particles (6), model of artery (7) and pressure transducer (8). The
flow visualization is conducted under the steady flow conditions. The overflow
tank ensures the constant inlet pressure at the model. Pressure transducers are
used for control of inlet and outlet pressure. Flow meter used to control the inlet
flow rate in the artery model. Two valves were added to the model to connect
the main flow with the container with particles. Depending on the task of a
study the particles could be injected into the main flow at arbitrary time.

The example of flow visualization with
=2 particles is shown in Fig. 5.
For a detailed evaluation of

13 6 velocity field in the model of selected

artery the following experimental setup

] 43 7 9 could be used. The scheme of the setup
is presented in Fig. 6. Experimental
8 setup includes a high precision measuring
Fig. 6. Block diagram of experimental setup device such as 3D LDA or PIV system.
for velocity measurements In the exarr.lpl'e the LDA system was

in the selected artery used, consisting of laser (6) and
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photomultiplier (8). The measurements could be done under pulsatile or steady
flow conditions. The overflow tank (3) ensures the steady inlet pressure for the
model (7). Programmable piston pump (1) generates the realistic inlet flow rate,
which is controlled by the flow-meter (4). The inlet and outlet pressures are
measured by the pressure transducers (5) and (9). The piston pump is activated
when the pulsatile flow conditions are required.

Conclusion. In this study we present a detailed description of two
experimental setups for evaluation of blood flow in arteries of cardiovascular
system. Experimental setup for visualization of the flow could be used as a
preliminary tool for the fast detection of main flow features. The detected
regions of interest then could be studied in detail by the experimental setup with
a high-precision measuring device. The measured flow field should be analyzed
to detect the regions prone to vascular diseases and estimate the risk of a
disease. The described experimental setups could be used to assist a physician
in clinical decision-making process.

The work was supported by DAAD (German Academic Exchange Service)
for the “Mikhail Lomonosov” program and within the framework of the state
project No. 18.706.2016 / DAAD.
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JKcnepuMeHTaIbHbIE YCTAHOBKH /IS HCCIeI0BAHUS KPOBOTOKA
B apTepHAX CepAeYHO-COCYTUCTOI CHCTEMBI

C. B. Cungees, C. B. ®poaos, /1. JInnm

@I'BOY BO «Tambosckuii 20cy0apcmeeHtblil meXHu4ecKull
yHusepcumemy, 2. Tambos, Poccus;
Mionxenckuil yrugepcumem npukiaouvix Hayx, . Mrwonxen, I'epmanus

KiroueBbie cjioBa: 6MoMexaHHKa; OONBIION KPYT KPOBOOOPAIICHHUS;
TéMOJVHaMHKa.

A”HOTauMs: ['eMoquMHaMKKa UTpaeT Ba)KHYIO POJIb B I€HE3E TAKUX
COCYIHUCTBIX 3a00JICBaHMIA, KaK aTepOCKIepO3, TPOMOO3 M aHEBpH3MA.
[TornMaHnme ycIoBUiT KPOBOTOKA B OONACTSIX, MMEIOMINX MOTSHIIAAT K pa3-
BUTHIO TAaKUX 3a00JIEBaHUI IIOMOTaeT Bpady B MPOLIECCE MPUHSATUS KIMHU-
yeckux peuieHuid. IlpencraBieHo aeTanbHOE ONMCAHUE ABYX IKCHEPHUMEH-
TaJbHBIX YCTAHOBOK JJI OLIEHKM KpPOBOTOKAa B apTepUAX CEpPJIEYHO-
COCYIUCTON CHUCTEMBI. DKCIIEPHUMEHTAIBHAS )KUIKOCTh MOKET OBITh HBIO-
TOHOBCKOW WJIM HEHBIOTOHOBCKOH. OjHMHAKOBBIC Oe3pa3MepHbIC Mapa-
MeTpbl — uncia PeitHompaca m CTpyxans, JOIDKHBI OBITH HCIIOB30BAHEI
JUUISl CPABHEHUS! HBIOTOHOBCKOM M HEHbIOTOHOBCKOMW JKMJIKOCTEHM B MOJENISAX.
OKCIIepUMEHTATIBHYIO0 YCTaHOBKY ISl BU3yalM3allMd ITOTOKAa BO3MOXKHO
UCIIOJIB30BaTh KaK MPEIBAPUTEILHOE CPEICTBO sl OBICTPOTO OOHapy-
JKEeHHSI OCHOBHBIX O0COOCHHOCTEH KpoBoTOKa. MHTepecyromme obmactu Mo-
IyT 6I)ITb JACTAJIBHO U3YYCHBI C MCIOJIb30BaAHUCM 31<cnep14MeHTaan0171 ycC-
TaHOBKH, BKJIIOYAIOIIEH BHICOKOTOUYHOE YCTPONCTBO M3MepeHus. M3mepeH-
HOE TI0JIE CKOPOCTEH MOTOKa He0OXOAMMO MPOAHAIM3UPOBATE I O0HAPY-
JKeHHS 00J1acTeil, r/ie BO3MOXKHO COCYIUCTOE 3a00JIeBaHUE U OIICHKH PHCKA
€ro BO3HHUKHOBeHHUs. IIpencraBieHHbIE SKCIEPUMEHTAIbHbIE YCTAHOBKHU
MOTYT OBITh HCHOJB30BAHBI U MOMOIIU Bpady B IIPOLECCE MPHHSATHIL
KIMHUYECKUX PEIICHUM.

© C. B. Cungnees, C. B. ®posnos, . JIumm, 2017
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