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EFFECT OF FLUID VISCOSITY ON NOISE OF BILEAFLET PROSTHETIC HEART VALVE™

Background. Numerical simulation and experimental research have been used as powerful tools to understand and
predict the behavior and mechanics of the operation of natural heart valves and their prostheses in natural and patho-
logical conditions. Such studies help to evaluate the effectiveness of the valves, their design and the results of surgical
procedures, to diagnose healthy and impaired function of the heart valves. There is an actual problem in creating
more reliable methods and tools for the operation diagnostics of mechanical heart valves.

Objective. The aim of the research is to investigate the effect of fluid viscosity on the hydroacoustic characteristics of
jets that flow from a semi-closed and open mechanical bileaflet heart valve. To study the possibility of using hydro-
acoustic measuring instruments as diagnostic equipment for determining the working conditions of the bileaflet pro-
sthetic heart valve.

Methods. The experimental research was carried out by means of hydroacoustic measurements of the hydrodynamic
noise in the near wake of the side and central jets of the glycerin solution and the pure water flow downstream of the
prosthetic bileaflet heart valve.

Results. The effect of fluid viscosity on the hydroacoustic characteristics of the jets that flow from a semi-closed and
open mechanical bileaflet heart valve has been experimentally determined. Integral and spectral characteristics of the
hydrodynamic noise of jets of the glycerin solution and the pure water flow downstream of the bileaflet mitral heart
valve for different fluid rate were detected.

Conclusions. In the stream conditions of pure water, the integral characteristics of the pressure field are lower than in
stream conditions of the aqueous glycerin solution. As the glycerin concentration in the solution increases, increase
average pressures and especially RMS pressure fluctuations. The spectral levels of the hydrodynamic noise in the near
wake of the side jet of the glycerin solution are lower than for water flow in the frequency ranges from 1 to 7-8 Hz
and from 100 to 1000 Hz for fluid rate 51/min. For higher fluid rates, the spectral components of the hydrodynamic
noise in the near wake of the side jet of the glycerin solution of the semi-closed mitral valve are higher than that for
the pure water. The greatest difference (1.5—1.8 times) in the spectral levels is observed in the frequency range from
10 to 100 Hz for the fluid rate 15 1/min.

Keywords: prosthetic bileaflet heart valve; kinematic viscosity; hydroacoustic measurement; pressure fluctuations.

Introduction over 300,000 heart surgery operations worldwide [1, 2].

Many of the mechanisms that form the basis of the

In the human body, the heart with the vessels
forms the cardiovascular system, which has two circ-
les of circulation (large and small). The heart is di-
vided by partitions into four chambers: two vent-
ricles and two atria (left and right). Between them
there are four valves: mitral, tricuspid, aortic and pul-
monary. Valves open and close at the right time,
forming a unidirectional blood movement and inter-
fering with regurgitation, that is, the reverse flow of
blood. Natural heart valves consist of thin, flexible
leaflets that are opened and closed, forming a pulsa-
tile blood flow. When the leaflets of the heart valves
are damaged, they are often replaced with prosthe-
ses. In the United States, over 80,000 heart valve
transplant operations are performed annually and
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pathophysiology and progress of heart disease have
not yet been fully explored, creating difficulties in the
medical therapy development [3, 4]. In connection
with this, the most effective treatment for the patho-
logy of the affected valves is surgical intervention.
Now there are three types of prostheses used for
heart valve transplantation, namely, mechanical, bio-
prosthetic, and homotransplant valves. However, each
prosthesis type has its advantages and disadvantages.
Thus, the most commonly used mechanical valves
are exposed to intensive blood thrombus formation
and require lifelong consumption of anticoagulants
that reduce (but do not exclude) the risk of valve em-
bolism by blood thrombi. In general, mechanical val-
ves are manufactured in the form of a bileaflet
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structure consisting of a ring attached to the heart
tissues supporting two movable discs.

The main focus of biological and medical re-
search is the search for methods and tools to reduce
thrombus formation which often observed in the area
of hinges supporting the leaflets or discs of mecha-
nical valves, where unstable inhibited and recurrent
streams are observed. Optimization of the valve is a
rather complex task since high-velocity regions and
correspondingly high shear stresses lead to platelet
activation and erythrocyte destruction, and low-velo-
city regions cause increased formation of thrombi.
Over the past two decades, numerical simulation and
experimental research have been used as powerful
tools to understand and predict the behavior and
mechanics of the operation of natural heart valves
and their prostheses in natural and pathological con-
ditions. Such studies help to evaluate the effective-
ness of the valves, their design and the results of
surgical procedures, to diagnose healthy and impaired
function of the heart valves.

Since the heart sounds are always audible and
only the deviation of their characteristics from the
norm indicates pathology, the appearance of intense
noises of the cardiovascular system becomes a signal
of normal blood flow disruptions. As studies [5, 6]
show, mainly heart noises indicate damage to the
operation of ventricular valves. The mitral valve in-
sufficiency and stenosis of the aortic valve cause
noise at the beginning of the systole, and diastolic
noise indicates aortic valve insufficiency.

Clinical studies of blood flow in the atria and
ventricles are limited to the spatial and temporal
resolution of non-invasive instruments such as echo-
Doppler cardiography and magnetic resonance ima-
ging [7—9]. Currently, the most common method for
diagnosing heart valves is the echo-Doppler cardio-
graphy. Often this method does not detect throm-
bus formation on the surface of mechanical valves.
This is due to the fact that the echo-Doppler cardio-
graphy registers the pressure drop through the open
valve. But this pressure drop was not obtained from
direct measurements, but calculated from semiempi-
rical relationships. Such calculations lead to rough
estimates and give a large error in diagnostic studies.
Especially a lot of errors arise, for example, in the
operation diagnostics of mechanical mitral valves.
This is due to the fact that the pressure drop during
blood movement through the mitral valve prosthesis
is much less than through the aortic valve prosthesis.
Therefore, a high percentage of errors in the pressure
drop evaluation by means of echo-Doppler cardio-
graphy occur with thrombosis of bileaflet mecha-
nical mitral valves. In this regard, there is an actual

problem in the creating of more reliable methods and
tools for the operation diagnostics of mechanical
heart valves.

Preliminary research with positive result for the
use of hydroacoustic and vibroacoustic measurement
techniques as possible portable equipment in addition
to the existing echo-Doppler cardiography for the
diagnostics of thrombosis of prosthetic mitral valves
was proposed and conducted. Hydroacoustic or vib-
roacoustic measurements are relatively inexpensive
non-invasive measurements that can be easily integ-
rated into standard ultrasound measurements as an
additional indicator of operability of prosthetic mit-
ral valves. This is shown in the papers [10—12] that
when modeling of the thrombus formation on one
of the mechanical valve leaflets (semi-closed valve),
the hydroacoustic parameters of the jets that flow
out of the valve holes differ from those that occur in
the conditions of the open valve leaflets. It should
be noted that in these studies water was used as a
working medium, and as known, the blood is a non-
Newtonian fluid that has a kinematic viscosity greater
than a kinematic viscosity of pure water. In this
connection, the problem arises to determine the in-
fluence of the viscosity of the working medium on
the possibility of hydroacoustic or vibroacoustic diag-
nostic of thrombus formation on the leaflets of me-
chanical bileaflet heart valve.

Problem statement

The aim of the research is to investigate the
effect of fluid viscosity on the hydroacoustic cha-
racteristics of jets that flow from a semi-closed and
open mechanical bileaflet heart valve. To study the
possibility of using hydroacoustic measuring instru-
ments as diagnostic equipment for determining the
working conditions of a bileaflet prosthetic heart
valve.

Experimental setup and research technique

Experimental research was carried out in the
micro-biofluid-dynamic Laboratory (uBs) of Poli-
tecnico di Milano. Physical simulation of the flow
through the heart valve was performed on a mecha-
nical bileaflet heart valve (Fig. 1) of Sorin Biome-
dica Cardio (Italy). Transplantation of such a valve
with a diameter d = 25 mm is performed mainly in
the left ventricle of the heart with aortic or mitral
valve prosthetics [13, 14]. In research, a mechanical
bileaflet valve was placed in the mitral valve position
between the left atrium and the left ventricular cham-
ber. The model of the atrium and the left ventricle



IHOOPMALLINHI TEXHOSOT 1T, CACTEMHUIA AHANI3 TA KEPYBAHHA 43

was made of organic glass and is shown in Fig. 2.
Fluid goes through the inlet pipe entered inside the
model of the atrium /. As a working fluid, water
and an aqueous solution of glycerin of various con-
centrations were used. Inside the atrium model, there
were nets and grids to destroy the large-scale tur-
bulence of the input stream. From the atrium mo-
del, the working fluid entered inside the model of
the left ventricle 2 through a mechanical bileaflet
mitral valve. The fluid from the left ventricle model
flowed either through the aortic valve 3 or through
the outlet 4. Inside the model of the left ventricle
are coordinate devices 5 for attachment and move-
ment of the sensors in the vertical plane.

Fig. 2. Test bench: / — atrium; 2 — left ventricle; 3 — aortic valve;
4 — outlet; 5 — coordinate devices

The liquid flow through the open mitral valve
is divided into three jets — the central and two side
jets, which are schematically shown in Fig. 3. In the
near wake of these jets, there are a block of pressure
fluctuations and absolute pressure sensors, which are
mounted on the coordinate device 5 (see, Fig.2).
The sensor block moves along the investigated jet and
records the pressure field or hydrodynamic noise of
the jet at a different distance from the valve. The
mitral valve fixing device between the model of the
atrium and the left ventricle made it possible to

rotate the valve around its axis. This allowed inves-
tigating separately the hydrodynamic noise of the
near wake of the central or lateral jet by pressure
Sensors.

Fig. 3. Flow through the open mitral valve

In the research, a stationary flow of working
fluid through the mechanical bileaflet heart valve
was used. The pump supplies pure water or glycerin
solution with a fixed rate through the mitral valve.
The scheme and picture of the experimental setup
are shown in Fig. 4. The pump /I supplies the wor-
king fluid inside the atrial model 3 and through the
mitral valve inside the model of the left ventricle 4,
and then in an open tank & Monitoring of fluid
flow rate and measurement of hydrodynamic noise
and vibration is carried out by sensors 2, 5, and 6,
respectively. The registration, processing and analysis
of research results are carried out on specialized mea-
suring complexes and computers 7.

.

b
Fig. 4. Experimental setup: a — scheme, b — picture

A block of pressure sensors 2 and its location
downstream of the mitral valve I are shown in
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Fig. 5. Sensor position: @ — pressure sensors, b — location, ¢ — external sensors

Fig 5, a, b. In Fig. 5, ¢ is a picture of atrial and
left ventricular models with absolute and dynamic
pressure sensors, accelerometers and acoustic heart
sensors. Three miniature piezoceramic pressure
fluctuation sensors (diameter of the sensitive surface
d, = 1.3mm) [15, 16] and two piezoresistive diffe-
rential absolute pressure sensors are installed [17]
(Fig. 6). The sensors are placed in a line along the
investigated jet at a distance of 5 mm (see, Fig. 5, a).
The pressures inside the models of the atrium and left
ventricle are recorded by piezoresistive absolute pres-
sure sensors (three sensors). The vibrations of the at-
rium, sensor holder, and left ventricle model are mea-
sured by piezoceramic accelerometers (two accelero-
meters) [15, 18]. Sound field on the surface of the
atrium model and of the left ventricle model is recor-
ded with two acoustic heart sensors.

Fig. 6. Pressure and acceleration sensors

The electrical signals of the sensors, amplified
and filtered by the appropriate equipment, come to a
16-channel 16-bit analog-digital converter connected
to a computer. At the same time, the signals are re-
corded from twelve sensors that measure the fields
of pressure, velocity, sound and vibration, both inside
and outside the models of the left ventricle chamber

and the atrium. This enabled to determine the space-
time characteristics of the investigated fields, and also
to investigate the transformation of the measured
parameters upon transition from the internal volume
of the atrium and left ventricular models to the ex-
ternal environment and to the outer surface of these
models.

Processing and analysis of experimental results
were carried out using apparatus and algorithms of
mathematical statistics and probability theory. For
this purpose, Briiel and Kjer specialized analyzers,
and personal computers were used. After processing
the experimental data, the integral characteristics of
the investigated physical parameters (mathematical
expectation, variance, mean-square values of random
variables), spectral and correlation functions were ob-
tained. Autospectra, cross spectra, coherence functi-
ons and spatiotemporal correlations allowed deter-
mining [19, 20] the relationship between the inves-
tigated fields, the direction and transfer velocity of
hydro and vibro-acoustic parameters and identifying
the investigated physical quantities’ change sources,
their location, scales in space and time.

The research program included the simultane-
ous measurements of static and fluctuating pressure
near the central and side jet downstream of open
and semi-closed mechanical bileaflet heart valve,
inside the atrium and left ventricular chamber mo-
dels, and vibration and sound on the outer surface
of these models and velocity fluctuations at the en-
trance of the atrium. The location of the pressure
sensor block downstream of the bileaflet mitral valve
is shown in Fig. 7. In Fig. 7, a is shown the moment
of measurement of the hydrodynamic noise of the
central jet for the operating condition of the open
valve. Fig. 7, b shows a semi-closed valve and the
sensors, which are located in near wake of central jet.
In Fig. 7, ¢ is shown a picture of the open mitral
valve and the sensor block located near the side jet
and in Fig. 7, d — measurement of the noise of the
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near wake of the side jet and semi-closed valve. The
distance between the pressure sensors (x), which are
located in the sensor block, and the leaflets of the
heart valve varied from 25 mm to 45 mm. The flow
rate of the working fluid (Q) through the mitral valve
was ranged from 5to 15 I/min. As a working fluid,
pure water and an aqueous glycerin solution of va-
rious concentrations from 35 to 43 % were used. The
glycerin solution and water kinematic viscosity varied
from 3.2 to 4.3.

Fig. 7. The central jet noise measurement: open (a) and semi-
closed valve (b) and side jet: open (c) and semi-closed
valve (d)

Research results and discussion

According to the developed research program,
integral (in the general frequency band) and spectral
characteristics of fields of pressure, velocity and vib-
rations were determined. The spectral characteris-
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tics were calculated using fast Fourier transform of
the fluctuations of investigated physical quantities
using the Hanning weighting windows. Integral cha-
racteristics (mean and RMS values) allowed deter-
mining the energy of the investigated processes in the
frequency band from 0.01 to 1000 Hz. Spectral cha-
racteristics represented the levels of physical quantities
in narrow frequency bands.

In Fig. 8, a is shown the mean values of pres-
sure, and in Fig. 8, b is presented the RMS values of
pressure fluctuations near the side jet of the semi-clo-
sed mitral valve at a distance of 25 mm or x = d from
its base, depending on the flow rate for the stream
of pure water and glycerin solutions of different con-
centrations. Curve / represents the pure water flow
which has a kinematic viscosity v = 1.01-107° m?/s,
curve 2 — the glycerin solution flow with a kinema-
tic viscosity of 3.2v, curve 3 — the glycerin solution
flow with a kinematic viscosity of 3.8v, and curve 4 —
the glycerin solution flow with a kinematic viscosity
of 4.3v. The integral characteristics of the pressure
field of near wake of the jet downstream of the
semi-closed, as well as open (not shown) mitral valve
increase as the fluid rate increase. In-stream condi-
tions of the pure water, the integral characteristics
of the pressure field are lower than in stream condi-
tions of the aqueous glycerin solution, average pres-
sures and especially RMS pressure fluctuations in-
crease as the solution glycerin concentration increase.

Comparison of mean values of pressure and
RMS values of pressure fluctuations for the opera-
ting conditions of a semi-closed and open valve is
shown in Fig. 9. The measurements were made in the
near wake of the side jet and the glycerin solution
flow with a kinematic viscosity of 4.3 greater than
the kinematic viscosity of the pure water. Curve [
represents a semi-closed valve, and curve 2 — an
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Fig. 8. Integral characteristics of pressure field: a — mean pressure; b — root-mean-square values of pressure fluctuations
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Fig. 9. Comparison: a — mean values of pressure, 5 — RMS values of pressure fluctuations

open valve. The mean values of pressure (Fig. 9, a)
and RMS values of pressure fluctuations (Fig. 9, b)
near the side jet of the semi-closed valve are higher
than near the side jet of the open valve. The differen-
ce of the pressures increases as the glycerin solution
flow rate increase. Thus, at the flow rate of 15 1/min,
the mean pressure increases by almost 5 %, and the
RMS values of pressure fluctuations are almost 2 times
higher.

The spectral power densities of the pressure fluc-
tuations in the near wake of the side jet of the open
valve are shown in Fig. 10. The spectra were mea-
sured for the pure water flow and the glycerin solu-

P(f), Pa’/Hz P(f), Pa}/Hz

tion with a kinematic viscosity of 4.3v. The distance
between the pressure fluctuation sensors and the valve
leaflets changed as x = d (curves / and 4), x = 1.1d
(curves 2 and 5) and x = 1.2d (curves 3 and 6). The
first three curves were measured for the pure water
flow, and the last three curves were measured for
the glycerin solution flow. The spectral power densi-
ties of the pressure fluctuations were measured for
a fluid rate Q = 51/min (Fig. 10, a), Q = 10 I/min
(Fig. 10, b) and Q = 151/min (Fig. 10, c). The spec-
tral levels of hydrodynamic noise increase both in
the low-frequency region and in the high-frequency
region as the fluid rate increase. This indicates that
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Fig. 10. Spectral power densities of the pressure fluctuations for open valve and fluid rate: ¢ — Q = 5 I/min, b — Q = 10 1/min,

¢— Q=151/min
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the intensity of large-scale vortex structures (genera-
ting low-frequency pressure fluctuations) and small-
scale eddies that are separated from the leaflets of
the valve during fluid flow through the open valve
are increased. The noise generated by small-scale vor-
tices (the high-frequency part of the spectrum) in the
glycerin solution is much higher (see, for example,
Fig. 10, b or Fig. 10, ¢). For the low fluid rate, spec-
tra of pressure fluctuations of the pure water flow
through the open valve in low-frequency region are
higher than for the glycerin solution flow. The ma-
ximum values of the pressure fluctuations were obser-
ved at a frequency f,,.. = 3.55 Hz for the pure water
flow and f;,. = 3.24 Hz for the glycerin solution flow
and fluid rate Q = 51/min (Fig. 10, a). The maxi-
mum of the spectral levels of hydrodynamic noise
was obtained for the pure water flow by a fluid
rate Q = 101/min at a frequency f,,., = 3.76 Hz and
for the glycerin solution flow f,, = 3.39 Hz. For
fluid rate Q = 151/min (Fig. 10, ¢) the maximum of
the pressure fluctuations has occurred at a frequency
Jfoax = 4.25 Hz (pure water) and f,,, = 3.61 Hz (gly-
cerin solution).

The spectral power densities of the pressure fluc-
tuations in the near wake of the side jet of the semi-
closed valve are shown in Fig. 11. Here the sym-
bols of the curves are identical to Fig. 10. Unlike the
open valve, the intensity of the hydrodynamic noise
for the maximum investigated fluid rate through the
semi-closed mitral valve is substantially higher than
for lower fluid rates (see, for example, Fig. 11, b and

PX(f), Pa¥/Hz P(f), Pa’/Hz

Fig. 11, ¢). The values of the frequencies, where the
maximum levels of pressure fluctuations are observed,
have also changed. Thus, for a fluid rate Q = 5 1/min
(Fig. 11, a), have the frequency f;,,, = 4.36 Hz (pure
water) and f,,, = 3.58 Hz (glycerin solution), for
0 =10 1/min (Fig. 11, b) — f,.. = 4.50 Hz (pure wa-
ter) and f,,,, = 3.80 Hz (glycerin solution) and for
Q=15 I/min (Fig. 11, ¢) — f,..x = 4.85 Hz (pure wa-
ter) and f,,, = 4.12 Hz (glycerin solution). Conse-
quently, the frequency of maximum levels of pres-
sure fluctuations increases as the fluid rate increases,
as shown in Fig. 12. It is caused by the frequency
increase of separation of vortex structures from the
leaflets of the valve with increasing flow velocity
through this valve. Curve I represents the pure water
flow through the open valve, curve 2 — the glycerin
solution flow with a kinematic viscosity of 4.3v, also
through the open valve, curve 3 — the pure water
flow through the semi-closed valve and curve 4 — the
glycerin solution flow with a kinematic viscosity of
4.3y through a semi-closed valve. Thus, near the side
jet in the near wake of a bileaflet valve, the vortex
shedding frequency is (1.2—1.3 times) higher for the
pure water flow than for the glycerin solution flow
with a kinematic viscosity of 4.3v.

The ratio of spectral levels of pressure fluctua-
tions in the near wake of the side jet of the glyce-
rin solution to the pure water flow through a semi-
closed mechanical bileaflet mitral valve for various
concentrations of glycerin solution and fluid rate is
shown in Fig. 13. The results, which are presented
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Fig. 11. Spectral power densities of the pressure fluctuations for semi-closed valve: a — Q =5 I/min, 6 — Q = 10 I/min, ¢ — Q = 15 |/min
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Fig. 12. Frequency of maxima of pressure fluctuations

in Fig. 13, a, were measured for fluid rate of pure
water and glycerin solution Q = 5 I/min, in Fig. 13,
b — for O = 10 I/min and in Fig. 13, ¢ — for Q =
= 15 I/min. Curve [ represents the glycerin solution
flow with a kinematic viscosity of 3.2v, curve 2 —
the glycerin solution flow with a kinematic viscosi-
ty of 3.8v, and curve 3 — the glycerin solution flow
with a kinematic viscosity of 4.3v. For the low fluid
rate, the spectral levels of the hydrodynamic noise in
the near wake of the side jet of the glycerin solution
are lower than for water flow in the frequency ran-
ges from 1 to 7-8 Hz and from 100 to 1000 Hz. For
higher fluid rates, the spectral components of the
hydrodynamic noise in the near wake of the side

jet of the glycerin solution of the semi-closed mitral
valve are higher than that of pure water. The grea-
test difference in the spectral levels is observed in
the frequency range from 10 to 100 Hz. At the same
time, as the fluid rate and the concentration of the
glycerin solution increase, the maxima of spectral le-
vels are shifted to higher frequencies. The greatest
difference (1.5—1.8 times) in the spectral compo-
nents of the hydrodynamic noise of the glycerin solu-
tion and pure water are observed at the maximum
fluid rate (see, Fig. 13, c).

Conclusions

It’s found that in stream conditions of pure
water, the integral characteristics of the pressure field
are lower than in stream conditions of the aqueous
glycerin solution. As glycerin concentration in the
solution increases, average pressures and especially
RMS pressure fluctuations increase. The mean values
of pressure and RMS values of pressure fluctuati-
ons near the side jet of the semi-closed valve are
higher than near the side jet of the open valve.

It’s observed that the spectral levels of hydro-
dynamic noise increase both in the low-frequency
region and in the high-frequency region as the fluid
rate increases. This indicates that the intensity of
large-scale vortex structures (generating low-frequen-
cy pressure fluctuations) and small-scale eddies that
are separated from the leaflets of the valve during
fluid flow through the open or semi-closed valve is
increased. It’s discovered that near the side jet in

Pgi/ Py P/ Py Poi/ Py
2 _W 2 T T T T | 2 T T T
1.75 - 11759 {1759 .
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/., Hz f, Hz f, Hz
a b c

Fig. 13. Ratio of spectral levels of pressure fluctuations: ¢ — Q =5 1I/min, b — Q = 10 I/min, ¢ — Q = 15 1/min
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the near wake of a bileaflet valve, the vortex shed-
ding frequency is (1.2—1.3 times) higher for the pure
water flow than for the glycerin solution flow with
a kinematic viscosity of 4.3v.

It’s registered that the spectral levels of the
hydrodynamic noise in the near wake of the side jet
of the glycerin solution are lower than for water flow
in the frequency ranges from 1 to 7-8 Hz and from
100 to 1000 Hz for fluid rate 5 1/min. For higher fluid
rates, the spectral components of the hydrodynamic
noise in the near wake of the side jet of the gly-
cerin solution of the semi-closed mitral valve are
higher than that of pure water. The greatest difference
(1.5—1.8 times) in the spectral levels is observed in
the frequency range from 10 to 100 Hz at the fluid
rate 15 I/min.

In order to develop effective diagnostic tools
for the mechanical bileaflet heart valve operation
for subsequent research, it is necessary to investi-
gate the fluid viscosity effect on the hydroacoustic
characteristics of jets for pulsed flow through a semi-
closed and open prosthetic bileaflet heart valve that
corresponds to the cardiac cycle of the heart.
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BB B’A3KOCT! PIAMHW HA LWYM ABOMNENKOCTKOBOI O WTYYHOIO CEPLIEBOIO KITAMAHA

Mpo6nematuka. Yncnose MogentoBaHHS Ta eKCnepuMeHTanbHi AOCMIAXEHHS Bynn BUKOPUCTaHI SIK MOTYXHi IHCTPyMEHTH, o6
3pO3yMiTV | NepeadaynT NoBeAiHKY i MeXaHiky (byHKUIOHYBaHHSI NPUPOAHMX KranaHiB cepus Ta iX NpoTesiB y NpMPOAHUX i naTonoriy-
HUX CTaHax. Taki JOCMiMKEHHs1 AJonoMaraloTb OUIHUTM edDEeKTUBHICTb KnanaHiB, ix Au3aviH i pe3ynbTati XipypriyHux npoueayp, wob aiar-
HOCTyBaTW HOpMarsbHe i NopyLleHe YHKLiOHYBaHHS cepLeBuX KnanaHiB. AKTyanbHO € npobrema CTBOpeHHst Binblu HaAINHUX METOAIB
Ta iIHCTPYMEHTIB, HEOOXiAHNX ANsi AiarHOCTUKM YMOB poB0TU MeXaHIYHMX KnanaHiB cepus.

MeTa pocnigxeHHs. BuBueHHs BNNvBY B’A3KOCTI piAVHU Ha FiApOaKyCTUYHI XapaKTepuCTUKM CTPYMEHIB, SIKi BUTIKalOTb i3 HaniB-
3aKpUTOrO i BiAKPUTOro MEXaHIYHOro ABOMENOCTKOBOrO CEPLEBOrO KianaHa; BUBYEHHSA MOXITMBOCTI BUKOPUCTAHHSA FiAPOaKyCTUYHUX BU-
MiptoBanbHWUX NpUNaaiB sk 4iarHOCTUYHOro 06nagHaHHsA Ans BU3HAYeHHst yMOB po60TW ABONENOCTKOBOIO LUTYYHOrO KnanaHa cepusi.

MeToguka peanisauii. ExcnepumeHTanbHe AOCNIOKEHHs MPOBOAUINOCS 3a [OMOMOrol TiApoakyCTUYHMX BUMIpIOBaHb rigpo-
OVHaMiYHOro Wymy B B6rnmkHbOMY cnigy GiYHOro i LeHTpanbHOro CTPYMEHS PO3UMHY MiLepuHY i Tedii YUCTOT BOAM HMKYE 3a NOTOKOM Bif
[BOMENCTKOBOIO LUTYYHOrO CEPLIEBOro Krnanaxa.

Pe3ynbTaTu pocnimkeHHs. EKCcnepyMeHTanbHO BU3HAYeHO BNAMB B’A3KOCTI PIONHU HA FiApOaKyCTUYHI XapakTepuUCTUKN CTpyme-
HiB, SIKi BUTIKalOTb i3 HaNiB3aKpUTOro i BIAKPUTOrO MexaHi4YHOro ABOMNEMNCTKOBOrO CEPLEBOro knanaHa. BusBneHo iHTerpanbHi Ta cnek-
TpanbHi XapakTepucTUKn rigpoanHaMiYHOrO LyMy CTPYMEHIB PO3YMHY IMiLepuHY i Tedii YNCTOi BOAM HWXKYe 3a NOTOKOM Bif, ABONEMOCT-
KOBOrO MiTpanbHOro KrnanaHa cepus Ans pisHUX BUTPAT PiauHW.

BucHoBKkK. B ymoBax NoToKy YMCTOI BOAW iHTErparnbHi XapakTepuCTUK MOMst TUCKY MEeHLUi, HbK B yMOBaX NOTOKY BOAHOIO PO34MHY
rniuepuHy. Mpu NigBULLEHHI KOHUEHTpaUIi rmilepyHy B po34uHi cepefHili TUCK i 0COBNMBO cepefHbOKBaApPaTUYHI 3HAaYeHHS Nynbcawii
TUCKy 36inbLuyoTbesi. CneKkTpanbHi piBHI rigpoaMHaMIYHOro LWyMy B GnvXHbOMY cnigy Bi4HOro CTPyMeEHS PO3UMHY TMiLEePUHY HUXKYI, HIXK
Ons NOTOKy BOAM B AianasoHax vactoT Big 1 go 7-8 'y i Big 100 go 1000 Ny ans BuTpaTty piamHy 5 n/xe. Ans GinbLl BUCOKMX BUTpAT pi-
OWHW cnekTparnbHi KOMMOHEHTW FiAPOAUHAMIYHOMO WyMY B BAVKHBOMY crigy 6iYHOro CTpyMeHs rmiLepuHOBOro po3vnMHy HaniB3akpuToro
MiTpanbHOro knanaHa BuLLj, Hixx Anst Ynuctoi Boaun. HaibinbLwa pisHuus (B 1,5—1,8 pasy) — y cnektpanbHux piBHSX CriocTepiraeTbest B diana-
30Hi YacToT Big 10 go 100 'y ansa sutpatu pignHn 15 n/xs.

KntoyoBi cnoBa: WTy4HUiA ABOMNENOCTKOBUIA KNanaH cepus; KiHeMaTuyHa B'A3KiCTb; MApoaKyCTUYHI BUMIPIOBaHHS; Mynbcawlii TUCKY.
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BIIMAHNE BA3KOCTUN XNOKOCTN HA LUYM OBYJIENECTKOBOIO MCKYCCTBEHHOIO CEPOEYHOIO KNATMAHA

Mpo6nemaTtuka. YncneHHoe MoaenMpoBaHNe U 3KCNepUMeHTarnbHble UCCNeAoBaHNs UCMONb30BaHbl B KAYECTBE MOLLHbIX UHCTPY-
MEHTOB AN MOHVMaHNS 1 NPOrHO3NPOBaHNSI MOBEAEHMSA Y MEXAHUKM (PYHKLIMOHMPOBAHWSA €CTECTBEHHbIX KNanaHoB cepaua U ux npo-
TE30B B €CTECTBEHHbIX 1 NaTONOrMYECKNX COCTOSIHUSIX. Takne UccrnefoBaHusi MOMOratT OLEeHUTb 3hEKTUBHOCTb KManaHoB, UX KOHCT-
PYKUMIO U pe3ynbTaTbl XMPYPruyeckux npoueayp AN AuarHOCTUKM HOPMaribHOMO M HapyLLEHHOro (OYHKLUMOHUPOBAHUST CEpAEYHbIX Kra-
naHoB. CyuecTByeT peanbHas npobnemMa B co3gaHunm 6ornee HagexXHbIX METOAOB Y MHCTPYMEHTOB Af1st ANArHOCTMKM YCroBuUiA paboThbl
MeXaHNYeCKMX cepaeyHblX KrnanaHos.

Llenb uccnenoBaHus. M3yyeHrne BnNUsiHWUS BSA3KOCTM XMOKOCTU Ha MMAPOAKYCTUYECKUE XapaKTepUCTUKKU CTPYM, KOTOPbIE BbITE-
KalT M3 MOoMy3aKpbITOro 1 OTKPLITOrO MEXaHUYeCKoro ABYNenecTKoBOro KnanaHa cepAaLa; nsyyeHve BO3MOXHOCTY UCMOMb30BaHUS rvapo-
aKyCTUYECKUX M3MEPUTENbHbLIX CPEACTB B KaYeCTBE AMarHOCTUYECKOro obopyaoBaHUs Ans onpeaeneHust yCrnoeuin paboTsl ABynenecT-
KOBOrO UCKYCCTBEHHOrO knanaHa cepgua.

MeToauka peanusaumm. SkCnepuMeHTarnbHOe NCCreqoBaHNe NMPOBOAMIIOCH C MOMOLLBIO MMAPOAKYCTUYECKUX USMEPEHMIA TMAPOaV-
HaMM4eckux LymoB B GrnvkHem criege GOKOBOW M LiEHTparnbHOW CTPYW pacTBopa MMuuepuHa U TEYEHUs! YACTON BOAbI HUXKE MO NMOTOKY
OT UCKYCCTBEHHOIO ABYNENeCTKOBOro KranaHa cepaua.

Pe3ynbTathl MccneaoBaHUA. OKCMEPUMEHTaNbHO OMPEAENEHO BRUSIHAE BA3KOCTM XUOKOCTU Ha MMAPOaKyCTUYECKMEe XapakTe-
PUCTUKMN CTPYM, BbITEKAIOLWMUX U3 MOJy3aKPbITOrO U OTKPLITOTO MEXaHW4ecKoro ABYIIenecTKoBOro krnanaHa cepgua. OBHapyXeHbl MHTe-
rparnbHble U CneKTparnbHble XapaKTEPUCTUKU MMAPOAMHAMUYECKOTO LWyMa CTPYW FMUMLEPUMHOBOIO pacTBopa U TEYEHUsI YACTOW BOAbI HUXKE
Nno NOTOKy OT ABYNENneCcTKOBOro MUTParbHOro KranaHa cepaua npy pasfuyHoM pacxofe XXUOKOCTH.

BbiBoAabl. B ycroBusix Te4EHNs YUCTON BOAbl MHTErpanbHble XapaKTePUCTUKU NOSs AaBMEHUs! MEHbLUE, YEM B YCIOBUSIX TEYEHUS
BOZHOrO pactBopa rnuuepuHa. C yBenMyeHneM KOHLUEHTpaLuMu rmuueprHa B pacTBope CpefHue AaBreHust U1 0COOEeHHO cpeaHekBaa-
paTuyHbIe 3HaYeHUs Nynbcauunii AaBNeHUs yBenuymBatoTcs. CniekTparnbHble YPOBHU MMAPOANHAMUYECKOrO LyMa B GrivkHeM criefe Goko-
BOW CTPyM pacTBopa rMuuepuHa Hke, YeM Ans noToka BoAbl B YACTOTHbLIX AnanadoHax oT 1 go 7-8 'u n ot 100 go 1000 Ny ansa pac-
xofa xuakoctu 5 n/mMyH. [ins 6onee BbICOKUX PACXOA0B XMAKOCTM CNEeKTparbHble KOMMNOHEHTbI FTMAPOAUHAMUYECKOTO LyMa B GRviKHEM
crnefde GOKOBOWM CTPyM pacTBOpa MMuLepuHa nony3akpbiTOro MUTparnbHOro knanaHa Bbile, YeM Ans Ynctor Bogbl. Hanbonblwas pasHu-
ua (8 1,5-1,8 pasa) B cnekTparnbHbIX YPOBHsiX HabntogaeTcsa B gnanasoHe Yactot oT 10 go 100 'y anst pacxoga xuakoctu 15 n/MuH.

KnioueBble cnoBa: VICKyCCTBeHHbIVI ﬂ,ByﬂeI’IecTKOBbIVI KnanaH cepgua; KuHemMatunyeckaa BA3KOCTb,; rmapoaKkyCTu4yeckue naMepeHuns;
nynbcaunn gasneHua.

PexomennoBana Panoro Haniiia no penaxuit
¢akyJIbTeTy NPUKJIIATHOI MaTEeMaTUKK 21 xBitHsa 2017 poky
KIII im. Iropst CikopchKoro



