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The two constructions for measurement of cavitations
threshold in fluid are presented. The elastic underwater jet's
membranes as the model of uniflow and counter flow sensor
are considered. The basic frequency of membrane’s auto
vibration depending on characteristics of fluid and geometric
parameters of construction is calculated. The numerical
calculations and experimental results are compared.
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1 INTRODUCTION

Recently, in connection with environmental requirements and
safety techniques in ultrason-ic and sound technologies used in
biomedicine and in biomedical complexes, there has been a
tendency to reduce the concentration of surface-active
substances, to switch to distilled water and, more preferably, to
neutral liquid (coal oils, toluene and other organic liquids). In
the latter case, the liquid is also an insulator, and the main role
in the technology of cleaning parts of biomedical equipment
from various types of contamination, emulsification and
dispersion is played by the mechanical effect of cavitation on
the surface of a solid body [Dudzinskii 2017, Panda 20133,
Dyadyura 2016 & 2017]. But in a few corrosive mediums it’s
necessary to increase the shock waves intensity from the
collapsed cavity pockets and to increase the acoustic field
optimal frequency [Dashchenko 2004]. The first problem can’t
be uniquely solved by increasing acoustic pressure level. The
cavitations threshold of the working fluid should be increased
as well. For example, it can be achieved by the choice of the
fluid type, its solid and fluid dirt cleaning, degassing and special
processing [Kuznetsov 2020]. But in some technological
processes the type of the working environment is always given,
and it's not always possible to maintain purity and
homogeneity of fluid properties. Another way is increasing
hydrostatic pressure in the working reservoir. While using axial-
symmetric hydrodynamic radiator (HDR), it gives, for example,
the possibility to increase the frequency of its basic tone
[Dudzinskii 2004, Manicheva 2007, Sukhodub 2018]
simultaneously with increasing the acoustic signal level. But in
this case, there is an opposite tendency: a certain value of the
static overpressure decreases the cavitation effectiveness.
Besides, in the course of time in the technological process the

working fluid composition changes and it leads to the changes
in its acoustic characteristics in the cavitations threshold in
particular. That’s why we have the problem of simple express
analyses of this important for technologies physical quantity.

2 THEORETICAL AND REAL FLUID CAVITATIONS THRESHOLD

While examining the problem of cavity strength, is often
refered to. In this work the ideal fluid tensile strength was
calculated without cavitation nuclei in it. Theoretically the
tensile strength for water was calculated of the order of
160MPa, though maximally achieved cavitations threshold runs
into only 28 MPa [Zaloga 2019 & 2020] for special processing of
some quantity of water. While watching the cavitation in real
natural and laboratory conditions for usual water settled during
a week, its strength runs into some atmospheres [Balara 2018,
Duplakova 2018, Flegner 2019 & 2020, Monkova 2013,
Murcinkova 2019, Baron 2016, Mrkvica 2012, Zaborowski 2007,
Chaus 2018, Vagaska 2017 & 2021, Straka 2018a,b, Michalik
2014, Olejarova 2017, Rimar 2016, Panda 2013b, Sedlackova
2019, Kurdel 2014 & 2022, Labun 2017 & 2019, Pollak 2019 &
2020, Svetlik 2014]. A number of investigators suppose that the
fluid cavitation strength appreciably influenced by the
concentration and sizes of particles weighed in the fluid. In a
number of experimental works, it was shown [Esche 1952] that
the fluid strength decreases with the grows of air concentration
and solid dirt in it. As to the dependence on the static
overpressure, the cavitations threshold increases
asymptotically to 1.4 MPa [Panda 2011a].

In Aculichev’s work [Dudzinskii 2004] the steam cavitations
threshold for fluid was expressed by the amplitude value of the
acoustic pressure Pp,c, when cavitation appears
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where Py = (Pstm + APst) — hydrostatic pressure in no disturbed
fluid, Patm — atmospheric pressure; AP, — static overpressure in
fluid; P, — saturated steam pressure in bubbles over the radius
ro at the temperature T, k — Boltzman’s constant, o — the
surface tension coefficient v — average wait-ing time of
breaking continuum, A — constant factor. If v = 1s, many
investigators have A over the range 10%s™1 ... 10%s71, That is
why on the work [Panda 2011b, Valicek 2016] the average
value vA = 1025 is used. On Syroteuk’s [Dudzinskii 2001] work
the fluid cavitations threshold is calculated according to the
formula:

where the fluid temperature influence is considered by the
functional dependence ro(T) and the notation of physical values
is the same as in expression (1).
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Fig. 1 presents the water cavitations threshold experimental
measurement at t° = 30°C (curve 1) which wasn’t specially
processed, and the results of the calculations according to
Aculichev (curve 2) and Syroteuk (curve 3). Both models don’t
conform to the real value of the tap water strength over the
range of static overpressure AP«=[0;0.5] MPa not only
quantitatively but also qualitatively. Actually, for the real water
which has been precipitating for some weeks, the cavitation
threshold depends nonlinearly on APy, asymptotically
approaching the value 1.4 MPa which corresponds to the data
[Dudzinskii 2001 & 2004] despite that according to Aculichev
and Syroteuk, the water strength will unlimitedly increase with
static overpressure increase accordance with the linear law.
The cavitations threshold measurement by means of static and
dynamic methods require much time. Besides, in most cases it’s
impossible to measure this physical quantity without shutdown
the technological process. If to use a hermetic reservoir with
hydrostatic pressure one should take a sample from the
reactors is dangerous.
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Figure 1. The water cavitations threshold dependence on hydrostatic
pressure: 1 — Blake’s results [Kornfeld 1951, Knapp 1974], 2 -
calculation according to the formula (1), 3 — calculation according to the
formula (2)

In the previous investigations the principal possibility of the
work uniflow and counterflow types of axially symmetric
hydrodynamic radiators (HDR) in the conditions of static
overpressure [Dudzinskii 2004, Manicheva 2007] was shown.
The aim of this work is a theoretical and experimental
investigation of the dependence of the base harmonics
frequency of elastic waves which are generated by HDR on the
static overpressure in the hermetic working reservoir. It's
necessary also to prove the possibility of using signal frequency
for the cavitations threshold estimation in fluid.

3 THE INFLUENCE OF THE FLUID CAVITATION THRESHOLD ON
THE COEFFICIENT OF ELASTICITY OF THE FLOODED AXIAL-
SYMMETRIC JET MEMBRANE

The uniflow and counterflow radiators peculiarity is the
absence of the of construction vibrating elements which
determine their continuous lifetime [Dudzinskii 2006]. In the
uniflow radiators the frequency of the base harmonics of the
acoustic signal is given by the elastic flooded jet membrane 2
(cylindrical or conical form), which flows of the circular
aperture nozzle 1 and is formed by the benched barrier 3 (Fig.
2). The sources of the sound generation are prime 4 and
secondary 5 cavitaional vortexes which are periodically
collapsed and generate highly intensive elastic waves. In the

shadow photography of the given type of the HDR (Fig. 3) one
can see a jet membrane and a prime circular vortex [Manicheva
2018, Bondar 2013].

See the counterflow HDR (Fig. 4). The flooded jet which goes
out of nozzle 1 is formed in jet membrane 2 reflector with
parabolic hole 3. In this case the jet membrane length is
defined by the distance from the reflector end to the nozzle
end. Prime 4 and secondary 5 toroidal vortexes are also
present. In the photo of the counterflow HDR (Fig. 5) one can
see the prime and circular vortexes. The principle of the sound
generation is completely identical to the given above.
Geometrical parameters of the axial-symmetric radiator:

r = 0.5:(Dc+Dmax); €, h — the diameter of the equivalent cylinder,
the height and the thickness of the membrane, correspondingly
(Figs. 2 and 4).

Figure 3. Uniflow HDR shadow photo of the prime vortex and jet

membrane
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Figure 4. Counterflow HDR physical model

Hydrodynamic parameters: p, &, P* — density, parameters of
adiabatic compressibility, intrinsic pressure, correspondingly, v
— the jet velocity. One can show that at the optimal adjustment
of the HDR the parameter € is expressed by v. The middle
length jet membranes (the height over the radius order of
magnitude radius, i. e. ir/€~1) for which the angle between the
generatrix and the height is small were considered. That’s why
well use a cylindrical membrane with the first pinned and the
second free base as a model. The jet membrane is deformed
under the force uniformly distributed on its inner surface (the
geometric parameters are considered to be known).

Figure 5. Counterflow HDR photo of the prime and secondary vortexes

The expression was obtained for the frequency of the base
harmonics of the fluid jet natural oscillations by the method
described in [Manicheva 2010, Dudzinskii 2006]:

12+kyr?h? E
12p

= . (3)
27

In formula (3): E — the flooded jet membrane coefficient
elasticity, ko = 1.5708/€ for uniflow HDR and

ko = 1.875]/( for counterflow HDR — the parameters

corresponding to the base harmonics of the membrane natural
oscillations. As one would expect, the flooded jet membrane
natural frequency is inversely proportional to its average radius
and directly proportional to its square root of the coefficient of
elasticity to the fluid density ratio. It is known that for the
elastic body the oscillation frequency increases if its body size
decreases, and it is directly proportional to the radical of the
material elasticity to the body mass ratio [Krenicky 2020,
Olejarova 2021]. Consider value E.

In the most of practical problems, where one should consider
fluid compressibility, Tate model is used where fluid
compressibility modulus is defined by the expression:

K:Zn:aei-(FuAPm)i, (@)

where AP is static overpressure as compared with the
atmospheric pressure, P= is the fluid inner pressure depends on
the temperature, the coefficient ae; characterizes the fluid
elastic properties deviation of Gook law as the first
approximation and isn’t practically changed in a wide range of

temperature but depends on the inclusion concentration (small
dispersed solid particles, cavitation flow etc.). For the most of
fluids its value in the linear approximation [Kornfeld 1951] is
over the range 4 ... 12. The non-linear parameters &, >> &3 >>
.. >> a,. The problem of higher order non-linear parameters is
equivalent to how much natural fluid corresponds to Tate fluid.
Then the modulus of the cylindrical elastic jet membrane in the
case of Poisson’s null coefficient assumes the form [Manicheva
2018]:

E- (P+AP, ), )
3(1 ) ,leae +AP,,)

where v = 0 — Poisson’s coefficient. Suppose that axial-
symmetric HDR in the active zone of sound generation create a
developed cavitation, then in the last expression one should
change the fluid inner pressure for its cavitations threshold (P«
- P.) [Manicheva 2018].

Taking into account expression (5), one can rewrite formula (3)
for the base harmonic’s frequency:
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To get “visible” solution substitute the water characteristics
(0=103kg/m3; a1 = 7.1; @&; = 810 a3 = 10!) and the
parameters of the given uniflow HDR with circular nozzle and
benched barrier (ko = 187.51; r = 9:103m). In the last
expression. Cubic equation (6) has two complex roots (without
physical sense) and one real root. If to ignore the infinitesimal
components in the expression of this root, we'll finally have

6.267/6

P, =—2.6667-10° + AP, — +2.6457-10° - D,

D= (4.0880 107425848107 (17 +
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In the formula (7) Pc[Pal, AP«[Pal, fo[Hz] and the numerical
multiplier factors also have corresponding dimensions. If to
substitute geometrical characteristics of another axial-
symmetric HDR in equation (6) we'll get similar (7) formula with
some other multiplier factors which can be used as well. Later it
will be shown that there is no principal difference whether a
uniflow or counterflow radiator is used.

4 THE ANALYSES OF EXPERIMENTAL RESULTS

The experiment was carried out using a uniflow radiator with
circular nozzle and benched barrier (Figs. 2 and 3) and a
counterflow radiator (Figs. 4 and 5). The working fluid was tap
water settled for a month in a room with minimum
temperature changes. Static overpressure was created in a
small hermetic sound-conducting reservoir (high pressure
polyethylene) inside of which one of the described above
hydrodynamic radiators was placed. This reservoir was placed
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in a big tank with same water for the big fluid mass to prevent
from its quick heating.

Radiators in all dimensions were toned to the maximum sound
level at the account of adjusting optimum jet velocity at the
nozzle exit [Knapp 1974]. Static overpressure in the working
reservoir was measured by a manometer, the signal frequency
— by a hydrophone and a spectrum analyzer (a frequency meter
can be used in the regime of measuring time intervals —
oscillations period).

In Fig. 6 the results of the cavitations water strength are given.
Broken curve 1 shows the results obtained by Blake [Kornfeld
1951, Knapp 1974]; continuous curve — the calculation results
according to formula (6). It’s necessary to increase the flooded
axially symmetric jet velocity by increasing pump discharge. As
the uniflow HDR uses more discharge in in comparison with the
counterflow HDR in the same conditions for the given type of
radiator the hydrostatic pressure was limited by the range
Py = [0.1;0.24] MPa [Manicheva 2021]. In the range above Py =
[0.24;0.6] MPa a counterflow radiator was used. Round points
are the experimental data with uniflow HDR with circular nozzle
and benched barrier, square points — counterflow HDR.
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Figure 6. Tap water cavitations threshold dependence on hydrostatic
pressure: 1 — Blake’s results [Kornfeld 1951, Knapp 1974], 2 -
calculation according to formula (6) methods [Manicheva 2021],  —
experimental results with the uniflow HDR, m — experimental results
with the counterflow HDR

As Fig. 6 shows, for the fluid cavitations threshold
measurement the type of the axial-symmetric hydrodynamic
radiator is of no importance. The error of the proposed method
doesn’t exceed 5%. The obtained dependence of the tap water
cavitations threshold on hydrostatic pressure asymptotically
approaches 1.4MPa, and it doesn’t contradict the data of the
works [Kornfeld 1951, Esche 1952, Knapp 1974]. One can also
see that the theoretical and experimental results of the given
investigations don’t differ much from Blake’s experimental
results which were obtained by other methods.

CONCLUSIONS

The analytical dependence of the frequency of the acoustic
signal base tone, generated by the axial-symmetric HDR on the
geometric parameters of a jet membrane, fluid hydrodynamic
parameters and hydrostatic pressure in the working reservoir,
has been obtained of biomedical system.

It has been determined that the fluid strength nonlinearly
depends on the hydrostatic pressure asymptotically approaches

value of 1.4MPa. In this case not only linear parameters but
also the first two nonlinear parameters in the expression for
the fluid adiabatic compressibility should be considered.

The possibility of a fluid cavitations threshold definition by
means of measuring the hydrostatic pressure in the working
reservoir and the acoustic signal basic harmonics frequency has
been shown of biomedical system.
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