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1. Introduction

Hydrodynamic cavitation is the formation, growth, and 
collapse of caverns, which are filled with a mixture of gas and 
steam of the working fluid [1]. The process of bubble forma-
tion occurs when the local flow rate increases so much that the 
pressure decreases to the pressure of the cavitation threshold 
(slightly higher than the pressure of saturated vapor at a given 
temperature). Cavern collapse leads to the appearance of local 
micro-jets or local shock waves, which mechanically act on the 
surface in contact with the fluid flow, causing erosion of this 
surface [2, 3]. Particularly important for cavitation erosion is 
the explosive asymmetric collapse of the cavern near the wall, 
which can cause very fast micro-jets up to 400 m/s and shock 
waves from 6000 to 9000 bar [4].

Calculations of cavitation characteristics of throttle 
devices require a quantitative assessment of the degree of de-
velopment of cavitation processes. In an ideal case, the cav-
itation criterion (Reynolds number, Strouhal number, etc.) 
for similar geometric and dynamic conditions can be used 
to estimate the degree of development of the cavitation 
process regardless of other factors. In reality, the nature and 
intensity of the cavitation process depends on a large number 
of factors, the influence of which is complex and not fully 
studied [5]. The cavitation criterion is a complex function of 
many variables. The existing criteria are not universal in na-
ture but make it possible to estimate the degree of evolution 
and dynamics of the process in a first approximation. Their 
application, taking into account known limitations, does not 
cause complications in engineering practice [6].
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The object of this study is the process of gen-
erating cavitation pressure fluctuations behind 
the throttle device at high-head throttling of liq-
uid. This paper addressed the problem of calcu-
lating the amplitude of cavitation pressure fluc-
tuations at high-pressure liquid throttling. It 
was established that cavitation pressure fluctu-
ations are a consequence of collisions of discrete 
masses of a transiting liquid jet in the region of 
pressure recovery. The range of cavitation pres-
sure fluctuations reaches the pressure values at 
the inlet to the throttle device. The frequency 
band of cavitation pressure fluctuations is in the 
range from 1.5 to 20 kHz and higher. At high-
head throttling of the liquid, caverns attached 
to the surface of the throttle channel, moving 
caverns and small bubbles in the transit flow 
are formed. Moving caverns compress the tran-
sit flow and divide it into separate fluid blocks. 
In the region of pressure restoration, the mov-
ing caverns are slammed shut and discrete fluid 
blocks collide. This causes high-frequency pres-
sure fluctuations. Special feature of the results 
is the possibility of estimating the range of cav-
itation pressure fluctuations depending on the 
pressure drop on the throttle device. When the 
back pressure on the throttle device increases, 
the amplitude of cavitation pressure fluctua-
tions decreases, and the frequency band shifts 
to the high-frequency region. The results make 
it possible to calculate the range of cavitation 
oscillations, to predict the development of cav-
itation erosion of materials depending on the 
parameters of throttling of the working fluid. 
The results of the work are used to design devic-
es for cleaning products from contamination, 
for determining the volume content of water in 
aviation fuel, for intensification of technologi-
cal processes in the chemical and food industries
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Cavitation outflow of liquid through a throttle device [7] 
is accompanied by significant pressure fluctuations in the 
volume behind the throttle device. The amplitude of such 
pressure fluctuations can reach values close to two supply 
pressures at the inlet to the throttle device. Therefore, the 
throttle device can be used as a cavitation generator of 
pressure fluctuations. The amplitude of these oscillations 
depends on the pressure drop across the throttle device [8]. 
Pressure fluctuations in the volume behind the throttle 
device will initiate a more intense collapse of small bubble 
caverns [9] with more intense micro-jets and shock waves. 
These factors will cause more intense mechanical stresses in 
materials and the growth of cavitation erosion. Therefore, it 
is necessary to carry out scientific studies into the features 
of cavitation at high-head throttling of liquid through a 
throttling device. The results could improve the efficiency 
of cavitation technologies in the field of cavitation cleaning 
of surfaces from contamination [10], cavitation drilling, in-
tensification of technological processes in the chemical and 
food industries, etc.

2. Literature review and problem statement

Cavitation in the hydraulic system is an undesirable phe-
nomenon. It damages the units of the hydraulic system [11], 
leads to intense pressure fluctuations, to the degradation of 
the working fluid [12], so cavitation in hydraulic systems 
should be avoided. In works [11, 12], the mechanism for 
generating cavitation pressure fluctuations in the liquid 
volume was not considered, but only from the slamming of 
small bubbles. The issue of the influence of large-scale fac-
tors on pressure fluctuations remains unresolved. In [13], 
the authors studied pressure fluctuations caused by an 
unsteady cavitation flow with special emphasis on quasi-pe-
riodic cloud cavitation. But the issue of generating pressure 
fluctuations by detaching a part of the attached cavern in 
the throttle channel was not considered. The reason for this 
may be objective difficulties associated with the rapidity of 
the process by changing the hydrodynamic parameters of 
the flow.

Papers [14, 15] considered cavitation in throttle devic-
es. Detailed attention is paid to cavitation hydraulics. The 
critical outflow parameters uniquely determine the values of 
the hydraulic coefficients for the studied range of Reynolds 
numbers of the fluid flow. The values of dimensionless hydro-
dynamic coefficients in the case of cavitation leakage can be 
calculated from their known values at the cavitation bound-
ary. Due to the fact that the calculation method requires 
knowledge of the flow coefficients, a large number of spills 
of throttle devices of various types used in the hydraulic 
drive were carried out, including confusor-diffuser nozzles, 
cylindrical chokes, flat and round spools, valves, and other 
elements [15]. The Rayleigh-Plesset equation for the dynam-
ics of a single bubble was used as a model of pressure fluctu-
ations. But the issues of the influence of vortex structures 
on the generation of cavitation pressure fluctuations and 
the influence of the geometry of the throttle device on the 
parameters of cavitation fluctuations remained unresolved. 
The reason for this may be certain difficulties associated 
with the duration of the experiment and errors in the calcu-
lation models. In [16], the authors determined the rational 
geometric parameters of throttle devices with the maximum 
range of cavitation liquid flow, intended for use in cavitation 

devices. But the question of the impact of the pressure drop 
on the throttle device on the range and frequency of cavita-
tion pressure fluctuations remained unresolved.

The mechanism for the self-excitation of self-oscillations 
of pressure associated with the pulsation of the dimensions 
of a settled cavitation cavity in a Venturi tube is proposed 
in [17]. In the considered mechanism for generating pressure 
fluctuations, the supply of energy to the oscillating system 
is determined, according to the author, by the change in 
pressure losses due to the sudden expansion of the flow be-
hind the cavitation cavern. Pressure losses in the considered 
mechanism depend on the dimensions of the cavern and the 
velocity of the liquid in the sections where the cavern is 
closed. The frequency of cavitation pressure fluctuations is 
determined by the inertial resistance of the pipeline behind 
the venturi tube and the compliance of the cavitation zone in 
the tube. But the author does not explain the mechanism for 
generating high-frequency pressure fluctuations. The reason 
for this can be attributed to the difficulties associated with 
measuring high-frequency pressure fluctuations. A wide 
range of cavitation pressure pulsations is given in [18]. Thus, 
the influence of geometric characteristics of the throttle 
device, throttle parameters on the magnitude of cavitation 
pressure pulsations has not been fully studied. Other authors 
provide data [19] that the generation of cavitation pressure 
fluctuations in the Venturi tube is dominated by vortex 
structures that have three different states and are stochastic 
in nature. But they do not take into account the mechanism 
for the self-oscillations of pressure associated with the pulsa-
tion of the dimensions of a settled cavitation cavity.

Paper [20] proposed a model for generating cavitation 
pressure fluctuations, which is based on a discrete jet model. 
The model takes into account the effect of the steam-gas 
mixture, which is released in the cavitation zone, on pressure 
fluctuations, as well as additional acceleration of the transit 
liquid jet due to the occurrence of discontinuities in it. The 
essence of the discrete model is that in the case of high-pres-
sure leakage of liquid through the throttle device (cavitation 
generator of pressure fluctuations) in the rarefaction zone, 
the continuous stream is previously divided by steam-gas 
mobile cavities into separate blocks. Then, in the zone of 
restoration of integrity, these blocks collide with the flow 
of retarded liquid, generating pulsations (oscillations) of 
pressure. Shock waves arising from the cavitation outflow of 
liquid through a throttle device initiate the collapse of small 
bubbles [21]. The collapse of bubbles causes a high-frequency 
component of pressure fluctuations. It is quite difficult to 
measure the range of pressure fluctuations due to the burst-
ing of the bubble. Therefore, the authors estimated the range 
of pressure fluctuations according to the nature of damage 
caused by cavitation erosion of the surface. The reported 
mechanism of cavitation pressure oscillations is not fully 
elucidated and requires further research.

For the development of cavitation technologies, design-
ing throttle-type cavitation generators of pressure fluctua-
tions and devising methodology for engineering calculation 
of their parameters are of great interest. These parameters, 
with a certain geometric configuration and with a certain 
pressure drop across them, produce a wide band of cavitation 
pressure fluctuations. At the same time, different mecha-
nisms of generating pressure fluctuations should be taken 
into account: the movement of discrete masses of liquid in 
the throat of the throttle device, pulsations of a collapsed 
cavern, vortex structures, the collapse of small bubbles nec-
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essary for the intensification of the technological process. 
After all, cavitation pressure fluctuations initiate cavitation 
erosion of structural materials, liquids, suspensions. Cavita-
tion and cavitation erosion have been studied for more than 
a century, but until now it has not been definitively estab-
lished which erosion mechanism dominates. There are two 
mechanisms for surface destruction due to implosion from 
bubble collapse. This is the mechanism of generating a shock 
wave during the collapse of a bubble or cloud of bubbles and 
the mechanism of a cumulative jet caused by an individual 
bubble. It is known that high pressure peaks that occur due 
to the collapse of bubbles cause damage to structural mate-
rials. In [22], the results of research on cavitation erosion are 
given. The authors claim that cavitation erosion is caused 
mainly by the group collapse of bubbles near the surface of 
a solid under the action of large-scale hydrodynamic mecha-
nisms. At the same time, pressure pulsations from the group 
collapse of bubbles cause plastic deformation of the surface. 
The results of work [23] confirm the results reported in [22] 
and include data according to which water hammer pressure 
can cause twice the maximum plastic deformation compared 
to shock wave deformation, but the impact volume is very 
small. On the other hand, the shock wave generated by the 
collapse of the bubble can plasticize 800 times the volume, 
resulting in a higher rate of surface erosion. However, the 
authors of [23] did not take into account the large-scale 
mechanisms of cavitation pressure fluctuations.

In addition to the micro-scale dynamics of micro bub-
bles, the assessment of cavitation erosion of surfaces requires 
the analysis of large-scale hydrodynamic mechanisms. Pa-
per [24] describes the development of a cavitation-induced 
erosion risk assessment tool, which links predictions of mul-
tiphase flow modeling with the intensity of material erosion. 
The evolution of multiphase flow in the channel was modeled 
using a compressible mixture model, in which the phase 
change was represented by a homogeneous relaxation model, 
and the development of turbulent flow was modeled on the 
basis of a dynamic structure for simulating large eddies. The 
author estimated the incubation period of cavitation erosion 
using the stored energy method. Localization of erosion took 
place in the throttle channel. But the author did not provide 
data on the course of cavitation erosion outside the throttle 
channel. The study of the localization of cavitation erosion 
outside the throttle channel would make it possible to devise 
an effective technology for cleaning surfaces from contami-
nation, emulsifying mixtures, etc.

Thus, as demonstrated in our review of the litera-
ture [13–15, 18, 24], each of the authors cited above investi-
gated one of the mechanisms for cavitation pressure oscilla-
tion generation and did not take into account the influence 
of other mechanisms. Or other mechanisms were weakly 
manifested. Therefore, the study of cavitation flow, in par-
ticular cavitation pressure fluctuations, which are the cause 
of cavitation erosion, is relevant. The interaction of various 
mechanisms for generating cavitation pressure fluctuations 
at high-head liquid throttling has not been experimentally 
investigated. Dominance of mechanisms for generating cav-
itation pressure fluctuations under different conditions. All 
this gives reason to assert that it is expedient to conduct a 
study on confirming the dominance of the discrete mecha-
nism for generating cavitation pressure fluctuations at high-
head liquid throttling. First of all, it is necessary to establish 
the dependence of pressure drop on the throttle device and 
the influence of features of the geometry of the throttle 

device on the range and frequency of cavitation pressure 
fluctuations. The research data will provide an opportunity 
to devise engineering procedures for evaluating cavitation 
effects in order to develop new cavitation technologies.

3. The aim and objectives of the study

The purpose of our study is to build a mathematical 
model for estimating the range of cavitation pressure fluctu-
ations at high-head liquid throttling based on experimental 
research. This will make it possible to design highly efficient 
cavitation generators of throttle-type pressure fluctuations 
for the intensification of technological processes that use 
cavitation technology.

To achieve this goal, the following tasks were solved:
– to investigate the cavitation area using visual studies 

and measure the distribution of static and dynamic pressure 
in the cross-sections of a throttle channel;

– to confirm the large-scale mechanism for cavitation 
pressure oscillation generation behind the throttling device 
and to build a physical model of the mechanism for cavi-
tation pressure oscillation generation at high-head liquid 
throttling;

– to evaluate the effectiveness of the throttle cavitation 
device and investigate the peculiarities of cavitation pres-
sure fluctuations.

4. The study materials and methods 

The object of our study is the process of generating cav-
itation pressure fluctuations in the throttle device at high-
head fluid outflow based on the hypothesis of a discrete jet.

The research was carried out on a hydraulic bench (Fig. 1), 
which is an installation that makes it possible to perform 
experiments to determine dynamic phenomena in throttle 
devices of various types. Also, the installation allows for 
visual observations of cavitation liquid outflow, as well as 
makes it possible to determine parameters of cavitation 
liquid outflow.

The main assumptions in this work are cavitation is 
steam-gas, flow parameters are average, pipeline walls are 
rigid, liquid is compressible.

The basis of our research was a comprehensive method, 
which involves the joint use of physical and mathematical 
modeling of cavitation processes in throttle devices with fur-
ther experimental confirmation of the adequacy of results.

A measuring tank with a volume of 10 dm3 with a cal-
ibration accuracy of ±5 cm3 was used to measure the flow 
rate. The time of filling the measuring tank was determined 
by an arrow stopwatch with a division value of 0.05 s. Tak-
ing into account the phenomenon of lubrication when emp-
tying the measuring tank, measurements were performed 
at three-minute intervals. For the range of volumes from 
1000 to 3000 cm3, the relative measurement error was from 
±1.2 % to ±0.6 %.

Control over the density of the working fluid was executed 
with a hydrometer with an accuracy of 0.05 %. The viscosity 
of the liquid was measured by a VK type viscometer accord-
ing to the standard method. Experimental studies on the hy-
draulic bench were carried out under the following conditions: 
atmospheric pressure, 760±20 mm Hg; air temperature, from 
10 to 25 °C. The relative humidity of the air was 65±15 %.
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Visual studies of cavitation jets were performed on trans-
parent models of cavitation generators of pressure fluctuations 
with pulsed illumination of the liquid flow “into the light”. 
The duration of illumination was two orders of magnitude 
shorter than the duration of the cavitation cavity (Fig. 2).

The liquid flow was photographed in the reflected light 
of two lamps, which corresponds to the visual perception 
of the flow. The scheme of photographing “into the light” is 
shown in Fig. 2. The cavitation flow was photographed by a 
high-speed camera SFR-2M.Δp.

5. Results of investigating the mechanism for cavitation 
pressure oscillation generation

5. 1. Visualization of the cavitation flow
The study of the structure of the cavitation flow is im-

portant for explaining the nature of cavitation and makes id 

possible to establish the relationship between the hydrody-
namic parameters of the flow and the evolution of cavitation. 
The structure of the cavitation flow is observed on transpar-
ent models of throttle devices using Δ photography.

The resulting fluid flow patterns are compared with 
the hydraulic characteristics of throttle devices. Visual 
observations of the flow of AMG-10 liquid in a choke with 
a rectangular channel make it possible to monitor changes 
in the structure of the cavitation flow [9]. In the range of 
pressure drops 0 0.31p< ∆ <  ( abs

in 1.06p =  MPa, Re=2,620), 
the flow along the entire channel has a transparent appear-
ance. Stagnant zones in the flow behind the inlet edges 
become visible at Re>2,620. The first discontinuities in the 
flow occur at a pressure drop 0.58p∆ =  (Re=4,855). The 
flow pattern corresponding to the beginning of cavitation is 
shown in Fig. 3. Shooting was done in reflected light with an 
exposure fe=2∙10-3 s.

The rearrangement in the flow structure, which manifests 
itself in the appearance of gas bubbles on the walls of the 
channel behind the inlet edges, occurs at 0.64p∆ =  (Fig. 4). 
Discontinuity breaks occur only in the boundary layer of the 

Fig. 1. Basic hydraulic scheme of the experimental bench for the study of cavitation effects: 1 – hydraulic tank; 	
2, 29, 30 – shut-off valves; 3 – volumetric pump; 4, 27 – check valves; 5, 10, 12, 17, 31 – manometers; 6 – filter; 	

7 – hydraulic accumulator; 8, 13, 19 – throttle valves; 9 – safety valve; 11, 24 – heat exchangers; 14, 18 – thermometers; 	
15 – cavitation generator; 16 – pressure pulsation sensor; 20, 21 – electromagnetic taps; 22 – measuring tank; 	

23 – centrifugal pump, 25 – flow meter sensor, 26 – flow meter, 28 – vacuum pump, 32 – reducer; 33 – compressor

Fig. 2. Photographing schematics: 1 – pulse discharge 
device; 2 – a battery of capacitors; 3 – direct current 

source; 4 – illuminator; 5 – throttle channel; 6 – receiving 
optical system; 7 – photographic film

Fig. 3. Formation of stagnant zones in the flow of liquid; 
0.58;p∆ =  magnification ×23
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flow separation zone from the sharp edges of the throttle sur-
faces with a rectangular channel. Cavitation does not extend 
to the core of the flow.

Bubble caverns move within the stagnation region, 
undergoing phases of growth and destruction. The greater 
the pressure drop across the throttle, the larger the cav-
erns (Fig. 4, b, c). Caverns that reach the place of re-attach-
ment of the jet to the walls of the throttle are destroyed. 
The destruction of caverns lasts about 20 μs (Fig. 4, b; 
frames 2–6). Dissolution of the gas phase and condensation 
of steam is completed inside the throttle channel.

The peculiarity of liquid flow with stabilization of its 
consumption ( 0.70;p∆ ≥ developed cavitation) is as follows. 
Caverns attached to the wall of the channel are formed in 
the stagnant areas of the flow, and in the compressed jet, 
non-spherical moving caverns appear.

Moving caverns can be commensurate with the size of 
the channel (Fig. 5). On the cinemographs, the attached 
caverns are marked with the letter A; moving caverns – by 
the letter B. The period of occurrence of moving caverns 
ranges from 10-4 to 10-5 s (the frequency of film registration 
is 325,000 frames/s). In the growth phase, simultaneous 
stretching of the cavern along the flow and increase in its 
cross-section is observed.

In the growth phase, simultaneous stretching of the 
cavern along the flow and increase in its transverse size is ob-
served. According to Fig. 5, b, the growth rate of the length 
of the cavern in the initial phase, in the direction of the flow, 
exceeds the liquid flow rate by approximately 1.5 times. The 
maximum length of such a cavern can reach the length of the 
cavitation zone, and the flow break occurs along the entire 
live section. As the aft part of the cavern approaches the lim-
it zone of cavitation, the growth rate of its length decreases. 
After equalizing the growth rates of the cavern and the cur-
rent, the cavern is swept away by the current.

The shape of flow discontinuities is usually not repeat-
ed. The formation of cavities from cavitation nuclei moving 
in the center of the jet is blocked by the development of 
peripheral gaps. The development of both single and in-
teracting caverns is possible. The moving caverns, in the 
process of growth, divide the transit stream into separate 
volumes of liquid.

Therefore, the physical model of the cavitation flow can-
not be described by the homogeneous gas-liquid flow model, 
which assumes a uniform distribution of the liquid and gas-
eous phases in the flow.

Moving caverns with advanced cavitation collapse ac-
cording to different patterns than caverns at the stage of 
initial cavitation. At the initial cavitation, the bubbles are 
destroyed by closing. With advanced cavitation, the cavern 
breaks up into smaller bubbles as its stern reaches beyond 
the cavitation zone. Smaller caverns are closed, and the flow 
behind the cavitation zone is enriched with gas.

With a significant decrease in back pressure, a super 
cavitation regime may occur, under which the vapor-gas at-
tached cavity goes beyond the limits of the throttle channel.

Repeated breaks in the integrity of the liquid under the 
mode of advanced cavitation can occur behind the throttle 
channel (Fig. 6). Caverns are formed in the centers of con-
verging vortices when the back pressure behind the throttle 
is a few percent of the supply pressure.

To find out the nature of cavitation in hydraulic drive 
devices, it is necessary to establish the relationship between 
the hydrodynamic parameters of the flow and the observed 
breaks in the continuity of the working medium.

Fig. 7 shows the diagrams of static pressure distribution 
in the cross sections of the throttle rectangular channel with 
initial ( )0.58p∆ =  and advanced cavitation ( )0.81 .p∆ =  The 
pressure was measured by scanning the receiving holes of 
the channel wall gauge. The pressure receiver was moved by 
a micrometer screw perpendicular to the liquid flow. On the 
basis of the measurements, the diagrams of pressure distribu-
tion in the control sections were constructed.

Based on the results of the considered diagrams, regardless 
of the liquid flow regime, the following characteristic sections 
of the flow can be distinguished: the inlet, the compressed 
section of the jet, pressure recovery, and stagnant areas.

Comparing the diagrams (Fig. 7) with the photographic 
images of the flow (Fig. 4, 5), the following features of the flow 
should be noted. During the initial cavitation, the places of 

Fig. 4. Caverns in the stagnant flow region of a rectangular 
throttle at the initial stage of cavitation evolution: 	

a − 0.58;p∆ =  b − 0.64;p∆ =  c − 0.66p∆ =

Fig. 5. Caverns in the liquid flow with developed cavitation: 
a − 0.74;p∆ =  b − 0.78p∆ =  c − 0.81p∆ =
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genesis and development of the moving caverns coincide with 
the position of the maximum pressure gradient at the boundary 
of the compressed jet and the stagnant zone. This confirms the 
vortex nature of the occurrence of discontinuities when the 
pressure in the center of the vortex drops to the threshold.

With developed cavitation, the liquid flow rate, and 
accordingly the flow rate in the inlet section, stabilizes and 
does not depend on the back pressure in the drain line behind 
the throttle. Stabilization of the liquid flow rate is associated 
with the establishment of a constant pressure drop from the 
inlet to the compressed cross-section of the jet. The mini-
mum pressure recorded in the connected caverns (cavitation 
threshold pressure) was 1.8 kPa (14 mm Hg). Some change 
in pressure along the height of the channel is associated with 
the retarding effect of the channel walls during jet inversion.

The rarefaction zone on the diagrams coincides with the 
visual picture of the location of the quasi-resistant connect-
ed caverns. The complex configuration of the boundary of 
the cavitation zone in the throttle channel is determined by 
the dynamic interaction of the compressed jet with the flow 
outside the region of reduced pressure.

The characteristic features of the pressure distribution 
in the cylindrical channel are that in the inlet part of the 
flow, the static pressure drops sharply due to the acceler-
ation of the narrowing flow (Fig. 8). Compared to axial 
jets (curves 6–10), the pressure drops more intensively in 
the wall region (curves 1–5). Under the regimes of initial 
cavitation 0.56 0.59,p≤ ∆ ≤  the annular stagnation region 
of the flow behind the inlet edge is evacuated (curve 2). 
As cavitation intensifies, the vacuum zone spreads along 
the length of the throttle channel. The static pressure in 
the compressed section of the jet also falls as the pressure 
drop across the throttle channel increases and reaches 
a minimum value (cavitation threshold pressure) when 

critp p∆ = ∆  (curves 7, 8). The cross-section of the flow, in 
which the threshold pressure is fixed, is removed from the in-
let edge by a distance that is approximately equal to half the 
diameter of the throttle opening d. Subcritical flow regimes 
at critp p∆ = ∆  are characterized by the spread of the cavita-
tion threshold pressure zone in the flow direction, and upon 
reaching the drop 0.80,p∆ =  the entire volume of liquid in 
the channel is subject to vacuuming (curves 4, 5, 9, 10).

The dynamic pressure was recorded along the axis of 
the cylindrical channel in three cross-sections of the flow: 
inlet, compressed, and outlet. Flow regimes without cavita-
tion and initial cavitation are accompanied by an increase 
in dynamic pressure in all flow control cross-sections under 
the condition of an increase in the pressure drop across the 
throttle (Fig. 9). At subcritical flow regimes due to the 
establishment of a constant pressure difference between 
the inlet and compressed sections, the fluid flow rate in 
this gap stabilizes and does not depend on back pres-
sure (curves 1, 3). The dynamic pressure behind the nozzle, 
despite the stabilization of the liquid mass flow rate, con-
tinues to increase as the pressure drop increases (curve 2). 
Additional acceleration of the flow is associated with a 
violation of the continuity of the liquid.

In a choke with a rectangular channel, the flow velocity 
was measured in a continuous flow with a single-component 
laser Doppler meter, and in the zone of gaps – by the results 
of decoding cinemograms.

Fig. 6. Caverns in the drain line behind the throttle: 	
a − 0.78;p∆ =  b − 0.88p∆ =

a b

Fig. 7. Diagrams of distribution of static pressure in the 
intersections of a choke with a rectangular channel: 	

a − 0.58;p∆ =  b − 0.81p∆ =
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Fig. 8. Distribution of static pressure along the flow length 
in a cylindrical throttle: a – in the near-wall region; b – along 

the axis of the channel; 1, 6 − 0.47;p∆ =  2, 7 − 0.56;p∆ =  	
3, 8 − 0.59;p∆ =  4, 9 − 0.65;p∆ =  5, 10 −  0.84p∆ =
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It was found that in the cavitation zone at subcritical flow 
regimes, the speed of the discrete jet at the time of the devel-
opment of the moving caverns is approximately 1.5 times 
higher than the speed of the continuous flow. During the 
collapse of caverns on the border of the cavitation zone, 
the flow rate takes on a value determined by the pressure 
difference between the inlet and compressed sections of the 
jet. Since the caverns are formed discretely, the acceleration 
and deceleration of the flow in the cavitation zone has a pulse 
character. The pulsation of the speed depends on the size of 
the caverns, and the frequency is determined by the period 
of their occurrence.

The ratio between the velocities of liquid flow in the cavi-
tation zone and beyond it is approximately determined using 
Euler’s theorem on the change in the amount of movement 
for the masses of liquid entering the cavitation zone and 
flowing out of it. The calculation dependence takes the form:

* 1 1
,crit

steady
noz crit

p p
V V

p

 ∆ −∆
= +  ε µ ∆ 

			   (1)

where V* is the average speed of movement of liquid vol-
umes in the cavitation zone; Vsteady – average velocity of 
liquid flow in the cavitation zone; ε – jet compression ratio;  
μnoz – throttle flow coefficient, calculated from the pressure 
drop ;in outp p p∆ = −  p∆  – pressure drop on the throttle de-
vice; critp∆ – critical pressure drop on the throttle device.

5. 2. Model of the generation of cavitation pressure 
fluctuations in the volume behind the throttle device

Based on our research, a physical model of cavitation pres-
sure fluctuations was built. This model is based on the use of 
the Bord theorem. The use of Bord’s theorem for flow breaks is 
justified by the fact that it is based on the theorem of impulses, 
the use of which is also appropriate in the case of the movement 
of discrete liquid masses. We assume that the boundaries of the 
cavitation zone have the form of flat cross sections. Sections 
for writing equations are marked 1–1 and 2–2, respective-
ly (Fig. 10). The integrity of the fluid up to cross-section 1–1 
is not yet broken, and it is restored again in cross-section 2–2. 
At all points of the cavitation zone, the pressure is equal to the 
pressure of the cavitation threshold pcav.

Liquid flow velocities at the boundaries of the cavita-
tion zone Vcomp and Vsteady are considered as average flow 

rates and are determined from the flow equation. Under the 
critical cavitation regimes, the average flow rate of discrete 
volumes in the cavitation zone increases from Vcomp to V* and 
in cross-section 2–2 the flow slows down from V* to Vsteady. 
Experimentally, the instantaneous values of the average 
speed are determined by deciphering the filmograms.

As the pressure drop increases, the length of the cav-
itation zone and the degree of flow acceleration increase. 
Thus, the pressure difference pout_crit–pcrit characterizes the 
degree of two-phase flow and the degree of acceleration of 
the discrete jet.

Equating the amount of fluid movement in the compart-
ment between cross-sections 1–1 and 2–2 to the momentum 
of the main vector of surface forces, we obtain:

( )
*

1 ,i steady
steady

V
p a p V

V

 
δ = ρ ∆ω−  

 
	 (2)

where ρ – liquid density; ∆ω  – the degree of discreteness of 
the jet; δpi is the range of cavitation pressure fluctuations; 
( )a p  is the propagation speed of an elastic wave in a liquid 

in the cavitation region:

( )
2

. .

,

1

liq

st g liq

a
a p

Q a

kp

=
ρ

+

			    (3)

Fig. 9. Dependence of the difference between the dynamic 
and static flow pressure on the pressure drop across the 

cylindrical throttle: 1 – compressed cross-section; 2 – initial 
cross-section; 3 – inlet cross-section

0.6

0.4

0.2

0.4  0.6  0.8   p Δ

p –р ,dyn stat

МPа 1 2

3

Stabilization
Flow rate

Cavitation 

Fig. 10. Cavitation outflow of liquid through a cylindrical 
throttle: a – distortion of flow lines and generation of caverns; 

b – pressure change in the flow; c – change in flow rate
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where aliq is the propagation speed of an elastic wave in 
a degassed liquid; ρ – liquid density; k is the adiabatic 
index; p is the pressure at the inlet to the throttle device; 

. .st gQ
 
– volumetric content of the steam-gas phase, reduced 

to atmospheric conditions:

. .

. . .1 ,

air
st g

liq

cav sat st sat st crit

atm cav crit

Q
Q

Q

p p p p p
p p p

= =

  − ∆ −∆ε
= −  

µ ∆  
	 (4)

where Qair – volumetric flow rate of the steam-gas mixture; 
Qliq – liquid flow rate; pcav – pressure in the cavitation zone; 
psat.st. – partial pressure of saturated liquid vapors at a given 
temperature; patm – atmospheric pressure; ε – jet compres-
sion coefficient; μ – flow coefficient of the throttle device; 

p∆  – pressure drop on the throttle device; critp∆ – critical 
pressure drop.

For a cylindrical channel crit 0.59,p =∆  μ=0.82, ε=0.64. 
Saturated vapor pressure for AMG-10 is 0.4 kPa, atmospher-
ic pressure is 100 kPa.

Acceleration of the jet creates conditions for the gen-
eration of powerful shock pulses of pressure in the flow 
behind the cavitation zone. The maximum value of the 
acceleration speed of the cavitation jet for pin=20 MPa 
at 0.99p∆ =  is V*=238 m/s. Under such conditions, with 
a sudden expansion, powerful pressure pulsations are 
generated with a certain periodicity, which initiate the 
slamming of small bubbles. Damping of pressure pulsa-
tions occurs due to aeration of the flow as it accelerates. 
The air content increases as the pressure drop increases. 
The speed of sound wave propagation can be significantly 
reduced due to aeration.

Our model of the discrete cavitation flow, which occurs 
under cavitation flow regimes in throttles, makes it possible 
to explain a wide (from 40 Hz to 200 kHz) spectrum of cav-
itation pressure fluctuations.

5. 3. Evaluating the effectiveness of throttle devices 
and research into cavitation pressure fluctuations

The effectiveness of these throttle devices as cavitation 
generators of pressure fluctuations can be judged by their 

energy flow-drop characteristics (Fig. 11) ( ) ( )
2

, ,Q f p p= ∆  

where ( ) ( )
2 2

/ calcQ Q Q=  is the square of the dimensionless  
flow rate of the liquid passing through the throttle device; 

p∆  is the relative pressure drop on the throttle device;  
Q is the current flow rate value; Qcalc is the calculated (max-
imum) value of the flow rate.

The energy supplied to the flow with growth p∆  above 
the critical value is spent on the formation of cavitation 
discontinuities. A further increase in the drop over critp∆  
leads to an increase in the length of the cavitation torch at a 
constant flow of liquid. Automodelity of the obtained char-
acteristics according to the Reynolds number occurs from 
the moment of reaching Re=8000.

The energy characteristics of generators can be calculat-
ed based on the values of flow coefficients when flowing out 
without cavitation μI and with cavitation μII. The energy 
supplied to the flow during cavitation outflow of liquid is:

sup ,in steadyN p Q= 		   (5)

where Qsteady is the stabilized flow during cavitation liquid 
outflow.

Taking into account the fact that during cavitation the 
power of the spent flow is:

( )1 ,cav in crit steadyN p p Q= −∆   		  (6)

and at zero back pressure, all the energy is spent, part of the 
cavitation energy is equal to:

( )1
1 .in crit steadycav

crit
sup in steady

p p QN
p

N p Q

−∆
= = −∆ 		   (7)

Experimental studies of cavitation pressure fluctu-
ations were carried out at supply pressure values of 8 
and 10 MPa. Cavitation pressure fluctuations are shown 
on channel 2, channel 1 captures pump pulsations (Fig. 12). 
Cavitation pressure fluctuations, in contrast to pump pul-
sations, have an inharmonic character, although they can 
be distinguished as a carrier pump harmonic. Due to the 
inharmonicity of the oscillations, the range of cavitation 
pressure oscillations is estimated by the “double ampli-
tude”, which means the value δpi=pmax–pmin. The plunger 
frequency of the pump is 442 Hz.

The maximum range of the pulsating pressure is 10 MPa 
at the supply pressure pin=10 MPa. This maximum cor-
responds to the relative pressure drop 0.85–0.95.p∆ =  
The maximum of the “double amplitude” shock pressure 
pulsations for the confusor-diffuser nozzle under the regime 

0.95p∆ =  occurs at frequencies of 2–7 kHz (Fig. 13).
There is a tendency that when the back pressure at the 

outlet of the throttle nozzle increases, the spectrum of cav-
itation pressure fluctuations shifts to the high-frequency 
region.

Fig. 11. Flow rate and drop characteristics 

( ) ( )2
,  Q f p p= ∆  of throttle devices (working fluid AMG-10): 

1 – nozzle of the confusor-diffuser type; 	
2 – nozzle of the confusor-diffuser type, shortened; 	

3 – Bord nozzle; 4 – cylindrical nozzle; 	
5 – nozzle with a rectangular channel; 6 – diaphragm
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6. Discussion of results of investigating the mechanism 
of cavitation pressure oscillation generation at high-head 

liquid throttling

During the study of the cavitation region in the throttle 
device at high-head throttling of the liquid, a number of fea-
tures of cavitation flow were established. Caverns connected 
to the wall of the throttle channel and caverns moving in the 
transit flow are formed in the throttle channel (Fig. 4, 5). 
Caverns moving in the transit flow divide the liquid stream 
into separate blocks. Also, the formation of small bubbles 
in the transit flow is observed. In contrast to paper [9], in 
which the cavitation region in the throttle channel was 
considered as a cloud of small bubbles, moving caverns are 
considered in our study. With developed cavitation, moving 
caverns additionally compress the liquid flow and divide it 
into parts. The presence of attached caverns and caverns 
that move is confirmed, in addition to visual studies, by 

measuring static and dynamic pressures in the 
throttle channel (Fig. 8, 9). Based on the pre-
vious facts, it was found that the flow rate of 
the liquid phase in the cavitation zone changes 
impulsively. In the phase of growth of the cavern, 
the moving flow accelerates, at the moment of 
its destruction, the flow slows down (Fig. 10). 
This feature is the reason for the generation of 
high-frequency pressure fluctuations behind the 
throttle device, the frequency of which coincides 
with the frequency of the collapse of moving 
caverns (Fig. 4, 5). The amplitude of these pres-
sure fluctuations is proportional to the pressure 
at the inlet to the throttle device (Fig. 12). The 
specified feature of the cavitation area made it 
possible to propose a physical model of the gen-
eration of cavitation pressure fluctuations in the 
volume behind the throttle device. The model 
is based on the division of the transit jet into 
separate blocks followed by impulse braking of 
the blocks in the region of restored pressure. The 
momentum theorem was used to describe this 
process, which describes the process very well in 
the case of discrete liquid masses. Formula (2) 
correlates well with experimental data (Fig. 12). 
It has been experimentally confirmed that cavi-
tation pressure fluctuations generated by throt-
tle devices are the result of several processes 
occurring at the macro- and micro-levels. The 
low-frequency component of cavitation pressure 
fluctuations (400...800 Hz) is a consequence 
of modulation of the plunger frequency of the 
pump with the frequency of descent of discrete 
liquid masses. The high-frequency component of 
the spectrum (1...10 kHz and more) of cavitation 
pressure fluctuations is formed in the form of an 
ensemble of various processes that occur simul-
taneously. The main factor of cavitation pressure 
fluctuations is the collision of discrete masses of 
liquid with the inhibited flow of liquid (the so-
called “projectile” movement of liquid). The next 
factor in the generation of cavitation pressure 
fluctuations is the collapse of vortex structures 
on the throttle nozzle section. The collision of 
discrete liquid masses and the collapse of vortex 

structures initiate the collapse of small bubbles. The given 
mechanisms of cavitation pressure oscillation generation 
make it possible to explain the intensive flow of cavitation 
erosion at high-head liquid throttling. On the basis of the 
analysis of the flow and differential characteristics of throt-
tle devices of various types, it was established that as gener-
ators of cavitation pressure fluctuations, it is advisable to use 
nozzles of the confusor-diffuser type and cylindrical Venturi 
nozzles [25] with confusor angles greater than 45°. In our 
studies, measurements of cavitation pressure fluctuations in 
the volume at the cut of the throttle device were performed. 
The potential effect of the studies is to use the energy of the 
fluid flow to generate pressure fluctuations, without the use 
of additional equipment.

A limitation of our research is that the given mechanism 
of impulse braking of the jet dominates only for the condition 
of high-head throttling of the liquid. The range of cavita-
tion pressure fluctuations calculated by formula (2) has an 

Fig. 12. Cavitation pressure fluctuations behind 	
the confusor-diffuser nozzle ( 0.95;p∆ =  pin=10 MPa; δpi=10 MPa): 	

channel 1 – pump pressure pulsations; 	
channel 2 – pressure pulsations behind the confusor-diffuser nozzle

Fig. 13. Spectral characteristics of cavitation pressure fluctuations 	
behind the confusor-diffuser nozzle ( 0.95;p∆ =  pin=10 MPa): 	

channel 1 – spectrum of pumping pressure pulsations; 	
channel 2 – spectrum of cavitation pressure pulsations
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averaged value, and the flow parameters in formula (2) are 
taken as average. The range of pressure drop on the throttle 
device corresponds to the mode of advanced cavitation and 
is adequate and the results of the study can be reproduced, 
leading to the claimed effects.

A drawback of this study is that the measurements of 
cavitation pressure fluctuations were performed in the vol-
ume behind the throttle device. Therefore, pressure pulsa-
tion measurements from the collapse of an individual bubble 
were not performed. This can be estimated by the nature of 
the cavitation destruction of the test surface. This short-
coming can be eliminated in the future by improving the 
technology and equipment for measuring rapidly changing 
pressure.

The development of this study involves improving the 
model of cavitation pressure oscillation generation, taking 
into account its stochastic nature and various mechanisms 
for pressure oscillation generation. On this path, one may 
encounter difficulties of a mathematical nature (description 
of the mechanisms of generation of pressure fluctuations) 
and of an experimental nature (measurement of pressure 
pulsations during the collapse of a small bubble).

7. Conclusions 

1. On the basis of filmograms and pressure measurements 
in the control cross sections of the throttle channel, the 
cavitation region was investigated. Two characteristic forms 
of liquid flow interruption in the throttle device during 
cavitation operation were established: moving caverns and 
connected caverns. Moving caverns additionally compress 
the flow and break it into parts.

2. The large-scale mechanism for cavitation pressure 
oscillation generation was confirmed. A physical model of 
the large-scale mechanism for generating cavitation pres-
sure fluctuations in the volume behind the throttle device 
is proposed. This model predicts a sudden change in the 
rate of transit fluid flow during the growth and collapse 
of migrating caverns. At the same time, discrete masses of 
liquid collide with the inhibited liquid flow, which is the 
cause of high-frequency pressure fluctuations. A formula for 

determining the range of cavitation pressure fluctuations is 
proposed, which makes it possible to link the operating mode 
of the throttle device with the range of cavitation pressure 
fluctuations.

3. The effectiveness of throttle cavitation devices was 
evaluated according to the experimentally obtained flow-
drop characteristics and a rational configuration of the 
throttle device for converting the energy of the liquid flow 
into cavitation was established. Peculiarities of cavitation 
pressure fluctuations were studied. The range of cavitation 
pressure fluctuations at high-head liquid throttling depends 
on the pressure drop across the throttling device. With the 
pressure drop 0.95p∆ =  at the supply pressure pin=10 MPa, 
the range of cavitation pressure fluctuations is δpi=10 MPa. 
At a pressure drop 0.60p∆ =  (the limit of the cavitation 
regime) at a supply pressure of pin=10 MPa, the range of 
cavitation pressure fluctuations is δpi=4 MPa.
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