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a b s t r a c t

Cavitating jet is widely used in drilling, rock cutting and ocean resource exploitation because of its strong
erosion ability. The analysis of the relationship between the flow characteristics and the structure of
cavitating jet nozzle is critical. Here, we utilized 3D printed technology and high-speed photography to
design visualization experiments to analyse the impact of the variation of resonator and throat size of the
organ-pipe self-resonating cavitating nozzles on the cavitation characteristics through image processing.
The velocity field, pressure field and vapor volume fraction injected by the nozzle were taken as the
objective functions to study the influence of different structural parameters on the cavitation effect based
on FLUENT 19.0 software, and the results were compared with the experimental results. The results show
that increasing the length and diameter of the resonator contributes to the occurrence of cavitation and
the structure stability of the flow field. However, excessive size affects self-resonant of the nozzle and
makes it difficult to form resonance effect. In this study, the optimal values of nozzle throat length and
divergent angle are twice the throat diameter and 40�, respectively. This research provides an integrated
research method to study the optimization of self-resonating nozzle and cavitating jet characteristics.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cavitation, as a hydraulic phenomenon, was first found in the
erosion damage of ship propeller with a history of more than 100
years (Chahine et al., 2014; Lindau et al., 2005). In essence, it be-
longs to phase transition, which refers to the phenomenon that
when the liquid pressure is lower than the saturated vapor pres-
sure, the liquid vaporizes and vapor bubbles are generated, then the
vapor bubbles collapse due to instability (Liu et al., 2013). In the
process of phase transformation, the bubble generally experiences
initiation, development and collapse. The collapse process will be
accompanied by high temperature, high pressure, micro-jet and
sonoluminescence (Gaitan and Felipe, 1992) leading to severe
erosion damage to the contact material surface, such as dykes,
propellers and locks (Liao et al., 2020). Cavitation erosion can cause
serious damage to these water conservancy facilities and in-
struments and generate huge economic losses (Peng C. et al., 2018).
).
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Inversely, the failure characteristics of cavitation force can be used
for rock breaking and borehole cleaning (Shen et al., 1996;Wu et al.,
2003), which has a wide application in drilling and significantly
improves penetration rate (Li and Shen, 1996; Wang et al., 2009).

Cavitating jet generated by self-resonating nozzle is an impor-
tant way to utilize hydraulic cavitation energy (Li et al., 2016). The
self-resonating cavitating nozzle triggers the inlet fluid oscillation
by the feedback surface of the resonator. When the oscillation
frequency is consistent with the natural frequency of the nozzle,
resonance and standing wave are formed in the nozzle, and nega-
tive pressure is generated at the core zone of the nozzle. Compared
with traditional contraction-expansion nozzles, self-resonating
nozzles have stronger cavitation capacity and are more suitable
for bottomhole confining pressure conditions (Li et al., 2003; Yi
et al., 2005).

Ideally, when the hydraulic parameters of the jet are fixed, the
natural frequency of the nozzle is corresponding to the jet excita-
tion frequency. In field application, the nozzle structure is fixed but
the hydraulic parameters shall be changed in a certain range. It is of
great significance to study the influence of structure change in
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nozzle size on cavitation performance. Cavitating jet has the char-
acteristic of periodic fluctuation (Xiang et al., 2020; Peng K.W. et al.,
2018). Cavitation bubbles can be observed to cluster into a cloud in
the process of jet flow, and the cavitation cloud goes through four
stages of initiation, development, shedding and collapse in a cycle
(Peng et al., 2016). At the same position of flow field and different
times, the corresponding cavitation cloud shape changes periodi-
cally, which makes the jet erosion ability fluctuate. The study of the
periodic characteristics of cavitation jet is helpful to evaluate the
capability of cavitating jet.

Cavitating jet experiments generally adopt the experimental
scheme of high pump pressure and large displacement in the cur-
rent studies. Based on hydrophone, the spectral characteristics of
cavitation noise are studied following with the evaluation of cavi-
tation effect (Cen et al., 2018). However, this experimental method
produces severe cavitation phenomenon and obvious cavitation
noise, which is easily affected by environmental noise and jet
pump. In the jet images recorded by high-speed photography,
problems of intense cavitation cloud, mixing disturbance of water
bubbles can be observed. Cavitating jet simulation is usually carried
out based on ANSYS FLUENT (Liu and Ma, 2021; Liu et al., 2020; Shi
et al., 2019), while the development, migration, and collapse of
cavitation bubbles are difficult to consider due to the difficulty of
capturing the rule of changes for cavitation cloud morphology.
Additionally, many studies of cavitating jet nozzle structure opti-
mization are just from an experimental or simulation point of view,
and the objective of optimization is not comprehensive. Therefore,
in this paper, the combined method of visualization experiments
and numerical simulation is employed to study the periodic dis-
tribution characteristics of cavitation clouds and the influence of
nozzle structures on the cavitation clouds comprehensively.

In this study, the cavitating nozzle is processed by transparent
resin 3D printing, and the cavitation initiation in the nozzle can be
directly observed. In the experiment, the diameter of nozzle
(1.5 mm), displacement rate (about 4 dm3/min) and pump pressure
(about 4 MPa) are minimized to clearly observe the change of
cavitation cloud shape using high-speed photography. The power
unit adopts magnetic gear pump, which has small pulsation, and
the displacement can be stepless adjustable. It can be used to
observe the minimum displacement of cavitation initiation and
analyse the shape of initial cavitation cloud. The numerical simu-
lation of cavitating jet is carried out by Fluent 19.0 software, and the
flow field of cavitating jet under different structural parameters is
analysed to obtain the performance variation rule of cavitating flow
field in the nozzle. The influence of the change of nozzle structural
parameters on the jet flow field is compared with cavitating jet
experiments, and the rules of changes in the velocity, pressure and
vapor volume fraction in the nozzle flow field are analysed. The
optimal values of the nozzle structural parameters are selected
based upon the visualization experiments and numerical
simulation.

2. Experimental system and geometrical model

2.1. Experimental system

The schematic diagram of the cavitation jet experimental sys-
tem is shown in Fig. 1 (Tan et al., 2022), mainly consisting of a
magnetic gear pump, a throttle valve, a pressure and temperature
sensor, a flow meter, a high-speed photography, a data acquisition
system and awater tank. Thewater in the storage tank is filtered by
the screen and flows to the self-resonating cavitating nozzle
through the magnetic gear pump, throttle valve and pressure
sensor to form the cavitating jet. The spotlight is on the same axis as
the high-speed photography, and the data recorded by the flow
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meter, pressure sensor and high-speed photography are trans-
mitted to the data acquisition system for storage and correlation
processing.

In order to photograph the specific details of the cavitating jet
process, visualized cavitating jet experiments with low pump
pressure and small displacement are designed. The experimental
pump pressure is 4 MPa, and the displacement range is 4.7 L/min.
The water jet medium is tap water at room temperature (300 K).
The selection of high-speed photography parameters is important
to the observation and feature acquisition of the flow field. When
the exposure time is longer, the shot picture will be clearer and the
number of frames recorded per second will be less. After sensitivity
analysis of pre-shootings, the resolution is selected as 256 � 256
because it can clearly illustrate the cavitating flow field. The cor-
responding maximum frequency amplitude is 20000 FPS (20000
pictures/second), which can fully record the dynamic changes of
cavitation cloud and distinguish different stages of cavitation jet
process.
2.2. Geometrical model

The structure of the organ-pipe self-resonating nozzle is shown
in Fig. 2, and the core design structure is the nozzle resonator and
the nozzle throat. The nozzle structure design refers to the research
results of scholars (Li and Shen, 1992), and the design of main pa-
rameters follows Eqs. (1)e(3).
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where KN is the modulus coefficient of vibration in the resonator; N
is the oscillation modulus in the resonator;Ma is the Mach number
of jet flow, dimensionless; vj is the jet velocity; va is the propagation
speed of sound waves in fluid medium; Sr is critical Strouhal
number, dimensionless, with a value of 0.3 or 0.6.

The nozzle design results are as follows:

(1) The diameter of the nozzle throat is determined by the
displacement range of the magnetic gear pump. In order to
ensure the obvious occurrence of cavitation phenomenon,
the diameter of the nozzle throat is designed to be 1.5 mm,
and the jet velocity is greater than 60 m/s. Cavitation can
occur under this condition of the pump output pressure.

(2) The length of the nozzle throat is designed to be 6 mm,
following the settings of Peng et al. (2017).

(3) The diameter of the resonator is as follows:
�
D
d

�2
[1, D ¼ 4

mm.

(4) The diameter of the nozzle inlet is as follows:
�
Ds
D

�2
[1, Ds ¼

7:5 mm.
(5) The length of the resonator is as follows: the nozzle structure

shown in Fig. 2 indicates that the oscillation modulus of
resonator N ¼ 1; KN ¼ 0:25, which is derived from Eqs.
(1)e(3). In order to ensure the smooth operation of the



Fig. 1. Cavitating jet experimental system.

Fig. 2. The self-resonating cavitating nozzle geometry (Li and Shen, 1992). Ds-Inlet
diameter, D-Resonator diameter, d-Throat diameter, a-Divergent angle, L-Resonator
length, l-Throat length.

X.-Y. Wu, Y.-Q. Zhang, Y.-W. Tan et al. Petroleum Science 19 (2022) 2284e2296
experimental equipment, substitute vj and Sr as 45 m/s and
0.3 into Eqs. (1) and (3) and derive that L ¼ 32 mm.

The control group is designed based on the above designed
nozzle. Four structure parameters, consisting of resonator diameter,
divergent angle, resonator length, and throat length are selected as
design variables. The design results are shown in Table 1.
2.3. Experimental data processing

The frame rate of 20000 FPS and frame width of 256 � 256
pixels are selected for high-speed photography. After the jet flow
field is stabilized, 2000 images continuously recorded by high-
speed photography are used as the experimental data at present
displacement. Fig. 3 shows the main program of image differential
processing in this study (Liu and Fang, 2004). Fig. 3(a) is the
background of jet field, which mainly includes resonator, throat,
extension section and the submerged environment outside the
nozzle. Fig. 3(b) is the image at a certain moment recorded by high-
speed photography in the process of jet flow. Fig. 3(c) illustrates the
Table 1
Structure design of organ-pipe cavitation nozzles.

Throat diameter d, mm Throat length l, mm Resonator diameter

1.5 1.5/3/6/9 4
1.5 6 2.5/4/5.5/7
1.5 6 4
1.5 6 4
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difference between Fig. 3(a) and (b). For computer processing, the
difference image (Fig. 3(c)) is converted into black and white binary
image (the pixel value at black is 0, and the pixel value at white is 1).
Fig. 3(d) is the difference image after binarization processing, which
contains information including the change of jet field and some
interference information. Fig. 3(e) is the difference image after
removing the noise. Fig. 3(f) shows the binary difference after
removing interference factors, and each frame corresponds to the
experimental image.

Fig. 4 shows the processing principle of the dynamic change
image of cavitation clouds. After background removal, binarization
and noise reduction processing, the area where the cavitation
clouds are located appears white on the image. The larger the
average value of pixels per row, the closer the colour of the image is
to white. Here, the range of the Y coordinate of the white pixel
range in each image is defined as the dimensionless length of the
cavitation cloud. Assuming that the cavitation cloud is spherical or
cylindrical, the number of consecutive white pixels in each row of
pixels represents the diameter of the corresponding cavitation
bubble, and the sum of squares of each successive white pixel area
in the whole image is defined as the dimensionless volume of the
cavitation cloud.
3. Computational fluid dynamics (CFD) method and
simulation

3.1. Governing equations

3.1.1. Multiphase model
Through the analysis of the flow characteristics of cavitation

water jet under the condition of submerged environment, various
vortex cavitation bubbles in the cavitation jet are observed.
Therefore, the selection of an appropriate multiphase flowmodel is
critical for the numerical calculation of cavitation jet.
D, mm Resonator length L, mm Divergent angle a, degree

32 25
32 25
16/24/32/40 25
32 10/25/40/55



Fig. 3. The program of image differential processing: (a) background image, (b) cavitating jet flow field, (c) background removed, (d) image binarization, (e) denoising, and (f)
isolated line removed.

Fig. 4. Principle of image processing for the change of cavitation cloud.
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VOF model is mainly applied to numerical calculation of gravity
flow, free liquid surface flow, flow with large bubbles in the liquid
and dam break, which can obtain the time-uniform distribution of
the interface in the process of fluid flow (Peng and Shimizu, 2013).
In this model, the volume average value is adopted for the viscosity
and density of each phase, which requires the velocity of each
phase in the system to meet the condition of equality. When the
velocity difference is large, it will cause a large calculation error.
However, the cavitation jet flow field studied in this paper is a
complex systemwith mixed and doped phases, and there is a large
velocity gradient at the jet boundary. Therefore, the VOF model,
which tracks incompatible fluid interfaces, cannot meet the
computational requirements.

Eulerian model needs to ensure the basic properties of each
2287
phase, so it requires to list the conservation equation of each phase
instead of replacing it with the average value. This model has the
highest computational accuracy among the three commonly used
multiphase flow models (Chen et al., 2019). However, while
improving the computational accuracy, it requires higher re-
quirements on computer hardware, which leads to the limitation of
the application of this model to a certain extent. Combinedwith the
actual situation in the research process of this paper, it cannot meet
the practical calculation needs.

Mixture model focuses on the whole mixed flow field system,
which has the advantages of high accuracy, low resource occupancy
and fast computational efficiency. This model is suitable for the
calculation of cavitation characteristics in the cavitation jet flow
field (Chen et al., 2018, 2019), so the mixture model is adopted as
the multiphase model in this study.

The mixture continuity equation can be expressed as

v

vt
ðrmÞþ v

vxj

�
rmuj

�¼0: (4)

The momentum equation for the mixture model can be written
as

v

vt
ðrmuiÞþ

v

vxj

�
rmuiuj

�¼ � vP
vxi

þ vtij
vxj

; (5)

where rm is the mixture density; P is the mixture pressure; ui and uj
are the velocity in the i and j directions, respectively; tij denotes the
viscous tensor, which can be expressed as

tij¼ðmm þmtÞ
" 

vui
vxj

þ vuj
vxi

!
�2
3
dij
vuk
vxk

#
; (6)

where mm and mt are the molecular and turbulence viscosities ob-
tained from the turbulence model, respectively.
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rm ¼avrv þ ð1�avÞrl; (7)

mm ¼avmv þ ð1�avÞml; (8)

where av is the vapor volume fraction; rl and rv represent the
density of liquid and vapor, respectively; ml and mv are the liquid and
vapor dynamic viscosities, respectively.
3.1.2. Cavitation model
With the development of CFD technology, the research on

cavitation in fluids is progressing continuously. Scholars have
proposed various cavitation models based on the ReP equation
(Alehossein and Qin, 2007; Qin et al., 2007). Singhal model (Singhal
et al., 2002), Schnerr and Sauer model (Schnerr and Sauer, 2001)
and Zwart-Gerber-Belamri model (Zwart et al., 2004) are three
typical cavitation models, which have been embedded in Fluent
19.0 software and have been widely used.

Among the three cavitation models, Schnerr and Sauer models
are more suitable for simulating cavitation flow in holes because its
advantages in the stability and convergence when calculating
pressure coefficient (Lei et al., 2015). In addition, Chen et al. (2019)
found that the cavitation jet simulation result error was the
smallest in the Schnerr and Sauer model. Hence, the Schnerr and
Sauer cavitation model is used to describe the self-resonant cavi-
tation jet flow field according to the actual situation of the research
process in this study.

v

vt
ðavrvÞþ

v

vxj

�
avrvuj

�¼Re � Rc (9)

Re ¼ rvrl
rm

avð1� avÞ3R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPv � P∞Þ

3rl

s
; when Pv � P (10)

Rc ¼ rvrl
rm

avð1� avÞ 3R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðP∞ � PvÞ

3rl

s
; when Pv � P (11)

where Re and Rc represent the evaporation and condensation of the
vapor bubbles, respectively; Pv and P∞ are respectively the satura-
tion vapor pressure and local-far field pressure; and R represents
the radius of bubble.
Fig. 5. The two-dimensional computational domain.
3.1.3. Turbulence model
Reynolds Average Navier-Stokes (RANS) is a widely used tur-

bulence model in industrial flow calculation at present, with its
advantages in wide application range, accuracy and computational
efficiency. It mainly includes k� ε and k� u turbulence models,
among which k� ε includes three different forms: Standard k� ε

model, RNG k� ε model and Realizable k� ε model; while k� u

turbulence models include Standard k� u model and SST k� u

model.
In the previous research literature (Celik et al., 2014; Yao et al.,

2014), the RNG k� ε model has been proved to be effective in
CFD cavitation simulation. Moreover, a comparison has been made
with the same SchnerreSauer cavitation model between different
turbulence models, which are Standard k� ε, RNG k� ε, Realizable
k� ε, Standard k� u and SST k� u (Chen et al., 2019). The results
indicate that the result of the RNG k� ε model has the smallest
error with Yao et al. (2014) and is suitable for cavitation simulation.
Therefore, the RNG k� ε model is adopted to simulate the flow
characteristic of cavitation.
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Cm ¼ 0:0845; ak ¼ aε ¼ 1:39
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!
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9>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>;

(14)

where Gk is the generation of turbulent kinetic energy by the mean
velocity gradients; C1e and C2ε are the empirical constants; ak and a

ε

are the reciprocal of the effective turbulent Prandtl number of the
turbulent kinetic energy k and the dissipation rate e, respectively.

3.2. Computational domain

In previous studies (Hutli et al., 2016; Lei et al., 2015), the two-
dimensional model can describe the flow field characteristics of the
actual model ignoring the Z-direction velocity, and the cylindrical
symmetric nozzle can generate the average jet axisymmetric ve-
locity profile in the two-dimensional plane, and the simulation
results are in good agreement with the experimental results. For
simplification and better computational efficiency, the two-
dimensional rotating cross section of the actual model is used
instead of the actual geometric model to simulate the cylindrical
symmetrical nozzle. Since the cavitation nozzle is a cylindrical
symmetrical structure, the two-dimensional axisymmetric model
is chosen as the research target, while the fluid velocity in the Z
direction is ignored. Fig. 5 shows the two-dimension model used in
this study. The length and width of the outflow field are all set as
15d, which meet the flow field boundary of submerged free jet and
eliminate the influence of flow field boundary on the simulation
results.

3.3. Simulation setup

SIMPLEC algorithm and finite volume method in Fluent 19.0
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were used to discretize the equations. Based on the Reynolds time-
mean NeS equation, the momentum equation and turbulent
transport equation were discretized by the second-order upwind
difference scheme, and the diffusion term was discretized by the
central difference scheme. PRESTO! scheme is used for the pressure
interpolation of continuity equation, and Quick scheme is used for
the convection term of vapor volume fraction equation. The inlet
boundary condition of the nozzle is Pressure-Inlet, and the pressure
value is 4 MPa. The outlet boundary condition is fixed zero pressure
at outlet. The nozzle boundary is set as wall boundary condition,
and the axis of the geometric model is set as the axis boundary
condition. The nozzle and wall are regarded as no-slip walls. The jet
turbulence intensity at the inlet and outlet is set at 5%, and the
reference pressure is 101325 Pa. The saturated vapor pressure of
water is set as 3540 Pa at 300 K. Additionally, it is worthmentioning
that in the unsteady calculation, the time step DT ¼ 0:000001 s is
selected to meet the requirements of the Courant number in the
calculation process, and the slip velocity is ignored in the calcula-
tion models.
Fig. 6. Mesh strategy of computational domain.

Fig. 7. Detail mesh near the nozzle throat.

Fig. 8. Grid-independence analysis: (a) distribution curves of v
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3.4. Mesh selection

In this study, the computational domain was partitioned into
blocks to generate quadrilateral structured grids with good
orthogonality, as shown in Fig. 6. Due to the small size and high jet
velocity in the nozzle, a high quality and high-density mesh
structure is needed. Therefore, the mesh in the nozzle is refined to
improve the calculation accuracy, as shown in Fig. 7. The quadri-
lateral grid is adopted mainly because the model to be calculated
has an obvious main flow direction, that is, along the direction of
the nozzle axis, the quadrilateral grid with an edge perpendicular
to the direction of the inflow is conducive to ensuring that the
conservation of the equation is satisfied.

Sensitivity analyses with 5 different mesh models (A-E) are
conducted to test the mesh effect on the simulation results. From
mesh model A to mesh model E, the number of grids is 24812,
45362, 68369, 82809, and 109832, respectively. Numerical simu-
lation of cavitation jet was carried out for the nozzle geometric
model with different mesh numbers. The velocity and pressure
distribution on the axis line and the vapor volume distribution on
the line Y ¼ 0:749 mm (nozzle throat wall) are extracted from each
calculation example. The mesh effects on simulated velocity,
pressure and volume fraction of vapor are shown in Figs. 8e10. The
distribution curves of velocity, pressure, and vapor volume gradu-
ally reach the asymptotic value with the increase in mesh number.
When the number of grids increased from 82809 to 109832, the
velocity, pressure, and vapor volume fraction only increased by
0.9%, 0.007% and 0.04%, respectively. Therefore, 82,809 grid cells are
selected to meet the computational accuracy requirements in this
study. Herein, the mesh model D with mesh number 82809 is
selected for a balance of computational efforts and accuracy.
Moreover, the average orthogonal quality is 0.966, which indicates
that the grid used is of good quality for the application of CFD
numerical simulation.

3.5. Model validation

Since cavitation initiation is difficult to distinguish from cavi-
tation development, the cavitation cloud period can be considered
elocity and (b) grid sensitivity of axial maximum velocity.



Fig. 9. Grid-independence analysis: (a) distribution curves of pressure and (b) grid sensitivity of axial maximum negative pressure.

Fig. 10. Grid-independence analysis: (a) distribution curves of volume fraction of vapor and (b) grid sensitivity of axial maximum vapor volume fraction.
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to include three predominant processes: development, shedding
and collapse of cavitation. In order to observe the initial position of
cavitation cloud in the visualization experiment, the jet displace-
ment is gradually increased to the initial position of cavitation. To
compare with the experimental results, the transient solution is
employed to obtain the variation of cavitation clouds with time.

Fig. 11 and Fig. 12 shows the experimental and simulated results
of cavitation clouds over time, respectively. It can be observed from
Fig. 11 that cavitation initiation occurs at t ¼ 0, while in Fig. 12 the
cavitation initiation is delayed to t ¼ 20 ms, it may be attributed to
the deviation between the initial calculation conditions of the nu-
merical model and the experimental conditions. In Fig.11, the initial
position A is located at the beginning of the nozzle throat and
divergent section, that is, the boundary layer separation leading
2290
edge, which is consistent with the simulated results in Fig. 12. Then
the cavitation bubbles continue to expand and interact with each
other until t ¼ 350 ms, forming bubbly bulges similar to the hy-
drofoil cavitation. The bulges migrate rapidly downward and clus-
ter together into clouds. A similar phenomenon can be seen from
the cavitation clouds at t ¼ 380 ms in Fig. 12. Additionally, the
migration velocity of the cavitation clouds is calculated. From
t ¼ 50 ms to t ¼ 150 ms, the migration distance is 5 mm and the
velocity is calculated to be 50 m/s when t ¼ 150 ms. Similarly, the
velocity is calculated to be 30 m/s at t ¼ 350 ms. Compared with the
simulated results in Fig. 13(a), the migration velocity of cavitation
clouds is consistent with the cavitating jet velocity, which illus-
trates the accuracy of the simulated results. The cavitation clouds
continue to migrate downwards and it is found that B (t ¼ 500 ms)



Fig. 11. Morphological changes of cavitation clouds in a single cycle. Region A shows the cavitation initiation. Line B indicates the location of the separation of the cavitation cloud.
In Region C, all the bubbles collapse. The red dot at A is the bubble core (Tan et al., 2022).
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begins to fall off and the shedding position gradually dilates as it
moves downwards. This phenomenon is considered as an upward
reverse jet generated at the shedding position B, which collides
with the mainstream, leading to the gradual separation of the
cavitation cloud and the nozzle. The large-scale shedding of the
cavitation cloud will occur as the fluid flows in the direction of the
liquid flowing out of the cavity (Kawanami et al., 1997; Callenaere
et al., 2001; Wang et al., 2012). Shock wave theory is another
explanation of the phenomenon of cavitation cloud shedding. It is
believed that a large number of cavitation clouds at the nozzle
outlet collapse rapidly, resulting in water vapor shock wave, and
when the pressure wave is transmitted upward to the front edge of
cavitation cloud in the next period, cavitation cloud shedding in
two cycles will be formed (Ganesh et al., 2016; Roger et al., 2006).
The shock wave effect cannot be ignored when the flow rate is fast
and the cavitation number is small. The detached cavitation clouds
continue to migrate downwards to C, and a large number of cavi-
tation clouds collapse, accompanied by a rapid decrease in volume
until completely disappeared. In the self-resonant cavitation de-
vice, the reverse jet is generated because the higher flow velocity
leads to the larger negative pressure in the nozzle throat and the
entrapment of the fluid near the wall in the expansion section. It
can be seen from the velocity flow diagram in Fig. 13(b) that the
arrows inconsistent with the direction of the mainstream arrows
on the wall surface represent the reverse jet flow. This result con-
firms the phenomenon of cavitation cloud shedding observed in
the experiment from the perspective of numerical simulation.

4. Results and discussion

4.1. Influence of throat length on cavitation cloud

In this section, the influence of throat length on cavitation effect
Fig. 12. The variation of cavitation clouds with time.
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Fig. 13. Velocity characteristic: (a) velocity contour and (b) path line.

Fig. 14. The length and volume of cavitation cloud varies with throat length l.
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is discussed. The experiment and simulation in this group involve
nozzles with throat length of 1.5, 3.0, 6.0, and 9 mm, and other
parameters are shown in Table 1.

As illustrated in Fig. 14, by comparing the average length and
volume of the cavitation cloud of each nozzle, when the throat
length is 3.0 mm (twice of the throat diameter), the maximum
average length and volume of the jet cavitation cloud can be
obtained.

Combined with the periodic variation of cavitation jet in Fig. 11,
it can be seen that the initial position of cavitation is the leading
edge of the extension section. If the throat section is too short, the
Fig. 15. The flow field characteristics varies with throat length l: (a) velocity distri-
bution, (b) pressure distribution, and (c) vapor distribution.
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Fig. 16. The length and volume of cavitation cloud varies with resonator diameter D.
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jet cannot fully realize boundary layer separation and form cavi-
tation clouds at this position due to inertia. However, if the throat
section is too long, the jet energy in the throat section decreases
rapidly due to the small throat diameter and low pump pressure,
which weakens the cavitation effect. As can be seen from Fig. 15(a),
when the throat length is 3 mm, a larger velocity value and dis-
tribution range can be maintained at the throat, which is most
conducive to the migration of cavitation clouds, thus generating a
larger length of cavitation clouds. Meanwhile, the negative pressure
generated at the throat is the largest (Fig. 15(b)), and the volume
fraction and distribution range of cavitation cloud are the largest
(Fig. 15(c)), thus forming a larger volume of cavitation cloud.
Fig. 17. The flow field characteristics varies with resonator diameter D: (a) velocity
4.2. Influence of resonator diameter on cavitation cloud

In this section, the influence of resonator diameter on cavitation
effect is discussed. This group of experiments and mathematical
models involve nozzles with resonator diameters of 2.5, 4.0, 5.5,
and 7.0 mm, respectively, and other parameters are shown in
Table 1.

It can be seen from Fig. 16 that the increase in resonator diam-
eter is beneficial to migration of cavitation clouds, and the length of
cavitation cloud has maximum value at D ¼ 7.0 mm. The volume of
cavitation cloud increases first and then decreases as the resonator
diameter increases, and reaches its maximum when D ¼ 4.0 mm.

The change of the average volume of cavitation cloud with a
single nozzle has the trend as the average length, that is, it increases
with the increase in displacement. Among the four nozzles tested
(2.5, 4.0, 5.5, and 7.0 mm), D ¼ 4:0 mm leads to the largest cavi-
tation volume. This is consistent with the simulation results in
Fig. 17(b) and (c). When D ¼ 4:0 mm, the negative pressure and
vapor volume fraction generated inside the nozzle are both the
maximum, which makes it easy to form a larger volume of cavita-
tion cloud. The average length of cavitation cloud in D ¼ 5:5 mm
group and D ¼ 4:0 mm group is similar, but the volume of cavita-
tion cloud of D ¼ 5:5 mm group is small, indicating that the cavi-
tation cloud is not fully developed in the process of jet flow.
Compared with D ¼ 7:0 mm and D ¼ 4:0 mm, the cavitation cloud
migration length of D ¼ 7:0 mm nozzle is longer, but the volume of
cavitation cloud generated is smaller, indicating that the cavitation
distribution, (b) pressure distribution, and (c) vapor distribution.
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Fig. 18. The length and volume of cavitation cloud varies with resonator length L.

Fig. 19. The flow field varies with resonator length L: (a) velocity distribution, (b)
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cloud has partially collapsed before migration to the maximum
distance in this process.

4.3. Influence of resonator length on cavitation cloud

In this section, the influence of resonator length on cavitation
effect is discussed. The length of the nozzle resonator is 16 mm,
24 mm, 32 mm and 40 mm respectively, and other parameters are
shown in Table 1.

As shown in Fig. 18, prolonging the length of the resonator leads
to a larger cavitation cloud length, indicating that prolonging the
length of the resonator is conducive to cavitation bubble migration.
Additionally, it can be found that the volume of cavitation cloud of
the nozzle L ¼ 32 mm is the largest, indicating that serious collapse
phenomenon occurs when the resonator length exceeds 32 mm.

As illustrated by Fig. 19 (b) and (c), when L ¼ 32 mm, the nozzle
throat produces the largest negative pressure and the strongest
resonance effect, which is easier to stimulate fluid cavitation and
produces the largest volume of cavitation cloud. Fig. 19 (a) shows
that the nozzle L ¼ 40 mm possesses the maximum axial velocity
and is conducive to cavitation cloud migration, which is also
consistent with the experimental results shown in Fig. 18.

4.4. Influence of divergent angle on cavitation cloud

In this section, the influence of exit divergent angle on cavitation
effect is discussed. The experiment and simulation involve nozzles
with divergent angle of 10�, 25�, 40�, and 55�, and other parameters
are shown in Table 1.

As can be seen from Fig. 20, the nozzle of a ¼ 10� has the
maximum cavitation cloud length. From Fig. 21(a), it can be seen
that the nozzle of a ¼ 10� forms the longest potential core, and
increases the migration distance of cavitation clouds. By comparing
the average volume of cavitation clouds at each nozzle, when the
divergent angle is 40�, the volume of cavitation cloud increases
more significantly compared with other nozzles, as shown in
Fig. 20. In Fig. 21, the divergent angle affects the pressure distri-
bution of the jet field more. The negative pressure value and vapor
volume fraction at the throat both reach the maximum when a ¼
pressure distribution and (c) vapor distribution.
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Fig. 20. The length and volume of cavitation cloud varies with divergent angle a.
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40�, which is most conducive to the generation and development
of cavitation clouds.
5. Conclusions

Visualization experiments and numerical simulation methods
are used to investigate the effects of sizes of self-resonant cavitation
nozzles on cavitation jet capacity and cavitation jet flow field. The
influences of the four key parameters, including resonator diam-
eter, resonator length, throat length and divergent angle, on the
length and volume of cavitation cloud and velocity, pressure and
vapor distribution characteristic are studied, and the conclusions
are:

(1) The length of resonator should be designed according to the
hydraulic parameters of specific working conditions so that
the nozzle natural frequency is close to the jet excitation
frequency. Proper extension of resonator length is beneficial
to cavitation migration, and the specific extension distance
should consider whether the application environment needs
a larger erosion range or a stronger erosion effect.

(2) The increase in resonator diameter is beneficial to migration
of cavitation clouds. Different from that, the volume of
cavitation clouds has maximumvalue at D¼ 4.0 mm, and the
maximum negative pressure value and vapor volume frac-
tion are gained.

(3) In present study, the experimental and simulation results
show that the optimal throat length is twice of the throat
diameter. Under this condition, themaximum average length
and volume of the jet cavitation cloud can be obtained.

(4) The divergent angle of the nozzle mainly affects the pressure
distribution of the jet flow field. The optimal value of diver-
gent angle is 40� in present experimental and simulation
results.
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Fig. 21. The flow field characteristics varies with divergent angle a: (a) velocity dis-
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