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ABSTRACT

Self-excited oscillating jets (SOJ) are used in several practical applications. Their performances are significantly
affected by structural parameters and the target distance. In this study, a geometric model of the SOJ nozzle
accounting for multiple structural parameters is introduced, then the related cavitation performances and the
optimal target distance are investigated using a Large-Eddy Simulation (LES) approach. Results are also provided
about an experiment, which was conducted to validate the simulation results. By analyzing the evolution of the
vapor volume fraction at the nozzle outlet, a discussion is presented about the effect of the aforementioned struc-
tural parameters on the cavitation performances and the target distance. It is shown that the distribution of cavi-
tation clouds at the outlet of the SOJ nozzle displays a non-monotonic trend (first increasing, then decreasing).
Under working conditions with an inlet pressure of 4 MPa, a SOJ nozzle outlet/ inlet diameter ratio (D1/D2) of
1.2, and a chamber diameter ratio (D/L) close to 1.8, the nozzle outlet cavitation performance attains a maximum.
The optimal structural parameters correspond to the optimal target distance, which is near 50 mm. The experi-
ments have revealed that the SOJ nozzle with the above parameters displays a good cavitation erosion effect at the
target distance of 50 mm, in satisfactory agreement with the numerical simulation results.
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Nomenclature
SOJ Self-excited oscillating jets
LES Large eddy simulation
WALE Wall adapting local eddy viscosity model
PIV Particle image velocity
D Diameter of the SOJ nozzle chamber
D1 Diameter of the SOJ nozzle inlet
D2 Diameter of the SOJ nozzle outlet
L Length of the SOJ nozzle chamber
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Rc Condensation rate
Re Evaporation rate
Α Rear wall angle of the SOJ nozzle chamber
σ Cavitation number

1 Introduction

Cavitation is a detrimental phenomenon for hydraulic machinery due to the impact of bubble
collapse [1,2]. However, the energy released by cavitation collapse has potential value because of the
local high temperature, high pressure, and high-speed jets generated during the process. Cavitation has
proven to be applicable in various fields, such as cutting [3,4], peening [5], pharmaceutics [6,7],
pretreatment and processing of organic wastes [8,9], and fossil fuel exploitation [10,11]. A submerged
water jet with cavitation is referred to as a “cavitating jet.” With the continuous development of industry,
there are increasing demands for cavitation jet technology, making it essential to find an efficient
cavitation jet scheme.

Self-excited oscillation jet (SOJ) is considered one of the most promising technologies, mainly due to the
pulse effect and cavitation effect it offers. The pulse effect involves periodic high-speed ejection of fluid at
the nozzle outlet, resulting from a specific nozzle structure in a SOJ. This leads to a water hammer effect at
the peak of the pulse, which tends to have a more damaging effect than stable jets [12,13]. Research indicates
that the peak pressure of SOJ is 2.5 times higher than that of ordinary continuous jets [14]. The cavitation
effect primarily refers to the substantial energy released locally during the collapse of cavitation bubbles
[15], which can further intensify the damaging performance of water jets [16]. Studies have shown that
the incipient cavitation numbers for SOJ can be two to six times higher than with a conventional jet [4],
indicating that SOJ jets are more prone to cavitation than conventional jets. In self-excited oscillating jets,
as the cavitation number decreases and the outlet jet velocity increases, cavitation erosion undergoes
more significant changes. The nozzle structure significantly affects cavitation jet strength, jet width, jet
diffusion angle, and bubble distribution generated by the cavitation jet generator, with the nozzle shape
dominating all other parameters that may affect cavitation erosion [17,18]. Therefore, studying the
geometry of SOJ nozzles is crucial for improving the effectiveness of cavitating jets.

Many scholars have investigated the effects of SOJ nozzle geometry on flow characteristics and
cavitation performance, but few have explored the firing distance. Typical geometric parameters of SOJ
nozzles include inlet pipe diameter, outlet pipe diameter, chamber diameter, and chamber length. These
factors, when the inlet pressure was 3 MPa, are ranked in terms of their effects on nozzle performance as
follows: the chamber fillet, outlet pipe diameter, chamber diameter, and chamber length [19]. Li et al.
studied the effect of inlet pipe diameter on the oscillation and cavitation erosion performance of SOJ
nozzles and found that the inlet pipe diameter significantly impacts the pressure oscillation of SOJ
nozzles due to hydroacoustic characteristics [20,21]. Moreover, an increase in the inlet pipe pressure leads
to an increase in frequency and a decrease in amplitude [22]. The downstream contraction ratio of the
SOJ nozzle can affect the development trends of pressure oscillations and determine the values of the
peaks and amplitudes [23]. As the nozzle inlet shrinkage ratio increases, the resonance amplitude and
erosion capacity of the SOJ nozzle first increase and then decrease [24]. Additionally, different nozzle
internal surface roughness affects the cavitation strength of the SOJ nozzle. An overly smooth surface
hinders cavitation bubble formation, weakening cavitation erosion intensity, while an excessively rough
surface dissipates energy, leading to jet dispersion and a significant reduction in erosion intensity [25].

Existing research is vital for understanding the impact of nozzle construction parameters on SOJ nozzle
exit cavitation performance and pulse frequency. However, cavitation jets may exhibit characteristics such as
aggregation and dispersion during the jet process, resulting in varying cavitation intensities at different
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locations from the nozzle outlet, which can affect the application effectiveness of cavitation jet technology.
Thus, it is of great value to further clarify the evolution of bubble clouds and determine the location with the
highest cavitation intensity. In this study, the distance from the location with the highest cavitation intensity
to the nozzle outlet is defined as the optimal target distance.

With the advancement of computer performance and computational fluid dynamics theory, numerical
simulation has become a convenient and efficient tool for studying fluid mechanics, particularly for
complex turbulent fluid machinery [26]. Numerical simulation methods have been employed to study
complex turbulence in pumps [27] and high-speed underwater cavitation jets [28], and they have been
used in numerous studies on the complex flow of SOJ cavitation jets. Zhu et al. used numerical
simulation methods to optimize the design of SOJ nozzles and found that the optimal nozzle diameter
ratio falls within the range of 1.35 to 1.55 [29]. Subsequently, Zhang et al. employed numerical
simulation methods to compare and analyze the velocity and pressure characteristics of SOJ nozzles by
varying their geometric parameters. It was discovered that the periodic expansion and contraction of the
low-pressure vortex ring in the self-excited oscillation nozzle chamber lead to periodic changes in outlet
nozzle pressure. The optimal inlet and outlet diameter ratio for the SOJ nozzle was determined to be
1.2 and was verified through experiments [30]. The inlet and outlet diameter ratio obtained by Zhu et al.
closely aligned with the conclusion of Zhang et al., resulting in a diameter ratio of 1.2 being chosen for
this study.

Large eddy simulation (LES) has emerged as a new numerical simulation method known for its
accuracy, particularly in modeling complex turbulence near walls. It has been proven to provide accurate
simulation results in scenarios involving hydrofoil surface cavitation and complex wall turbulence
[31,32]. For the SOJ nozzle, Fang et al. compared it to a conical nozzle using LES and found that SOJ
nozzles have shorter core lengths and exhibit better clustering, smaller diffusion angles, and improved
mixing performance [33]. Nevertheless, further research is needed to determine the core length of the
SOJ, as different modulation positions significantly influence the impact performance of pulsed jets [34],
and the optimal modulation position can also be referred to as the optimal target distance. The previously
mentioned studies have made substantial contributions to understanding the impact performance and
influencing factors of SOJ nozzles through numerical simulation and experimentation. However, most
numerical simulations have employed the Reynolds-Averaged Navier-Stokes (RANS) method, which may
have limitations in accurately capturing near-wall and complex turbulence. For SOJ nozzles, the RANS
method may not accurately depict the evolution of cavitation at the nozzle outlet. LES, on the other hand,
resolves large-scale turbulence structures and models small-scale turbulence, offering advantages in
accurately capturing small vortex structures. Therefore, LES was selected for this study to investigate the
variation of cavitation flow field and cavitation intensity of SOJ with position.

Consequently, this study aims to achieve the following objectives: (1) analyze the evolution of the SOJ
nozzle outlet flow field using the LES method, (2) investigate the impact of different parameters on the
cavitation performance of SOJ nozzles and determine the target distance for achieving the best cavitation
effect, and (3) validate the simulation results through visual experiments.

2 Materials and Methods

2.1 Mathematical Model
In the vapor/liquid two-phase flow mixture model, it is assumed that the multiphase components share

the same velocity and pressure. The governing equations encompass the mass and momentum conservation
equations as follows [35,36]:

@qm
@t

þ @ðqmujÞ
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¼ 0 (1)
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Here, u represents velocity, p denotes pressure, ql signifies liquid density, qv indicates vapor density, av
represents vapor fraction, and al signifies liquid fraction. The subscripts (i, j, k) correspond to the directions
of the Cartesian coordinates. _mþ denotes the steam condensation rate and _m� represents the steam
evaporation rate.

In this study, the LES method was employed. The fundamental principle of LES involves directly
calculating large-scale vortices and simulating small vortices using subgrid scale models. The subgrid
scale model utilized in this study is the Wall Adapting Local Eddy Viscosity (WALE) model [37,38],
which strikes a balance between complexity and universality, making it a more versatile model. This
model defines turbulent vortex viscosity as follows:

lt ¼ qD2
S

SdijS
d
ij

� �3=2

SijSij
� 	5=2 þ SdijS

d
ij

� �5=4
(4)

Here, the filter size ΔS is computed using the equation ΔS = CwV
1/3 with the typical value of Cw being

0.325. The strain rate tensor is defined as:

Sdij ¼
g2ij þ g2ji

2
� dijg2kk

3
; gij ¼

@ui
@xj

(5)

Different cavitation models can impact the accuracy of predicting cavitation occurrence. The Zwart-
Gerber-Belamri model is a cavitation model known for its high convergence and accuracy [39]. Key
parameters in this cavitation model include vapor volume fraction, evaporation coefficient, and
condensation coefficient. The interphase mass conversion rate per unit volume is calculated based on
bubble number density, taking into account the influence of gas nucleus density in water on evaporation.
The evaporation rate Re and condensation rate Rc in this model are expressed as follows:

Re ¼ Fvap
3anuc 1� avð Þqv

RB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2max pv � p; 0ð Þ

3ql

s
(6)

Rc ¼ Fcond
3avqv
RB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2max p� pv; 0ð Þ

3ql

s
(7)

In Eqs. (3) and (4), αv represents the volume fraction of the gas phase, ρv stands for vapor phase density,
ρl signifies liquid phase density, αnuc indicates the density of gas nuclei in water, Fvap is the evaporation
coefficient, Fcond represents the condensation coefficient, and RB denotes the bubble radius.

During numerical simulations, the following parameter values were utilized: the density of pure water
was set at 998.2 kg/m3, the density of water vapor was 0.5542 kg/m3, the saturated vapor pressure of water
was 3540 Pa, the cavitation bubble diameter was 1 × 10−6 m, the evaporation coefficient was 50, and the
condensation coefficient was 0.01.
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2.2 Geometric Modeling
The geometric parameters of the SOJ nozzle include inlet pipe diameter, outlet pipe diameter, chamber

diameter, and chamber length. Definitions of each geometric parameter are illustrated in Fig. 1.

In Fig. 1, D1 represents the diameter of the nozzle inlet, D2 signifies the diameter of the outlet, L stands
for the length of the chamber,D denotes the diameter of the chamber, and the collision angle α of the rear wall
of the chamber is 120°.

The primary factors influencing the performance of SOJ nozzles include the ratio of the inlet and outlet
pipe diameters (D2/D1), the chamber diameter D, and the chamber length L. Previous studies [29,30] have
shown that when D2/D1 is close to 1.2, the chamber length L is 5–8 times longer than D1, and the
chamber diameter D is 4–6 times longer than D1, the nozzle exhibits superior cavitation performance.
Accordingly, a range of values was selected for each parameter, as presented in Table 1. The inlet
diameter was determined to be 3.0 mm.

Based on the parameter range specified in Table 1, the study considered parameters such as the inlet and
outlet pipe diameter ratio (D2/D1) ranging from 1 to 1.3, the chamber length ratio (L/D1) ranging from 3.5,
and the chamber diameter ratio (D/L) ranging from 1.7 to 2.4 in the parameter configuration process. As a
result, ten cases were designed, as outlined in Table 2, to investigate the impact ofD2, L, andD parameters on
SOJ nozzles.

2.3 Numerical Simulation
With the ten groups of cases detailed in Table 2, geometric modeling was established for each, as shown

in Fig. 2. The computational domain encompassed the self-oscillating nozzle and the submerged area, with
the lengths of the upstream and downstream straight pipes matching the nozzle entity used in subsequent
experiments. The lengths were set to be five times greater than the diameter of the inlet and outlet to
ensure full development of the flow field.

For the geometric model depicted in Fig. 2 (right), ICEM was employed to create the structured mesh,
utilizing the O-block mesh for the inner area. The grid configuration inside the computational domain is
presented in Fig. 2 (left). The minimum mesh thickness near the wall was set to 1 micron, with a height

Figure 1: Definition of parameters of self-excited oscillating nozzle

Table 1: Parameters range of self-excited oscillating nozzle

Parameters D1 (mm) D2 (mm) L (mm) D (mm)

Rang 3.0 3.0~4.0 6~18 13~22
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growth rate of 1.2, ensuring an appropriate dimensionless wall distance (Y-plus). To meet LES grid
requirements, the core area grids and wall boundary layer were refined, maintaining smooth transitions
between adjacent grids.

Grid independence was verified before simulation, employing seven groups of grids with varying
numbers, as detailed in Table 3. In ICEM, the quality of each grid group exceeded 0.5, with grid numbers
in one group increased by 25% relative to the others until the average flow velocity at the nozzle outlet in
the steady-state simulation stabilized. Ultimately, the number of grid nodes was fixed at 3,770,460.

Table 2: Different parameter schemes for SOJ nozzles

Case No. D1 (mm) D2 (mm) L (mm) D (mm)

No. 1 3.0 3.0 9.0 16.0

No. 2 3.3 9.0 16.0

No. 3 3.6 6.0 16.0

No. 4 3.6 9.0 16.0

No. 5 3.6 12.0 16.0

No. 6 3.6 15.0 16.0

No. 7 3.6 18.0 16.0

No. 8 4.0 9.0 16.0

No. 9 3.0 12.0 22.0

No. 10 3.3 12.0 22.0

No. 11 3.6 6.0 22.0

No. 12 3.6 9.0 22.0

No. 13 3.6 12.0 22.0

No. 14 3.6 15.0 22.0

No. 15 3.6 18.0 22.0

No. 16 4.0 12.0 22.0

Figure 2: Geometric model and grids
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Appropriate grid conditions were established to ensure the accuracy of simulated data. The quality of the
first-layer grid was reflected through the dimensionless parameter Y-plus. The distribution of Y-plus values
on the wall surface during the simulation is illustrated in Fig. 3. All Y-plus values were less than 1 on the
outer wall of the self-oscillating chamber, with slightly larger values at the nozzle inlet, but none
exceeding 5.

FLUENT was employed for numerical simulation, utilizing a finite volume approach based on the
SIMPLEC (Semi-Implicit Method for Pressure Linked Equations Consistent) methodology [40,41]. The
equations were discretized using a second-order upwind differencing approach. Convergence conditions
for the governing equations were met when the total of the residuals fell below 10−5.

The entire water calculation domain featured a connection between a self-oscillating nozzle and a
submerged jet flow field. The model incorporated a high-pressure inlet boundary condition and a low-
pressure inlet for atmospheric pressure to replicate an underwater environment, along with an outlet
boundary condition. The entire fluid domain was divided into two parts for structural grid construction,
both interconnected with an INTERFACE boundary.

During numerical simulation, the selected solution type was transient simulation based on pressure. The
time step was set at 1 × 10−6 s, with a total computation time of 1 s. In the multiphase flowmodel, the Mixture
model was utilized, defining the mixed phase as pure water and water vapor. The density and viscosity of
pure water were specified as 998.2 kg/m3 and 1.003 × 10−3 kg/(m·s), respectively, while the density and
viscosity of vapor were set to 0.5542 kg/m3 and 1.34 × 10−5 kg/(m·s), respectively. The multiphase flow

Table 3: Mesh sensitivity analysis

Groups Grids number Velocity of nozzle outlet Velocity change rate

1 982540 55.20422 –

2 1353568 56.84397 0.029703

3 1816966 60.59242 0.065943

4 2370127 62.05873 0.0242

5 2839402 63.69349 0.026342

6 3770460 63.70882 0.000241

7 4213072 63.58446 −0.00195

Figure 3: The contours of wall Y-plus
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mass transfer mechanism chosen was cavitation, employing the Zwart-Gerber-Belamri model for cavitation
modeling. The saturated vapor pressure of water was 3540 Pa, the cavitation bubble diameter was 1 × 10−6 m,
the evaporation coefficient was 50, and the condensation coefficient was 0.01. As for boundary conditions,
a high-pressure inlet boundary condition was applied, setting the inlet pressure at 4 MPa. The outlet boundary
was designated as the water tank outlet with an atmospheric pressure value, resulting in a relative pressure
of 0 Pa.

2.4 Experimental Setup
To validate the flow state and jet erosion effect of the self-oscillating nozzle outlet, as well as the

reliability of the numerical simulation results, tests were conducted. A schematic diagram of the test
device for assessing the jet erosion effect of the self-oscillating nozzle is presented in Fig. 4.

The experimental setup utilized a jet test bench located in the laboratory of the National Pump
Engineering Center at Jiangsu University. High-pressure water was supplied by a high-pressure plunger
pump, with a maximum pressure of 5 MPa and a maximum flow rate of 50 L/min. The test pressure
could be adjusted via the overflow valve, but the precise specific flow rate was uncertain due to the
presence of the overflow valve. Additionally, a flow meter was installed upstream of the nozzle, and a
pressure gauge displayed the pipeline pressure during experiments. The stage’s height could be adjusted
using a nut, submerging the entire nozzle stage in water. The impact distance was controlled by altering
the distance between the stage and the nozzle. An aluminum plate 1060 (Chinese national standard GB/T
3880-2006, aluminum content 99.6%) served as the impact sample and was affixed to the stage facing the
nozzle outlet. The nozzle diameter ratio of 1.2 (D2/D1 = 1.2) was found to yield the best jet erosion
effect, based on simulation results. The chamber length L and chamber diameter D had significant effects
on the optimal impact distance of the outlet jets, and the optimal simulation result was selected for
testing. Fig. 5 provides an illustration of the test nozzles’ structure and parameters.

Figure 4: Jet test platform

Figure 5: Test nozzles and structural parameters (Unit is mm)
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The test nozzles were manufactured using a computer numerical control machine tool, with errors not
exceeding 10 μm. The two parts were connected with screw threads, and the potential water leakage caused
by thread clearance was essentially negligible.

Following the tests, a scanner was employed to scan the surface erosion conditions of the aluminum
plate to eliminate color bias. Cavitation performance was then evaluated by comparing the erosion degree
of test nozzles 3 and 4, corresponding to Nos. 5 and 6 in Table 2, respectively.

3 Results and Discussions

3.1 Flow Field
Given the dynamic nature of the SOJ nozzle’s flow state, the unsteady flow field offered insights into

flow characteristics over an oscillation cycle. The range of the optimal target distance was determined by
analyzing the variation in average vapor volume fraction.

3.1.1 Transient Flow Field
Characteristics are crucial for studying the evolution of cavitation jets. The flow field of one cycle of

No. 5 nozzle is shown in Fig. 6, with the vapor volume fraction of the ISO-surface set at 0.1.

Due to the presence of an oscillating chamber in the self-oscillating nozzle, periodic pulse pressure was
generated when high-speed fluid entered the inlet. Pulse flow occurred as the fluid reached the outlet, with the
pulse’s intensity directly influencing the peak impact strength of the jets. Furthermore, upon leaving the
nozzle, the high-velocity jet encountered the immersion fluid, leading to cavitation due to shear forces
caused by velocity differences. Under submerged conditions, the collision of the pulsed jet with static
liquid in the water tank reduced the effective impact distance of the jets. As the distance increased, the
pulsed fluid gradually fragmented and dispersed. These flow processes align with findings from the
particle image velocity method and visualization experiments by Zhou et al. [42] and the numerical
simulation results presented in this study.

Analyzing the transient flow field revealed that cavitation clouds at the nozzle outlet resembled a pulse,
with the volume of cavitation clouds initially increasing and then decreasing. During this change, a position
emerged where the cavitation group exhibited its maximum volume and intensity, corresponding to the
previously mentioned optimal target distance.

Figure 6: Cavitation clouds in one cycle

FDMP, 2024 9



Coherent structures play a pivotal role in turbulent flow analysis. Various analysis methods exist,
including the Q criterion, λ2 criterion, Δ criterion, Ω methods, among others [43]. Among these, the Q
criterion is commonly used and defined as:

Q ¼ 1

2
Bk k2K� Ak k2K

� �
(8)

Here, Bk k2K represents the square of the norm of matrix B. Matrixes A and B represent symmetric and
antisymmetric components. When the Q-criterion number exceeds 0, vortices are present. Figs. 7a–7d show
the coherent structure at different Q-criterion number ranges, revealing vortices when Q = 10−5–10−8 s−2.

Coherent structure analysis revealed the pulsed jet state of the self-oscillating nozzle. In Fig. 7, the
distribution and development of vorticity at the nozzle outlet were readily observable, with smaller Q
numbers indicating more substantial vorticity. Notably, when Q = 1 × 107 s−2, as shown in Fig. 7c, it
distinctly depicted the growth, development, separation, and dispersion of the outlet pulsed jets, a
phenomenon consistent with Fang et al.’s study [33]. Furthermore, it was evident that vorticity decreased
beyond the nozzle outlet in Fig. 7. The position where vorticity reached its maximum corresponded to the
optimal shooting distance of the pulsed jets, highlighted in the red box in Fig. 7c.

3.1.2 Average Flow Field
To investigate cavitation at various distances from the nozzle outlet, multiple monitoring interfaces were

established at the nozzle outlet during the simulation. These interfaces assessed cavitation’s extent by
monitoring the average vapor volume fraction on each interface. Consequently, 20 monitoring surfaces
were positioned consecutively at the outlet, spaced at 0.005 m intervals. Fig. 8 provides a schematic
representation of the monitoring surface arrangement within the ISO-surface figure, where the vapor
volume fraction is 0.1.

Figure 7: Coherent structure of different Q-criterion number

Figure 8: The position of the detection surface
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Throughout the simulation, when the flow field reached a steady state, continuous monitoring of time-
varying data was conducted at 0.01 s intervals, capturing mean vapor volume fraction, mean pressure, and
mean velocity for each monitoring surface. The average of 1000 data points for each monitoring surface over
0.01 s represented the distribution of the average state across different distances during that period. Fig. 9
shows the distribution of average vapor volume fraction, pressure, and velocity over a distance of
100 mm from the nozzle outlet for two sets of parameters, Nos. 5 and 13 nozzles, which yielded optimal
results during simulation.

Fig. 9 distinctly shows a peak in the average vapor volume fraction curve occurring between 40 and
70 mm, representing the location with the highest average vapor content. The cavitation number of the
flow is defined as:

r ¼ P1 � PV

1

2
qV 2

1
(9)

Here, P1 is the pressure of the liquid, PV is the saturated vapor pressure, ρ is the density of the liquid,
and V1 is the velocity of the liquid. In Fig. 9, an interval of 10 mm was selected before and after the highest
position of average vapor volume fraction. Within this range, the average pressure displayed a declining
trend, while average velocity increased. According to the cavitation number definition and equation, the
most vigorous cavitation occurred in the range where the cavitation number decreased, aligning with
observed behavior.

3.2 Influence of Different Geometric Parameters

3.2.1 Influence of Outlet Pipe Diameter
To assess the impact of different outlet pipe diameters on the target distance of the SOJ nozzle, the

control variables method was employed. Test groups with varying outlet pipe diameters were selected for
control. In Table 2, different outlet pipe diameters were applied to nozzles Nos. 1, 4, and 8 while
maintaining other variables constant. The same approach was used for nozzles Nos. 9, 13, and 16.
Fig. 10 shows the average vapor volume fraction curve with outlet distance for both sets of nozzles.

In Fig. 10, all conditions remained identical, except for the outlet pipe diameter. The red curves for
nozzles Nos. 4 and 13 were at the top, indicating that these nozzles exhibited higher vapor volume
fractions at the outlet with an outlet pipe diameter of 3.6 mm (outlet/inlet pipe diameter ratio of 1.2),
signifying good cavitation performance. Conversely, the general trend of the black curves (nozzles Nos.
8 and 16, outlet pipe diameter of 4 mm) was notably lower, indicating that the outlet pipe diameter had a
significant impact on cavitation performance.

Figure 9: Curves of the average flow field of the two nozzles
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3.2.2 Influence of Chamber Length
To investigate the effect of different chamber lengths on the target distance of the SOJ nozzle, the control

variables method was similarly applied. Test groups with varying chamber lengths were selected for control.
In Table 2, different chamber lengths were employed for nozzles Nos. 4, 5, and 6 while keeping other
variables constant. The same approach was used for nozzles Nos. 12, 13, and 14. Fig. 11 illustrates the
average vapor volume fraction curve with chamber length for both sets of nozzles.

In Fig. 11, all conditions remained consistent, except for the outlet pipe diameter. The black curve for
nozzle 4 was at the top, indicating good cavitation performance. Although the difference in the average vapor
volume fraction curves between Nos. 12 and 13 in Fig. 11b was minimal, the peak of No. 13 exceeded that of
No. 12, implying that No. 13 achieved higher maximum cavitation performance than No. 12.

Regarding different chamber lengths, the outlet diameter D2 of 3.6 mm resulted in higher gas volume
fractions. Vapor volume fractions were superior with a chamber length L = 9 and D = 16 mm, with
slightly higher values for D = 22 and L = 12 mm. Analysis of the chamber diameter ratio D/L revealed
that while the two nozzle parameters with better effects differed significantly in chamber diameter D and
chamber length L, the chamber diameter ratio (D/L) differed by only 0.1. Thus, it can be explained that a
chamber diameter ratio D/L = 1.8 led to higher vapor volume fractions near the highest vapor volume
fraction of the SOJ nozzle.

Figure 10: The average vapor volume fraction curves of different outlet pipe diameter D2

Figure 11: Curves of average monitoring parameters of different chamber length L
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3.2.3 Influence of Chamber Diameter
To investigate the impact of different chamber diameters on the target distance of the SOJ nozzle, the

control variables method was employed, and test groups with varying chamber diameters were selected.
In Table 2, different chamber diameters were assigned to nozzles Nos. 4 and 12 while keeping other
variables constant. The same approach was applied to nozzles Nos. 5 and 13, while nozzles Nos. 6 and
14 were not plotted due to significantly lower average vapor volume fractions. Fig. 12 shows the average
vapor volume fraction curve with outlet distance for both sets of nozzles.

In Fig. 12, all other conditions remained the same, except for the chamber diameter. In Fig. 12a, the
black curve was higher, while in Fig. 12b, the red curve was higher. This indicates that nozzles with the
same outlet diameter but different chamber lengths could also exhibit varying cavitation performance in
terms of the same chamber diameter. Similarly, when considering the chamber diameter ratio D/L, nozzle
5 and 13, which had a chamber diameter ratio around 1.8, displayed higher vapor volume fractions.

3.3 Experimental and Comparison
During the experiment, an aluminum plate was placed at a fixed distance from the nozzle outlet, and

different impact distances were achieved by adjusting the height of the loading platform. By comparing
the simulation results, the impact shape and causes were analyzed. Fig. 13 illustrates the result of test
nozzle 3 jets impacting the aluminum plate at a distance of 40 mm, and this is compared with the
velocity and pressure contours from the simulation.

Figure 12: Curves of average monitoring parameters of different chamber diameter D

Figure 13: Comparisons of cavitation impact effect and simulation
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Fig. 13b reveals three marked rings, denoted as R1, R2, and R3 in ascending order. Notably, the central
ring R1 differed in shape from the second ring R2-R3, with deeper erosion dents on R1. The velocity contour
showed relatively high velocities in this area, suggesting that the erosion in the central area of R1 was
primarily due to the impact of high-velocity jets. A second ring-like area with noticeable erosion existed
between R2 and R3, although it was less severe than the central area of R1. R3’s boundary was unclear,
but within this area, pressure increased, and velocity decreased. Based on the cavitation number definition
equation (Eq. (6)), the cavitation number increased in this region, indicating that erosion in this part was
primarily caused by cavitation.

To compare the effects of different nozzles, aluminum plates were placed near the nozzles at a distance
of 50 mm for 10 min, with all other conditions being the same. Fig. 14 presents a comparison of the results
between test nozzles 3 and 4.

In Fig. 14, the surface erosion characteristics of the aluminum sheet were scanned, with a consistent
scale applied to both pictures. While the two areas of erosion in Figs. 14a and 14b were similar in size,
the erosion marks in Fig. 14a were noticeably deeper, indicating better cavitation erosion performance for
test nozzle 3. This finding aligned with the conclusions drawn from the numerical simulations.

3.4 Discussions
Next, the impact of each individual parameter on the target distance of the SOJ nozzles was discussed.

Fig. 15 illustrates the trend of the optimal target distance and maximum vapor volume fraction for different
outlet diameters D2. Notably, the optimal target distance obtained may not be highly precise due to the 5 mm
interval between monitoring surfaces, resulting in a potential deviation of plus or minus 5 mm from the actual
position.

In Fig. 15, optimal target distances were distributed in the 50 to 75 mm range, with nozzles Nos. 5 and 13
(outlet pipe diameter D2 of 3.6 mm) identified as the best performers for two different sets of chamber
diameters and lengths. In Fig. 15a, the shortest target distance occurred with D2 = 3.6 mm, while in
Fig. 15b, D2 = 4.0 mm yielded the closest target distance due to increased chamber diameter and length.
However, the maximum vapor volume fraction still occurred with D2 = 3.6 mm. Thus, it can be assumed
that achieving greater cavitation at a shorter distance may reduce some kinetic energy loss.

Figure 14: The jet erosion results
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Fig. 16 shows the trend of optimal target distance and maximum vapor volume fraction for different
chamber lengths L.

Regarding the effect of different chamber diameters D on the optimal target distance, the limited
comparison data points for each set were consolidated as shown in Table 4. Chamber length and chamber
diameter were often considered in conjunction, with the chamber diameter-to-length ratio (D/L) serving as
the main focus.

Comparing the data in Fig. 16 and Table 4, it is evident that the difference in the maximum vapor volume
fraction in Fig. 16a was minimal, and the overall optimal target distances were close. In Fig. 16b, the
maximum vapor volume fraction corresponded to the shortest target distance, and the chamber diameter
ratio for this condition was 1.83. In Table 3, the overall highest vapor volume fraction corresponded to a
chamber diameter ratio of 1.78, with an optimal target distance of 50 mm. Therefore, it is reasonable to
assume that, in influencing chamber length and diameter, achieving a larger vapor volume fraction is
feasible when the chamber diameter ratio (D/L) approaches 1.8, resulting in a relatively closer target distance.

In prior studies, Zhang et al. also investigated the impact of structural parameters on the pulsed jet of SOJ
nozzles. They concluded that effective pulsed jet generation occurred when the structural parameters,
specifically the outlet/inlet diameter ratio (D2/D1), were approximately 1.2, and the chamber length-to-
diameter ratio (L/D) fell in the range of 0.35 to 0.37 [30]. This current study confirmed the superior

Figure 15: Comparisons of target distance of different outlet diameter D2

Figure 16: Comparisons of target distance of different chamber length L
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cavitation performance of SOJ nozzles with an inlet/outlet diameter ratio of 1.2, aligning with findings from
Zhu et al. several years ago [29]. However, there was some deviation in the chamber length-to-diameter ratio
(L/D) obtained in this study, which was around 0.56 (D/L = 1.8). This discrepancy was mainly attributed to
differences in other external parameters such as inlet pipe diameter and pressure.

Consequently, the structural design of SOJ nozzles cannot adhere to a universal standard for diverse
application conditions. For instance, Wang et al. employed SOJ nozzles for atomization and identified
optimal parameters of D = 28.056, D2 = 5.372 mm, and an inlet pressure of 3.999 MPa [44]. Another
study by Wang et al. focused on SOJ cleaning nozzles and determined the optimal nozzle parameters as
D1 = 1.365, L = 17.97, and D = 5.065 mm [45]. Therefore, while this study provides valuable insights
for SOJ nozzle design, specific parameters may vary depending on the particular application scenario.
Further research is warranted to establish parameters tailored to specific conditions.

4 Conclusions

This study investigated the cavitation performance of SOJ nozzles and examined the behavior of the
optimal target distance under various conditions through numerical simulations and experiments. The
periodic flow of SOJ was analyzed using LES, and an approximate optimal target distance was identified.
The relationship between the optimal target distance and the cavitation performance of the SOJ nozzle
was established through mean flow field analysis, confirming the influence of conditional parameters on
nozzle performance. Finally, jet experiments verified the erosion effect at the optimal target distance of
the SOJ nozzle. The key conclusions of this study are as follows:

(1) The distribution of cavitation clouds at the SOJ nozzle outlet exhibited a clear periodic pattern, with
an identifiable optimal target distance.

(2) When the outlet/inlet diameter ratio (D1/D2) of the SOJ nozzle was close to 1.2 and the chamber
diameter ratio (D/L) was approximately 1.8, the nozzle exhibited the highest vapor volume fraction at the
outlet, indicating superior cavitation performance.

(3) Optimal cavitation performance of the SOJ nozzle corresponded to a target distance near 50 mm.
Increasing the target distance led to a loss of kinetic energy and the collapse of the cavitation cloud.

(4) Experimental evidence confirmed that the cavitation jet produced distinct erosion marks on an
aluminum plate in a short time. These eroded areas correlated with the pressure and velocity contours
observed in the simulation.

Table 4: Comparisons of target distance with different chamber diameter D

Case No. Outlet pipe
diameter D2

(mm)

Chamber
length L
(mm)

Chamber
diameter D
(mm)

Optimal target
distance (mm)

Maximum vapor
volume fraction (×10−2)

No. 4 3.6 9 16 50 0.5148

No. 12 22 65 0.3969

No. 5 3.6 12 16 55 0.3343

No. 13 22 65 0.4751

No. 6 3.6 15 16 45 0.2627

No. 14 22 70 0.2557
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