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Abstract: Cavitation is typically observed when high-pressure submerged water jets are used. A
composite nozzle, based on an organ pipe, can increase shear stress on the incoming flow, significantly
enhancing cavitation performance by stacking Helmholtz cavities in series. In the present work,
the flow field of the composite nozzle was numerically simulated using Large Eddy Simulation
and was paired with the response surface method for global optimizing the crucial parameters
of the composite nozzle to examine their effect on cavitation behavior. Utilizing peak gas-phase
volume percent as the dependent variable and the runner diameter, Helmholtz chamber diameter,
and Helmholtz chamber length as independent variables, a mathematical model was constructed
to determine the ideal parameters of the composite nozzle through response surface methodology.
The optimized nozzle prediction had an error of only 2.04% compared to the simulation results,
confirming the accuracy of the model. To learn more about the cavitation cloud properties, an
experimental setup for high-pressure cavitation jets was also constructed. Impact force measurements
and high-speed photography tests were among the experiments conducted. The simulated evolution
period of cavitation cloud characteristics is highly consistent with the experimental period. In the
impact force measurement experiment, the simulated impact force oscillates between 256 and 297 N,
and the measured impact force oscillates between 260 N and 289 N, with an error between 1.5% and
2.7%. The simulation model was verified by experimental results. This study provides new insights
for the development of cavitation jet nozzle design theory.

Keywords: composite submerged nozzle; large eddy simulation; response surface methodology;
high-speed photography

1. Introduction

Cavitation refers to the process in a fluid flow where, due to changes in the pipeline
structure or external conditions, the local fluid pressure drops below the current fluid’s
saturation vapor pressure. This drop causes tiny bubbles within the fluid to rapidly expand
and collapse in a short period, releasing a large amount of energy. Johnson et al. [1]
proposed to apply cavitation to water jet technology to improve the jet erosion effect.
Relevant studies have shown that under the same conditions of pump pressure and flow
rate conditions, the impact pressure of a cavitation jet is 8.6 to 124 times higher than that of
a continuous jet [2–4]. Cavitation jet technology has wide applications in fields such as oil
extraction, cleaning and rust removal, and metal surface strengthening [5–7].
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The cavitation jet nozzle is the core component for generating cavitation and can have
a significant impact on the cavitation effect [8–10]. The working conditions inside the
cavitation jet nozzle are complex, involving phase transition, high pressure, and high speed.
Therefore, the study of the internal phenomenon of the cavitation nozzle mainly relies on
numerical simulation [11,12]. Chen et al. [13] confirmed through numerical simulations
that cavitation jet corrosion of steel is primarily due to the generation of high-strength
shock waves and instantaneous high temperatures when cavitation bubbles collapse. Dong
et al. [14] modified the cavity wall contour of the Helmholtz nozzle into a circular arc
shape, resulting in a 16.9% increase in turbulent flow energy. Yang et al. [15] captured the
growth, shedding, and collapse of cavitation in three nozzle jets using high-speed photog-
raphy, finding good agreement between experimental images and predicted model images.
Dong [16] designed a diagonal nozzle with the k-ε model and researched the impact of
intake constriction, parallel mid-section. Wang [17] used the proper orthogonal decom-
position method (POD) to analyze cavitation cloud characteristics in organ pipe nozzles.
Stanley et al. [18] used direct numerical simulation (DNS) to study the creation of a free
jet flow and the non-constant flow properties of a free-jet-flow shear layer. The Reynolds-
Averaged Navier–Stokes (RANS) method is commonly used for its lower computational
demand, but it struggles to describe vortex dynamics and only simulates time-averaged
flow characteristics, neglecting transient values in cavitated flow fields [19].

Large Eddy Simulation (LES) can decompose turbulent instantaneous motion into
large- and small-scale vortices, which are calculated separately. Large-scale motion needs
to be directly calculated through a numerical solution of the motion differential equation.
The impact of small-scale motion on large-scale motion will be manifested in a stress
term similar to Reynolds stress in the motion equation, which is called sub-grid Reynolds
stress. They will be simulated by establishing a model that is a perfect combination of the
direct simulation method and the Reynolds-averaged simulation method. With sufficient
computational resources, more information on turbulence can be obtained. The method
has been extensively used to study nozzle cavitation [20–23]. Kim et al. [24] used LES to
investigate the influences of initial momentum thickness on free jet flow in a circular hole,
discovering that these factors have a significant impact on the free jet’s flow characteristics.
Fang [25] compared LES results with experiments to better understand organ pipe nozzles.
Li et al. [26] used LES to study the flow characteristics of highly under-expanded jets with
several different nozzle geometries (circular, elliptical, square, and rectangular). The results
showed significant differences in the formation and development of intercepted surges,
with the elliptical jet having the slowest penetration rate. Yang et al. [27] used the RANS
method, LES method, and the RANS-LES hybrid method to simulate the fluid field of
submerged cavitation water jets and analyzed the accuracy of different turbulence models
in predicting jet cavitation. The results showed significant deviations in RANS, while
RANS-LES and LES models showed higher precision.

Recent research has begun integrating fluid dynamics with multi-objective parameter
optimization [28]. Li et al. [29] used genetic algorithms to optimize curved nozzle structural
parameters for maximum output power. Uebel et al. [30] utilized quenching conversion
concepts based on CFD to optimize and improve system performance and obtained feasible
design parameters for a quenching reactor. Qian et al. [31] conducted experiments to obtain
the relationship between injection distance and nozzle diameter, establishing a mathemati-
cal model to identify optimal injection distances for each nozzle diameter. Edeling et al. [32]
used a Bayesian algorithm, calibrated with the Launder–Sharma k-model, to predict new
boundary layer flows and analyze errors.

Response surface methods are frequently employed to explore the nonlinear effects of
numerous variables on the response variable in a particular range and alter them based on
practical demands [33]. Han et al. [34] used the response surface methodology to optimize
the internal structural parameters for the key part of a straight cone nozzle, with the flow
coefficient used as the objective function. Zhang et al. [35] proposed a dual serpentine
nozzle structure and analyzed the influence of key structural parameters on its aerodynamic
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performance using computational fluid dynamics and the response surface methodology.
They established an axial thrust coefficient response model to understand interactions
between exit aspect ratio, export area ratio, and nozzle outlet width ratio. Wang et al. [36]
established a response surface method model with experimental impact force characteristics
as dependent variables and nozzle structure parameters as separate variables. This model
was used to calculate the optimal parameter solution. Using results from impact force and
cleaning performance experiments, it was verified that the experimental errors were all less
than 5%, indicating high reliability.

This paper establishes a response surface fitting model between the structural parame-
ters of the cavitation nozzle and the peak gas-phase volume fraction inside the nozzle. The
model, developed using Large Eddy Simulation and the response surface method, identifies
optimal structural parameters. The optimized nozzle is then analyzed experimentally.

2. Numerical Simulation Model and Physical Model
2.1. Governing Equations of Large Eddy Simulation

Large Eddy Simulation decomposes turbulence into large-scale and small-scale vor-
tices using a filter function. The large-scale vortices are directly solved using the N-S
equation, while small-scale vortices are processed by the sublattice sub-scale model. In
this study, the water jet cavitation phenomena, caused by the nozzle structure, results in a
gas–liquid two-phase fluid. This fluid is considered incompressible and can be calculated
by filtering the three-dimensional incompressible governing equations [37]:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂uiuj

∂xj
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3
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where ui and uj are the instantaneous velocities of the fluid; xi denotes the 3D coordinate
direction; ρ and p represent the fluid density and fluid pressure, respectively; τij is the
sub-grid scale stress between the large- and small-scale vortices; δij is Kronecker’s delta;
vτ is the eddy viscosity; and Sij is the resolved scale strain rate tensor.

The vortex viscosity coefficients are derived using the WALE model based on the veloc-
ity gradient’s invariance. The governing equations of the WALE model are as follows [38]:
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where Ls is the length of the sub-grid scale; Cw is the WALE model constant, taken as 0.35
in the current work; d represents the distance to the proximate wall; k represents the von
Karman constant; and V is the computational cell volume.

2.2. Computational Grid and Boundary Conditions

In this study, an organ pipe was connected behind a Helmholtz nozzle to form a dual-
chamber composite nozzle. When the fluid flows into the Helmholtz chamber at high speed
from the inlet, due to the sudden increase in cross-section, the high-speed fluid will form a
submerged free jet after entering the Helmholtz chamber. The original low-speed fluid in
the chamber comes into contact with it and forms a shear layer at the outer boundary of
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the jet on the contact surface. The fluid within the boundary zone of a free jet undergoes
entrainment with the nearby stationary fluid, causing the free jet to be in a reverse pressure
state. At the same time, a shedding vortex is formed, which propagates downstream and
interacts with the colliding wall to generate backflow, resulting in oscillation. When the
jet enters the accordion tube and passes through the contracted section, it can generate
pressure excitation in the fluid and feed back the pressure excitation to the resonant cavity,
forming feedback pressure oscillation. According to transient flow theory, if the frequency
of pressure excitation matches the natural frequency of the nozzle resonant cavity, the
organ tube chamber will amplify the incoming flow from the Helmholtz chamber, which
can transform the shear layer vortex of the jet into a large structure of separated annular
vortex. The intermittent vortex circulation of this large structure can enhance cavitation,
that is, generate cavitation jet at the outlet, thereby improving its erosion and cleaning
ability. Figure 1 shows a geometric model of the Helmholtz–organ pipe composite nozzle,
and the parameters are provided in Table 1.
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Figure 1. Composite nozzle model geometry.

Table 1. Composite nozzle structural parameters.

Position Symbol/Unit Dimensional
Parameter

Inlet diameter d0/mm 6
Length of inlet straight section l1/mm 5
Helmholtz chamber diameter D1/mm 12–16

Helmholtz chamber length L1/mm 7–11
Helmholtz chamber angle θ/◦ 60

Connection runner diameter d1/mm 2–8
Connection runner length l2/mm 6

Organ pipe resonant cavity diameter D2/mm 10
Diameter of the middle chamber of the organ pipe D3/mm 6

Organ pipe resonant cavity length L2/mm 6
Length of the cylindrical section of organ pipe l3/mm 4

Length of diffusion section l4/mm 5
Outlet diameter d2/mm 2

The computational domain for the submerged flow field is a cylinder having the
diameter of 30 mm with the length of 100 mm, where it must be ensured that the fluid
field develops properly in the composite nozzle. In this study, CFD grid generation was
carried out using Fluent Meshing in ANSYS 2021R1 software. Polyhedral grids were used
for meshing the geometry, and a denser grid was created in the composite nozzle jet’s core
region, as well as shear layers near the exit. To verify grid independence, the model was
simulated for four sets of grids with different grid sizes. The results of the peak gas-phase
volume fraction, as shown in Figure 2, indicate that as the amount of grid cells grew from
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1,861,356 to 2,792,034 altogether, the change of the peak gas-phase volume fraction was
less than 2.9%. Hence, the grid with 1,861,356 cells was used in the later models. The
overall mesh quality of the selected grid was about 0.7, which meets the computational
requirement of Large Eddy Simulations.
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Figure 2. Effect of grid quantity on peak gas-phase volume fraction.

The final mesh of computational domain and boundary settings are shown in Figure 3.
The pressure inlet was set at 10 MPa, while the output was set to 0 MPa. The ambient
pressure was set at 101,325 Pa, with a turbulence intensity of 5% and a turbulent viscosity
ratio of 10; additionally, a non-sliding wall surface was used. The fluid medium was pure
water with a saturation vapor pressure of 3540 Pa. The WALE model was selected for
LES as a sub-grid model, and the pressure–velocity coupled momentum equation was
calculated using the PISO algorithm. Because cavitation is a complex unstable process,
transient simulation was used in this research. The grid number of 1,861,356 was taken
as the model, and the time step was 1 × 10−4 s, 1 × 10−5 s, 1 × 10−6 s, and the time
independence test was conducted for the selected grid number. The calculated results are
shown in Table 2. The simulation results changed greatly when the time step size changed
from 1 × 10−4 s to 1 × 10−5 s, but when the time step is further reduced, the change in the
results is relatively small. It can be concluded that when the transient time step is less than
1 × 10−5 s, the results of CFD simulation are independent of the time step, resulting in the
time step of 1 × 10−5 s and the iteration step of 1000. The computational residuals for each
time step of each conservation equation are less than 1 × 10−6.

Table 2. Results of the time step size independence tests.

Time step size (s) 1 × 10−4 1 × 10−5 1 × 10−6

Peak gas-phase volume fraction (%) 29.06 29.32 29.33
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3. Response Surface Method Design

The response surface technique aims to find the optimal solution by specifying a range
of values for each variable. It involves conducting a finite number of tests and building a
polynomial fit to approximate the relationship function between each factor [39,40]. The
formula for the response surface method is as follows [41]:

y = β0 + ∑n
i=1 βixi + ∑n

i=1 βiix2 + ∑n
i<j βijxixj + ε (7)

The above equation includes the constant, linear, squared, and interaction terms, along
with an error term. In Equation (7), n is the number of independent variables; ε is the total
error; β0, βi, βii, and βij are the regression coefficients; and x is the investigation factor.

This study adopted the Box–Behnken Design (BBD) suitable for 2–5 factors in response
to surface methodology. The experiments considered the peak gas-phase volume fraction
as the dependent variable because the volume fraction of the gas phase can effectively
reflect the effectiveness of cavitation; it can also reflect the cleaning ability of the composite
nozzle, while the independent variables were taken as the diameter (D1), length (L1), and
connecting channel diameter (d1) of the Helmholtz chamber in the composite nozzle. The
design included three factors, A, B, and C, at three levels: −1, 0, and 1. The coding and
actual values for each design factor in the composite nozzle are displayed in Table 3.

Table 3. Levels of independent variables.

Variable Coded Variables
Variable Levels

−1 0 1

L1/(mm) A 7 9 11
D1/(mm) B 12 14 16
d1/(mm) C 2 5 8

According to Table 3, the experimental plan was designed with 17 sets of test points.
The initial 12 sets were used for factor analysis, and the remaining 5 sets were used to
estimate the experimental error. The final experimental plan and response values by
simulation are shown in Table 4.
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Table 4. Experimental design and results.

Run
Variables Peak Gas-Phase Volume

Fraction V (%)A: L1/(mm) B: D1/(mm) C: d1/(mm)

1 7 12 5 16.1516
2 11 12 5 26.2346
3 7 16 5 26.4647
4 11 16 5 20.3565
5 7 14 8 18.75
6 11 14 8 13.2654
7 7 14 2 24.364
8 11 14 2 30.5335
9 9 12 8 12.415
10 9 16 8 17.369
11 9 12 2 24.2589
12 9 16 2 25.1698
13 9 14 5 29.123
14 9 14 5 29.328
15 9 14 5 32.1356
16 9 14 5 28.7596
17 9 14 5 30.2115

4. Results and Discussion
4.1. Response Surface Analysis

Regression fitting was performed using the data from Table 4, involving multiple
interactions to establish a predictive regression equation. This equation relates the peak
gas-phase volume fraction of the composite nozzle to several factors:

V = 29.91 + 0.5825A + 1.29B − 5.32C − 4.05AB + 2.91AC
+1.01BC − 2.84A2 − 4.77B2 − 5.34C2 (8)

ANOVA was used to analyze the regression equation, and the results are presented in
Table 5. Analysis reveals that the primary term C, and the secondary terms B2 and C2 have
significant effects on the peak gas-phase volume fraction (p ≤ 0.01). The primary term B,
interaction terms AB and AC, and secondary term A2 also significantly affect it (p ≤ 0.05).
Other terms were found to have no significant effect. The F values in Table 5 indicate
the degree of influence of three factors on the peak gas-phase volume fraction, as follows:
connection channel diameter (C) > Helmholtz chamber diameter (B) > Helmholtz chamber
length (A). The p-value of this overall model (p < 0.001) reached a high significance level,
and the error of the out-of-fit term (p = 0.6848 > 0.05) was found to be not significant. This
indicates that the model is quite accurate and stable. The regression coefficient R2 of the
model is 0.9838. This indicates that 98.38% of the variability in the data are accounted for by
the model, suggesting a strong fit for substituting the experimental results. The adjusted R2

was 0.9630, which suggests that the model can explain 96.30% of the variance in the peak
gas-phase volume fraction after adjusting for the number of predictors in the model. The
difference between adjusted R2 and the predicted R2 is lower than 0.2. This indicates that
the predicted values of the model are very close to experimental values, further indicating
its high reliability.

Figure 4 shows the normal probability distribution of residuals and the distribution of
residuals and predicted values, respectively. From Figure 4a, it can be seen that the normal
probability distribution of residuals approximates a straight line, indicating reliable fitting
results for the model’s independent variables and response values. Figure 4b displays the
externally studentized residuals of the model predictions against the predicted values of
the model. The figure shows that the residuals are distributed randomly and irregularly.
Based on the above judgment conditions, it can be concluded that the peak gas-phase
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volume fraction model of the composite nozzle, obtained via the response surface method,
exhibits good adaptability and conforms to the inspection principles.

Table 5. ANOVA results of regression model.

Source Sum of
Squares df Mean

Square
F

Value p Value

Model 622.42 9 69.16 47.26 <0.0001 Significant
A 2.71 1 2.71 1.85 0.2155
B 13.26 1 13.26 9.06 0.0197
C 226.07 1 226.07 154.47 <0.0001

AB 65.54 1 65.54 44.78 0.0003
AC 33.95 1 33.95 23.20 0.0019
BC 4.09 1 4.09 2.79 0.1386
A2 34.02 1 34.02 23.24 0.0019
B2 95.70 1 95.70 65.39 <0.0001
C2 120.11 1 120.11 82.07 <0.0001

Residual 10.24 7 1.46
Lack of fit 2.92 3 0.9729 0.5312 0.6848 Not significant
Pure Error 7.33 4 1.83
Cor Toal 632.66 16

R2 0.9838
Adjusted R2 0.9630
Predicted R2 0.9081

Figures 5–7 show the surface response plots for the peak gas-phase volume fraction of
the composite nozzle at different values of A, B, and C, with one variable set at a level of 0. A
larger slope indicates greater factor influence. It can be seen from Figure 5 that with a fixed
diameter of the connecting runner d1, the peak gas-phase volume fraction has a tendency to
first increase and then decrease with the increase in the diameter of the Helmholtz chamber,
peaking at a chamber diameter of 13.6 mm. When the diameter of the Helmholtz chamber
is less than 13 mm, due to limited chamber space, cavitation bubbles become blocked in the
chamber, energy is disrupted, and the vortex ring cannot effectively feedback upstream,
resulting in a small gas-phase volume. Until the diameter of the Helmholtz chamber reaches
13.6 mm, the degree of cavitation significantly increases, and the gas-phase volume fraction
reaches its peak. However, when the diameter exceeds 13.6 mm, the chamber space and
feedback distance of the bubbles increase, and more bubbles stay near the collision wall,
causing energy dissipation and reducing cavitation performance. Figure 6 shows a similar
increase and decrease effect of the connecting runner diameter d1 on the peak gas-phase
volume fraction. As the length of the Helmholtz chamber increases, the peak gas-phase
volume fraction also increases. Due to the increase in length, there is enough space inside
the chamber to develop and grow, forming large-scale vortex rings. However, when the
length is large, it can also lead to a reduction in cavitation. The slope of the response surface
in Figure 7 is greater than that in Figures 5 and 6, showing that modifications in B and C
have a considerable effect on the peak gas-phase volume percent. Because the connection
runner diameter is less than 2.9 mm, the energy inside the chamber is disrupted, which is
not conducive to cavitation. When the connection runner diameter increases from 2 mm to
2.9 mm, the gas-phase volume fraction also increases.

After conducting response surface analysis and solving the fitted predictive regression
equation, the value range of the three factors was set. The objective function was set to
the greatest value of the peak gas-phase volume fraction, leading to the determination
of the optimal size of the composite nozzle, as shown in Table 6. The predicted peak
gas-phase volume fraction under these conditions was 31.747%. In order to validate the
accuracy of this fitting model, numerical simulations of the optimized structure were
carried out, resulting in an actual peak gas-phase volume fraction of 32.41%. The peak
gas-phase volume fraction of the optimized nozzle was significantly improved; compared
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to the same type of Helmholtz single-chamber nozzle [14], the gas-phase volume fraction
increased by 189% and the relative error between the predicted and simulated values
obtained by the response surface method under the same operating conditions was 2.04%.
This small error confirms the reliability and accuracy of the model obtained by the response
surface method.
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Table 6. Parameters after nozzle optimization.

Structure d1 (mm) D1 (mm) L1 (mm)

Size 2.9 13.6 10.1

4.2. Experimental Analysis of Cavitation Cloud Characteristics

Figure 8a presents a schematic diagram of the cavitation jet experimental system. This
system was mainly composed of a plunger pump, water tank, composite nozzle, motor,
and high-speed camera. The experiment required high pressure, which was supplied by
an AR high-pressure piston pump. It has a maximum operating pressure of 20 MPa. The
experiments used clean water at 25 ◦C as the medium, with an inlet pressure of 10 MPa,
and were conducted under submerged conditions. The composite nozzle adopted the
optimized parameters—listed in Table 6—obtained using the response surface method. The
nozzle along with the test setup are shown in Figure 8b. A high-speed camera was used to
record the development and evolution of cavitation clouds at the submerged nozzle, while
a pressure sensor was used to record the impact force. The experimental photos are shown
in Figure 9.

Visualization experiments were conducted on the composite nozzle using the afore-
mentioned experimental equipment. The cavitation clouds, as captured in Figure 9, are
organized according to their development over time, as shown in Figure 10a. This process
can be divided into three stages: the nascent stage (0–100 µs), the developmental stage
(100–1500 µs), and the abscission and collapse stage (1500–1900 µs). In the nascent stage of
cavitation, the fluid is ejected from the nozzle into a stationary flow field. The interaction
between the jet and the stationary fluid generates a pressure difference and shear flow,
promoting the generation and development of bubbles. The minimum cavitation range is
concentrated at the nozzle outlet. In the developmental stage, as fluid continues to eject
from the jet, the length of the cavitation cloud increases gradually. Under the influence
of jet shear, the high-speed flow diffuses to the surrounding area, leading to symmetric
bubble distribution. The cavitation volume ratio in the red area increases to 0.7. With the
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continued impact of subsequent jets on the tail of the cavitation bubbles, the tails begin to
collapse inward. In the abscission and collapse stage, the cavitation cloud, at its maximum
of around 100 mm, begins to detach from the jet, as shown by the red dashed line in
Figure 10a. The maximum cavitation volume fraction decreases, and the cavitation begins
to collapse. Figure 10b shows the simulation results using the Large Eddy Simulation with
the WALE model.
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By comparing the numerical simulation with the experimental images, as can be seen
from the red sloping dotted line, it is found that the evolution process of cavitation clouds is
roughly the same. However, differences in grid numbers and numerical simulation models
prevent the experimental images from aligning perfectly with the simulations.

The normalized Q-criterion, where the value of Q denotes the level of vortex strength,
was used to form simulations in order to identify and display the vortex’s features. The
vortex structure’s temporal evolution is depicted in Figure 11. At Q = 30,000, the emphasis
is on the creation of coherent structures inside the jet, which contains several scale vortices.
At t = 100 µs, in the nascent stage, high flow velocity at the nozzle outlet results in dense,
small-scale vortices. At t = 1300 µs, during the period of cavitation development, small-
scale vortices near the nozzle increase, and the conical large-scale vortex at the rear end
elongates and fractures. At t = 1900 µs, in the abscission and collapse stage of cavitation,
the collapse of cavitation bubbles generates energy that causes disturbance to the fluid,
breaking down the vortices into smaller scales and leading to an increase in the overall
length of vortices. As illustrated in Figure 11, the flow velocity decreases outward from the
central axis throughout the entire process, with small-scale vortices distributed along the
axis and large-scale vortices present on the outer side. The Helmholtz structure causes the
uniform inlet flow to oscillate, forming a “Ring Vortices” structure at the nozzle outlet.
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Figure 11. Vortex structure evolution over time.

Figure 12 shows the curve of impact force variation over time in tests and simulations
with an inlet pressure of 10 MPa and a target distance of 20 mm. Here, F is the impact force
on the target surface, and t is the test time. Between 0.05 and 0.25 S, the simulated impact
force oscillates between 256 and 297 N, with a pulsation amplitude of 41 N. The impact force
measured in the test oscillates between 260 and 289 N, with a pulsation amplitude of 29 N.
The error between the test and simulation is in the range of 1.5% to 2.7%, which verifies the
reliability of the optimized nozzle. The higher simulated values compared to test results
are attributed to the measurement losses of transducer surface forces during testing.
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5. Conclusions

This paper optimized the composite nozzle, which is composed of a Helmholtz–organ
pipe. It combined CFD Large Eddy Simulation with the response surface method. A
high-pressure water jet cavitation visualization experiment system has been established,
and a comparative study of the cavitation cloud evolution has been carried out using a
high-speed camera. Through design optimization and experimentation, the following
conclusions were reached:

(1) The BBD response surface methodology was used to construct a predictive regression
equation between the composite nozzle parameters and the peak gas-phase volume
fraction. A total of 98.38% of the data in the regression equation fitted well with
the actual simulation results, reaching a highly significant level. This can replace
numerical calculations to predict the results.

(2) Among the single factors, the diameter of the connecting channel and the diameter of
the Helmholtz chamber significantly influenced the peak gas-phase volume fraction.
Taking the peak gas-phase volume fraction as the response value, the influence of three
factors, namely the diameter of the Helmholtz chamber, the length of the Helmholtz
chamber, and the diameter of the connecting flow channel, on the response value can
be sorted as follows: connection channel diameter > Helmholtz chamber diameter >
Helmholtz chamber length.

(3) The optimized structural parameters of the composite nozzle at an inlet pressure of
10 MPa were determined using the response surface method: the diameter of the
connecting runner is 2.98 mm, the diameter of the Helmholtz chamber is 13.6 mm, and
the length of the Helmholtz chamber is 10.1 mm. The peak gas-phase volume fraction
achieved using the optimized parameters was 32.41%, with a relative error of 2.04%
from the model prediction. The optimized composite nozzle showed a significant
improvement in cavitation performance.

(4) Visual experiments on the flow field of composite nozzles indicate that the simulation
of the cavitation period matches the experimental photos, consistent with existing
research. The nozzle-generated vortex is mainly distributed along the axis, with small-
scale vortices at the nozzle outlet and a conical large-scale vortex at the far end of the
nozzle outlet. Over time, large-scale vortices collapse into small-scale vortices. In the
impact force testing experiment, the calculation results of the optimized composite
nozzle scheme aligned well with the experimental model test results, verifying the
optimization results and simulation accuracy.
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Further experimental and numerical study is needed, such as observing the proper-
ties of cavitation clouds using particle image velocimetry (PIV) and using artificial neural
network methods to solve the nonlinear multiparameter coupling problem of nozzles, estab-
lishing the relationship between the structure of cavitation jet nozzles and cavitation effects.
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Nomenclature
ui, uj Instantaneous velocities of the fluid
xi 3D coordinate direction
ρ Fluid density
p Fluid pressure
τij Sub-grid scale stress
δij Kronecker’s delta
vτ Eddy viscosity
Sij Resolved scale strain rate tensor
Ls Length of the sub-grid scale
Cw WALE model constant
d Distance to the proximate wall
k von Karman constant
V Computational cell volume
n The number of independent variables
ε Total error
β0, βi, βii, and βij Regression coefficients
x Investigation factor
Df Freedom
Q Magnitude of vortex intensity
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