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Abstract: Cavitation water jet peening is an efficient and green surface treatment technology. The
dual-nozzle can realize a cavitation water jet in air (non-submerged condition), which can be used for
the surface treatment of large structures. The flow field characteristics of the dual-nozzle determine
the cavitation effect. In this paper, the simulation of a cavitation water jet in air is carried out using
Fluent software. The flow field characteristics containing velocity distribution, impact pressure, and
gas phase volume fraction distribution are studied in detail. Furthermore, the effects of the nozzle
structure parameters and incidence pressure on flow field characteristics are discussed. It was found
that the structure parameters of the inner nozzle have a great influence on the flow field characteristics.
Setting a contraction segment and expansion segment can improve the impact pressure and increase
the intensity of the cavitation jet. Increasing the throat diameter and incidence pressure of the internal
nozzle is also beneficial to improve the impact pressure and cavitation intensity. In order to assure a
good cavitation effect, nozzle optimization should be performed. This study has guiding significance
for the design of the dual-nozzle for a non-submerged cavitation water jet.

Keywords: composite nozzle; cavitation water jet; flow field characteristics; gas distribution; simulation

1. Introduction

Water jet technology is a rapidly developing, environmentally friendly machining
process [1]. At present, branch technologies such as the abrasive water jet, pulsed water
jet, and cavitation water jet have been gradually developed [2—4]. Water jet technol-
ogy is used in a wide range of fields such as cutting, cleaning, rock breaking, and well
drilling [5-7]. Water jet peening is a new surface strengthening technology, which orig-
inated in the 1980s. Water jet peening can introduce compressive residual stresses on
surfaces and subsurfaces, and improve the fatigue life of components [8]. Cavitation peen-
ing, which is a new and more efficient surface treatment technology, was developed on the
basis of water jet peening [9]. Compared with traditional water jet peening, cavitation water
jet peening is a more effective surface strengthening technique with the characteristics of
large process range and high treatment efficiency.

Cavitation shot peening uses the huge impact force generated by the collapse of
cavitation bubbles to strengthen the surface of the workpiece [10]. Therefore, the number
of cavitation bubbles determines the impact pressure and range of action of the cavitation
jet. In order to improve the efficiency of cavitation peening, it is necessary to enhance the
cavitation intensity in the flow field. Wenqiang Dong established a model of a submerged
angular cavitation nozzle, and the flow field of the submerged cavitation nozzle was studied
by numerical simulation [11]. It was proved that optimizing the nozzle structure can
improve the cavitation effect (the size of the cavitation cloud) in the flow field. Mingming
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Ge investigated the effect of temperature on the intensity and the dynamics of cavitation [12].
It is found that when the temperature reaches the range of 55-60, the cavitation extent is
larger and the vapor cloud shedding is more vigorous [13].

Many attempts have been made to investigate the capabilities of cavitation water jet
peening for treating different materials by experimental method. During the initial stage of
cavitation water jet peening development, cavitation bubbles are generated by injecting a
high-speed water jet into water. Enomoto et al. [14] first reported the injection of a high-
speed water jet into water to form a submerged jet, which was used to mitigate the stress
corrosion cracking of pressure vessels. Odhiambo and Soyama [15] revealed that the fatigue
strength of carbonized chrome-molybdenum alloy steel was improved by submerged
cavitation water jet peening. Han et al. [16] demonstrated experimentally that cavitation
jets improved the fatigue strength and life of SAE1045 steel. Ju and Han [17] performed
microstructure analysis of titanium and concluded that the strengthening mechanism
of cavitation jets was caused by the observed twin-crystal and twin-crystal interactions.
Hutli et al. [18] found that the high-speed submerged cavitating jets could be used for
the surface modification of mechanical and electrostatic properties of aluminum alloy.
Balamurugan et al. [19] found that the introduction of compressive residual stresses in
gear teeth by cavitation peening can increase their life. To sum up, the abovementioned
cavitation peening is a conventional submerged jet, i.e., a cavitation jet in water.

However, it is difficult to treat big pressure vessels and pipes using submerged cavita-
tion jet due to the limitation of the water tank. In response to this problem, Soyama [20]
used a low-speed water jet to replace the static water in the water tank, thus realizing the
non-submerged cavitation water jet. The high-speed water jet and low-speed water jet
were transported by an inner nozzle and external nozzle, respectively. This dual-nozzle
realized cavitation jet in air without the submerged environment and treated any-size
components in the site. Afterwards, Soyama [21,22] analyzed the beneficial effects of the
non-submerged cavitation water jet on the residual stresses and fatigue strength of SUS316L
stainless steel and demonstrated the effectiveness of the cavitation jet in air. An important
parameter for the cavitation flow is cavitation number, which is a ratio of dynamic pressure
and static pressure. To enhance the effect of cavitation peening, a pressurized chamber
was used to optimize the cavitation condition considering the cavitation number [23].
After that, the geometry of the nozzle and the outlet bore of the nozzle throat were op-
timized, thereby enhancing the aggressive intensity of the jet by about 20 times [24,25].
Soyama et al. [26,27] made a detailed comparison between the compressive and the fatigue
strength of stainless steel by cavitation peening, water jet peening, shot peening, and laser
peening. They concluded that the fatigue strength of the cavitation-peened specimen is
the highest. However, most of the current studies have not reported the details of the
characteristics in the convection field.

Besides, as an impact treatment method, cavitation peening can also cause erosion dam-
age to equipment surfaces if the working parameters are not appropriate.
Yamauchi et al. [28] found that the useful function of cavitation water jet peening de-
pends on the standoff distance. Smaller working distances are suitable for water jet cutting
because of the concentration of jet energy and the small treatment area. Longer working
distances are suitable for cavitation peening, which guarantees a certain treatment area
without damaging the integrity of the surface. Therefore, it is important to accurately
clarify the flow field distribution of cavitation water jet peening to determine the optimum
conditions without inducing detrimental material erosion. Marcon et al. [29] investigated
the effect of concentric jet velocity on cavitation intensity and peening performance for a
jet formed by a coaxial double nozzle. It was also pointed out that the jet velocity and the
working distance have a great influence on the cavitation intensity and impact performance.
The higher the jet velocity, the greater the residual compressive stress that can be generated
and the thicker the compressive stress layer. Subsequently, they studied the effects of
nozzle dimensions and shape on cavitation intensity and peening performance in co-flow
cavitation water jet [30]. However, how the nozzle size and jet pressure affect the flow field
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distributions are still unrevealed. No studies were performed on the flow field analysis of
non-submerged cavitation water jet peening.

Therefore, the aim of this study is to clarify the flow field characteristics of the non-
submerged cavitation water jet peening with dual-nozzle based on numerical simulation.
The influences of the nozzle dimension and the internal and external pressure on the
flow field characteristics were also discussed. This study is of great significance for its
application in surface strengthening of actual welded structures.

2. Numerical Simulation
2.1. Geometric Model

Figure 1 shows the schematic of the setup for cavitation jets in air and the geometric
dimensions of the concentrically configured dual nozzles. As shown in Figure 1a, the whole
device consists of a high-pressure water pump, a low-pressure water pump, a nozzle, two
pressure gauges, a sample holder, and water tanks A and B. When the device is started,
the high-pressure water pump injects a high-speed water jet with a pressure of pj, (20 MPa)
into a low-speed water jet with a pressure of p;, (0.08 MPa) to form a cavitation water jet.
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Figure 1. (a) Schematic diagram of cavitation water jet device. (b) Schematic diagram of the geometric

size of the nozzle structure.

The nozzle is the key component to generate the cavitation jet, and the nozzle in the
device is composed of two parts: the inner nozzle and the external nozzle. The diameter of
the inner and external nozzle are dy = 9 mm and d;, = 70 mm, respectively. The standoff
distance is H = 25 mm, which is the same for the inner and external nozzle. The outer
diameter of the inner nozzle is 32 mm, the linear transition segment of the outer wall is
30 mm, and the length of the outer wall constriction segment is 45 mm; the straight segment
of the outer nozzle is 20 mm and the inner wall constriction segment is 55 mm. For the
inner nozzle, the length of the constriction segment is L = 7 mm, the height is s = 4 mm,
and the angle of the contraction segment is « = 30°. The length of the expansion segment is
w = 3.5 mm and the expansion angle is 8 = 45°. The diameter of the throat is d = 1 mm and
the length is 7.5 mm.

2.2. Meshing and Boundary Condition

The calculation domain of the flow field is shown in Figure 2a. AB is the high-pressure
water inlet. CD and EF are low-pressure water inlets. IJ, KL, IG and KH are pressure outlets.
GH is the target surface.
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Figure 2. Flow field calculation area (a) and mesh division (b).

The calculation domain is divided into structured grids by GAMBIT 2.4.6 software,
and the core area of the jet and the shear layer near the nozzle outlet is encrypted. The
grid of the calculation domain is shown in Figure 2b. In order to reduce the amount of
calculation as much as possible while ensuring the calculation effect, the distance between
the grid nodes is gradually increased from the center of the nozzle outlet to the downstream
and the boundary. Keeping the Courant number within a reasonable range, the grid size at
the nozzle outlet shear layer is controlled at about 0.01 mm and the overall grid number in
the final calculation domain is 122,840. The values of Equisize Skew and EquiAngle Skew
are below 0.54, indicating good grid quality.

The high-pressure inlet pressure is set to 20 MPa, and the low-pressure inlet pressure
is set to 0.08 MPa. The initial gas phase fraction of the inlet is 0, the pressure outlet pressure
is 101,325 Pa at atmospheric pressure, and the gauge pressure is 0. The solver uses a
pressure-based solution. The explicit relaxation factors for momentum and pressure are
both 0.75. The second-order windward format is used for fitting, where the time step is
1 x 107 s. When the residual error is controlled within 1 x 107°, the calculation is
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considered to be basically convergent. The CPU used for the calculation is Intel(R) Xeon(R)
Gold 6242R. The simulation calculation in this paper used a total of 2000 core hours.

2.3. Control Equation
2.3.1. Multiphase Flow Model

The common multiphase flow model contains the mixture model, VOF model, and
Euler model. The mixture model or Euler model should be used to solve the calculation
problems of the fluid containing bubbles, droplets, and particles with mass transfer between
the fluids, as the VOF model is not suitable. Generally, the calculation results of the Euler
model are more accurate than those of the mixture model but the latter requires less
computer resources and has relatively high stability of the calculation process. In this study,
the mixture model [31] is used:

a — n
= (pmﬂn) +V- (pnﬂ;)n) =-VP+V |:]/lm (VZZZ + va,,)} + ng_r; +F+V- <Z “kPkU;,kvd_r),k> 1)

k=1

—
where F is the volume force, and ?d,/k is drift velocity at k phase, which is described

as follows:
n

— — KPPk —
Udrp = Ul — Z ok )
=1 Pm

Then, the gas phase volume fraction equation can be obtained as follows:

d
g(“vpv) + V- (ap000m) = =V (20p0V4r,0) 3)

2.3.2. Turbulence Model

The basic turbulence models include the k-¢ model and k-w model. The k- model has
better performance and accuracy in high-speed calculation. The SST k-w model has a good
calculation for vortex structures. The velocity gradient of the cavitation jet is quite large at
the nozzle and there will be cavitation vortex distribution in the flow field. The capture
of such cavitation is very important for the presentation of simulation results. Therefore,
SST k-w turbulence model is selected for simulation calculation.

The equations are as follows [32]:

%(Pk) + aaxi(Pkui) = aax] (rkE?}I;) + Gk — Y + Sk )
%(pw) + a%(pwui) = aax] <ng;‘;> 6w = Yo+ Do+ Su ©)
Ty=p+ Zi ©)

Tw=p+ 5—; @)

where G is the generating term of turbulent kinetic energy; G, is the generating term of
dissipation rate w; Yy and Y, represent the dissipation of k and w caused by turbulence,
respectively; I'y and I', are the effective diffusivity of k and w, respectively; and ¢} and
0w are the turbulent Prandtl numbers of k and w, respectively. yi; represents the turbulent
viscosity, which is calculated by the following equation.

pk_ 1
w 1 SF,
max{a—*,a]—j]}

Ut = (8)



Water 2023, 15, 2904 6 of 20

F, = tanh (CD%) )
vk 5000
@, = max lZO.ngy, 2w (10)

2.3.3. Cavitation Model

Cavitation models include Singhal et al.’s model, the Zwart-Gerber-Belamri model,
Schnerr and Sauer model, Kunz model, etc. The Zwart—-Gerber—Belamri model can be
used to simulate the cavitation effect in the mixture model and Euler model. It is easier
to converge and saves computational resources. In this paper, the Zwart—Gerber—Belamri
model is used as the cavitation model. The convergence result can be obtained quickly.

In cavitation, the mass transfer between the liquid and gas phases is controlled by the
vapor transport equation:

0 —
51 (a00) + - (apoV) = R~ R )

where

v = vapor phase;

« = vapor volume fraction;
pv = vapor density;

L

V» = vapor phase velocity;

Re, R = mass transfer source terms connected to the growth and collapse of the vapor
bubbles, respectively.

Assuming that all the bubbles in a system have the same size, Zwart-Gerber-Belamri [33]
proposed that the total interphase mass transfer rate per unit volume (R) is calculated using
the bubble number densities and the mass change rate of a single bubble:

_ 3apy |2P,—P

R
Ry /3 p

(12)

where

« = vapor volume fraction;
pv = vapor density;

R} = bubble radius;

P, = bubble surface pressure;
P =local far-field pressure;
p; = liquid density.

Equation (12) is derived assuming bubble growth. In order to apply it to the bubble
collapse process, Zwart-Gerber-Belamri proposed to replace it with Equation (13). Finally,
they obtained the cavitation model as follows:

The Zwart-Gerber—-Belamri model is described as follows:

IfP <P,
3anuc(1 — ayp)py |2(Py — P)

Ry 301

3appp [2(P = Py)
R, =F 14
¢ cond Rb 3Pl ( )

Re = Fvup

(13)

IfP>P,

where
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P, = saturation vapor pressure;

Fuap (evaporation coefficient) = 50;

&y (Volume fraction of gas nuclei) =5 x 1074,
pv = vapor density;

R}, (bubble radius) =1 x 107 m;

P =local far-field pressure;

p; = liquid density;

F,on4 (condensation coefficient) = 0.01.

2.4. Mesh Refinement Analysis

For the simulation of fluid dynamics, grid-independence verification is essential. In
this paper, the minimum grid size was controlled in order to multiply the number of grids.
Finally, six different numbers of grids were divided, as shown in Table 1.

Table 1. Number of grids at different grid sizes.

Mesh-1 Mesh-2 Mesh-3 Mesh-4 Mesh-5
Number of grids 14,860 22,200 79,200 122,840 245,400

In this paper, the velocity and the gas phase distribution in the flow field were the
main focus. Therefore, the velocity along the axial direction and the distribution of the
gas phase in the flow field were used as a measure of whether the number of meshes
is sufficient.

As shown in Figure 3, as the number of grids multiplied, the maximum velocity
increased and reached 200 m/s. It can be found that the velocity profiles overlapped when
the number of grids reached 79,200. At this grid number, the velocity results in the flow
field are already unaffected by the grid number.

T T T T T T T

200 - l—— 14,860 "\ '
——22,200 f H )
——79,200 f

150 - —— 122,840 1

245,400 |

Velocity (m/s)
3
T

i
(=]
T
T
1

0 20 40 60 80 100

Axial distance (mm)

Figure 3. Variation in axial velocity and axial velocity in the flow field.

As shown in Figure 4, as the number of grids increased, the morphology of the gas
phase within the flow field also changed. When the mesh number is 79,200, the separation
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from 122,840 to 245,400, the difference in calculation results is not much. Therefore, the
simulation of the gas phase distribution can be achieved at the grid number of 122,840.

Radial distance(mm)

I
N
S

80 80

40 60
Axial distance(mm)

Radial distance(mm)

!
1)
S

-40

0

0 20 10

20 40 60 4 60
Axial distance(mm) Axial distance(mm)

80

80

| [ T T [ [ [

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7 0.76 0.8 0.85 0.9 0.95

Figure 4. Cloud map of gas phase distribution in the flow field with different number of grids:
(a) 14,860, (b) 22,200, (c) 79,200, (d) 122,840, (e) 245,400.

Therefore, combining the velocity results with the gas-phase cloud map results, the
simulations in this paper all use a grid number of no less than 122,840 to exclude the effect
of grid number on the simulation results.

2.5. Model Experimental Validation

In order to validate the reasonableness of simulations using the model above, some
experiments results were compared with simulation results.

Figure 5a shows the morphology of the cavitation jet captured by Yang et al. [34] using
a high-speed camera. The nozzle used in the experiment was modeled, and the parameters
in the experimental environment were simulated as the initial boundary conditions. The
simulation results are shown in Figure 5b.

Comparing the two figures, it can be found that the cavitation bubbles show a gradual
growth trend in the range of x = 0~60 mm; after x = 70 mm, the vacuoles start to shed
significantly. The general morphology of the cavitation jet and the process of vacuole
growth, development, and shedding shown in the two figures are basically consistent. The
morphological verification of the cavitation jets by simulation and experiment verifies that
the model used in this paper is applicable to simulate cavitation jets.
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X(mm)

Figure 5. Comparison of cavitation jet morphology from high-speed photography (a) and numerical
simulation (b).

3. Results and Discussions
3.1. Analysis of Flow Field Characteristics
3.1.1. The Gas Phase Distribution

The calculated results were processed using post-processing software to obtain a cloud
diagram of the gas phase distribution within the flow field, as shown in Figure 6. In the
figure, the darker the degree of red, the larger the gas content in the region, and closer
to blue indicates lower gas content. From the figure, we can see that the maximum gas
content reached 0.9 and there is a large range of gas phase area, which indicates that the
nozzle can effectively produce the cavitation effect.

10 0.95
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
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0.2
0.15
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— D
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I
3]

-10
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Figure 6. Cloud map of gas phase distribution in the flow field.
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3.1.2. The Velocity Distribution

Figure 7 shows the contour distribution of axial velocity within the flow field. It can be
seen that the jet velocity increases rapidly when flowing through the throat and the velocity
reaches its maximum at the throat exit. From the throat exit to the outside of the flow field,
the jet velocity presents obvious stratification due to the occurrence of shear. The middle
part has the highest velocity, while the velocity in the surrounding part decreases rapidly.
When the jet impinges on the surface of the specimen, the axial velocity decreases to 0 and
the kinetic energy is transformed into pressure potential energy.

60 65 70 75 80 85 90 95 100
Axial distance(mm)

Figure 7. Velocity distribution cloud in the flow field.

3.1.3. The Pressure Distribution

Figure 8 shows the impact pressure on the surface of the specimen with the radial
distance from the center of the surface. The maximum impact pressure appears in the
center of the water-jet-impacted position (the center of the surface of the specimen) and
its value is about 9 MPa. Then, it rapidly declines with the increase in radial distance.
However, the process of bubbles collapse was ignored in this simulation. The actual
impact pressure on the surface of the specimen induced by the bubble collapses is not
included in the simulation results. So, the simulation results may have deviations from the
actual results.

3.2. Effects of Geometric Parameters of Inner Nozzle

On the basis of the conical composite nozzle shown in Section 2 (hereinafter referred to
as nozzle A), a series of conical composite nozzles were designed by changing the structural
parameters of the inner nozzle. The structure of each nozzle is shown in Table 2. Compared
with nozzle A, the throat diameter of nozzle B was increased to 2 mm. On the basis of
nozzle A, the contraction angle of nozzle C was decreased to 18°. Compared with nozzle
A, nozzle D did not have the expansion segment. Based on nozzle D, nozzle E omitted
the contraction segment. The structural mesh was divided using Gambit 2.4.6 software,
as shown in Figure 9. The built model is imported into Fluent software for simulation
calculations. The boundary conditions, model selection, and iteration time step for the
simulation of nozzles B, C, D, and E are identical to those used for nozzle A.
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3.2.1. The Gas Phase Distribution

Figure 10 shows the gas phase distribution contour in the flow field of the five nozzles.
The colors of the five gas phase distribution clouds correspond to the same gas content
values, with red indicating a high gas content and blue indicating a low gas content. In
general, all five nozzles are effective for generating cavitation. However, the flow field
characteristics show some differences due to the different structures of the inner nozzles.
The gas content rate and the area of gas phase region were used to measure the severity
of the cavitation. The higher the gas content, the larger the area of the gas phase region,
representing a more intense cavitation phenomenon.

b» Py

3
I
>
>>>>>>> >
"
>

Pressure (MPa)
V)] (@)
I H I

N
I

1 | 1 | 1 | 1 | 1 | 1

-60 -40 -20 0 20 40 60

Radial distance (mm)
Figure 8. Impact pressure distribution on the surface of the specimen.

Table 2. Nozzle structure within the conical composite nozzle.

Contraction Segment Expansion Segment Throat Diameter d Target Distance H
Nozzle A L=7mm,s=4mm (x« =30°) w =3.5mm, § =45° 1 mm 25 mm
Nozzle B L =6.125mm, s = 3.5 mm (« = 30°) w =3.5mm, § =45° 2 mm 25 mm
Nozzle C L=12mm, s =4 mm (« = 18°) w =3.5mm, § =45° 1 mm 25 mm
Nozzle D L=7mm,s=4mm (x=30°) No expansion segment 1 mm 25 mm
Nozzle E No contraction segment No expansion segment 1 mm 25 mm

Comparing the gas phase distribution of nozzle B, the gas phase region of nozzle A
with a smaller throat diameter is larger and the distribution of cavitation bubble is more
uniform. Comparing the gas phase distribution in the flow fields of nozzle A and nozzle C,
it can be found that the shape and area of the gas phase region in the flow fields of the two
nozzles are similar. The gas content rate in the flow field of nozzle C is higher than that in
nozzle A. The nozzle with a smaller contraction angle has the higher gas content rate of the
flow field. Comparing the gas distribution of nozzle A and nozzle D, the area of the gas
phase region within the flow field of the nozzle with an expansion segment (nozzle A) is
larger. The gas phase content rate of nozzle D is higher than that of nozzle A. The nozzle
with an expansion segment has a larger gas phase region. Comparing the gas distribution
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in the flow fields of nozzle D and nozzle E, it is found that the gas phase region within
the flow field of the nozzle with a contraction segment (nozzle D) is larger; however, the
improving effect of gas phase distribution is not as big as that of other parameters.

From the gas phase distribution, the cavitation phenomenon is more intense in the
nozzle flow field with expansion and contraction segments. The cavitation effect of the
contraction segment with a smaller contraction angle is better. The expansion section and
throat diameter have a great influence on the gas phase distribution in the flow field. The
gas phase area in the flow field can be significantly increased by setting the expansion
section. Increasing the throat diameter will somewhat reduce the gas phase area but will
increase the gas phase content rate. Setting the contraction segment can also increase the
gas phase region area within the flow field. However, the influence on the flow field is not
as significant as that of other parameters.
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Figure 9. Conical composite nozzle structure and grid schematic: (a) nozzle B, (b) nozzle C,
(c) nozzle D, (d) nozzle E.



Water 2023, 15, 2904

13 of 20

O

Radial distance(mm)

G

Radial distance(mm)

75 80
Axial distance(mm)

(b)
3
£
g -‘
o
c -—
8
1] S —
©
B
4]
4
75 80 85
Axial distance(mm)
(d) 1o

=—=z=

<O

Radial distance(mm)

85 9t 60 80 85 E 9t 100

75
Axial distance(mm)

o

Radial distance(mm)

[ [T [ [ [ .

0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 06 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Figure 10. Cloud diagram of gas phase distribution in the flow fields of five nozzles: (a) nozzle A,
(b) nozzle B, (c) nozzle C, (d) nozzle D, (e) nozzle E.

3.2.2. The Velocity Distribution

Figure 11 shows the variation in the axial velocity of the jet at the central axis of the
five nozzles with the axial distance. The solid blue line in the figure is the horizontal line
where the nozzle outlet is located (at 75 mm), and the nozzle outlet to the surface of the
specimen is the external flow field. The water jet is distributed with the central axis as the
axis of symmetry. The axial velocity decreases from the center to all around; so, the velocity
on the central axis is maximum. In the external flow field, as the axial distance continues to
increase, the water jet velocity is first maintained at the maximum velocity for a distance
and then decreases, reaching the specimen when the velocity drops to 0. Regardless of the
structure of the nozzle, the maximum velocity in the flow field is almost the same, which is
consistent with the conclusion calculated by the Bernoulli equation.
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Figure 11. Axial velocity distribution of the central axis of the five nozzles.

The velocity in the flow field of nozzle E without the constriction segment rises very
sharply, while the velocity in the flow field of the nozzle D with the constriction segment
rises relatively gently. Comparing the velocity curves in the flow fields of nozzle A and
nozzle C, the velocity of nozzle C with a smaller constriction angle rises more gently. It
can be found that the constriction segment is equivalent to a transition segment, which can
reduce the loss caused by the rapid change of speed; the smaller the constriction angle of
the nozzle, the better the effect. In the external flow field, the jet velocity in the flow field
of nozzle A with the expansion segment maintains a distance of 20 mm before it begins
to drop rapidly. This distance is much larger than that of nozzle D without the expansion
segment, which shows that the expansion segment can be effective to increase the cavitation
jet’s working distance.

Comparing the axial velocity change curves in the flow fields of nozzle A and nozzle
B, in the internal flow fields of the nozzles, the initial velocities of the inner straight sections
of the two nozzles are different. The initial velocity of nozzle A with the smaller throat
diameter is lower. However, after passing through the constriction segment, the velocity of
nozzle B in the external flow field is only slightly higher than that of nozzle A, and the two
curves are not very different. Therefore, changing the throat diameter has a limited effect
on the velocity in the flow field and the range of action. From the velocity distribution in
the flow fields of different nozzles, the nozzle with a smaller contraction segment angle and
expansion segment can reach the best velocity distribution. The expansion segment has a
more positive influence on the velocity distribution in the flow field than the contraction
segment. In addition, changing the diameter has a minimal influence on the velocity in the
external flow field.

3.2.3. The Pressure Distribution

Figure 12 shows the impact pressure distribution of the five nozzles on the sample
surface. It can be seen from the figure that, in the flow field of all nozzles, the impact
pressure near the axis is the largest and the impact pressure decreases with the increase in
the radial distance. However, it is worth noting that nozzle C and nozzle D do not strictly
follow this law and the impact pressure is the largest at about 2 mm from the center axis of
the nozzle. In addition, the speed at which the impingement pressure decreases with the
increase in the radial distance is also different for the nozzles of different structures.

Comparing the impact pressure distributions of nozzle A and nozzle B shown in
the figure, the impact pressure of a nozzle with a throat diameter of 2 mm (nozzle B) is
approximately twice that of a nozzle with a throat diameter of 1 mm (nozzle A). Therefore,
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increasing the throat diameter will increase the impingement pressure of the jet. The
impact pressure of nozzle C with a smaller constriction angle is much greater than that
of nozzle A, and the two curves intersect at 28 mm. It can be found that the jet from
nozzles with smaller constriction angles have stronger concentration and can achieve higher
impact pressures.
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Figure 12. Impact pressure distribution of five nozzles on the surface of the specimen.

The impact pressure of the nozzle with the expansion segment (nozzle A) is always
greater than that of the nozzle without the expansion segment (nozzle D). The impingement
pressure of nozzle D is greater than the pressure of nozzle E (without constriction). For
nozzles with no constriction segment and no expansion segment, the increase in the
impact pressure caused by the constriction segment is relatively limited and the impact
of the expansion segment on the impact pressure is more significant. From the impact
pressure distribution, the nozzle with a smaller contraction angle, contraction segment,
and expansion segment has the highest impact pressure. Increasing the throat diameter
can significantly increase impact pressure. For a nozzle without a contraction segment
and expansion segment, setting the expansion segment increases the impact pressure
more obviously.

3.3. Effects of Pressure Ratio of Inner Nozzle to External Nozzle

Nozzle A was used to study the effect of the pressure ratio of the inner nozzle to the
external nozzle on flow field characteristics. The rest of the conditions were kept constant.
The ratios of the internal incidence pressure to external incidence pressure were selected as
20 MPa:0 Pa, 20 MPa:0.04 MPa, 20 MPa:0.08 MPa, 30 MPa:0 Pa, and 40 MPa:0 Pa, respectively.
The simulation results were compared to study the effect of the incidence pressure on the
flow field characteristics of the water jet.

3.3.1. The Gas Phase Distribution

Figure 13 shows the gas phase distribution clouds in the flow field at different incidence
pressures. Comparing panels a, b, and ¢, it can be found that the area of the gas phase
region in the flow field is largest when the incidence pressure of the outer nozzle is 0.
Comparing panels a, d, and e, we can find that when the incidence pressure of the outer
nozzle is 0, with the increase in the incidence pressure of the inner nozzle, the maximum
gas content rate in the flow field basically remains the same but the area of the gas phase
region increases.
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Figure 13. Flow field gas phase distribution clouds at different incident pressures:
(a) 20 MPa:0.08 MPa, (b) 20 MPa:0.04 MPa, (c) 20 MPa:0 Pa, (d) 30 MPa:0 Pa, (e) 40 MPa:0 Pa.

Changing the internal and external pressure ratio actually changes the cavitation
number o, which is of great importance in cavitation jets. The smaller the cavitation
number, the more intense the cavitation phenomenon, and when the cavitation number
is larger, the cavitation phenomenon is less likely to occur. The cavitation number can be
determined by Equation (15).

P—Po __P2—Po _ P2
o= = ~ s (15)
oot pi—p2 m

where p; is the upstream pressure of the jet, py is the downstream pressure, and py is the
saturated vapor pressure of the environment in which it is located.
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As can be seen from Equation (15), when increasing the inner nozzle incidence pressure,
the cavitation number decreases, the degree of cavitation is enhanced, and the vacuole cloud
in the flow field increases (the area of the gas phase region increases). While increasing the
incidence pressure of the outer nozzle, the cavitation number decreases and the degree of
cavitation within the flow field decreases accordingly.

3.3.2. The Velocity Distribution

Figure 14 shows the axial velocity distribution along the central axis for different
incident pressures. The effect of incident pressure of the outer nozzle on the axial velocity is
very small when the incident pressure of the inner nozzle is the same. Keeping the incident
pressure of the outer nozzle the same, the axial velocity distribution curves have the same
trend for different incident pressures of the inner nozzle. The difference lies only in the
maximum value of the velocity. The greater the incident pressure of the inner nozzle, the
greater the maximum velocity in the flow field.
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Figure 14. Axial velocity distribution at different incident pressures.

3.3.3. The Pressure Distribution

Figure 15 shows the impact pressure distribution at different incidence pressures. It can
be seen that the three curves almost overlap when the incidence pressure is
20 MPa:0 Pa, 20 MPa:0.04 MPa, and 20 MPa:0.08 MPa. The impact pressure on the specimen
surface is less affected by the incidence pressure of the outer nozzle when the incidence
pressure of the outer nozzle is lower. Comparing the impact pressure distribution when the
incidence pressure is 20 MPa:0 Pa, 30 MPa:0 Pa, and 40 MPa:0 Pa, the impact pressure on
the specimen surface increases as the incidence pressure increases. The maximum impact
pressure on the specimen surface is about 2 Mpa lower than the incidence pressure.

3.4. Discussions

In this study, finite element simulations of the flow field of nozzles with different nozzle
structures and incidence pressures are performed to obtain the gas phase distribution,
velocity distribution, and impact pressure within the flow field. Based on the above analysis,
we can conclude that the inner nozzle with a smaller contraction segment, smaller expansion
segment, and bigger throat diameter has the better cavitation effect (the cavitation cloud
area in the flow field is larger) and impact pressure. Increasing the inner nozzle incidence
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pressure and reducing the outer nozzle pressure can also improve the cavitation effect and
enhance the impact pressure. The contraction segment and expansion segment promote
the occurrence of cavitation phenomena. Zhang et al. [35] used pressure-sensitive paper
to measure the impact pressure distribution of cavitation water jets along the jet injection
direction (axial direction). The study showed that different nozzle shapes can have a
significant effect on the cavitation phenomenon. Pressure drop occurs in the throat of
nozzles with constricted and expanded segments but not in nozzles without expanded
segments. This verifies that our simulation results are right. In addition, Soyama et al. [27]
also proved that the cavitation jet of the nozzle with an expanding segment had the highest
intensity of erosion on the specimen compared with other conventional water jet nozzles.
These results are also consistent with the conclusions of this paper.
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Figure 15. Impact pressure distribution at different incidence pressures.

It should be noted that the erosion intensity and impact effect of the cavitation water
jet are judged mainly by gas phase distribution, velocity distribution, and impact pressure.
However, the impact pressure is not accurate enough because the cavitation bubbles’
collapse process is not simulated. So, the impact pressure obtained may not be the actual
impact pressure. The modeling of the generation of cavitation bubbles is challenging
because of the complexity of the cavitation phenomenon [29]. In addition, only simulation
analysis was performed on the cavitation phenomenon and no experiments were carried
out. Further numerical simulations and experimental verification of cavitation bubble
collapse are required. However, this study still has a great guideline for the design of the
conical composite nozzle and the selection of incident pressure.

4. Conclusions

In previous studies, scholars mainly focused on the cavitation phenomenon occurring
in venturi tubes and submerged cavitation jets. The more widely used non-submerged
cavitation jets are understudied. In this paper, the flow field characteristics containing gas
phase distribution, velocity distribution, and impact pressure of the cavitation water jet in
air based on a dual-nozzle design with concentric configuration was investigated in detail
by numerical simulation. The simulation study of the non-submerged cavitation jet flow
field has reference significance and guiding significance for the design of concentric double
nozzles. The effects of inner nozzle structure parameters and the incidence pressures on
the flow field characteristics were also compared. The following conclusions can be drawn:
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The structure of the inner nozzle has a significant impact on the flow field characteris-
tics, and the selection of a suitable inner nozzle structure can improve the action distance
of the jet as well as the impact pressure.

The contraction segment of the inner nozzle has the effect of increasing the area of
gas phase in the flow field and increasing the impact pressure; the smaller the contraction
angle of the contraction segment, the stronger the effect.

The expansion segment of the inner nozzle has a great influence on the characteristics
of the flow field. Setting the expansion segment can significantly improve the gas content
rate in the flow field and the impact pressure of the jet.

The internal and external incident pressures also affect the flow field characteristics.
When increasing the incident pressure of the inner nozzle, the cavitation number decreases
and the cavitation phenomenon in the flow field is enhanced. The gas phase area and gas
holdup in the flow field will increase, and the impact pressure will increase. In contrast,
increasing the incident pressure of the outer nozzle will increase the cavitation number,
which in turn will weaken the cavitation in the flow field.
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