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ABSTRACT: Gas–liquid two-phase jets exhibit markedly enhanced impact performance due to the violent collapse
of entrained bubbles, which generates transient microjets and shock waves. The geometry of the nozzle is a decisive
factor in controlling jet formation, flow modulation, and impact efficiency. In this work, the structural optimization
of gas–liquid two-phase nozzles was investigated numerically using the Volume of Fluid (VOF). Simulation results
show that the aero-shaped nozzle delivers a significantly stronger impact on the target surface than conventional
geometries. Specifically, its impact pressure is 21% higher than that of a conical straight nozzle and 37% higher than
that of a conical nozzle. The aero nozzle not only increases peak impact pressure but also sustains it over a longer
duration, leading to an overall improvement in energy transfer efficiency. Parametric analyses further reveal the key
geometric conditions governing performance. When the nozzle curvature is set to 0.01, the jet achieves a higher and
more stable surface pressure profile, maintaining elevated impact for a prolonged period. At an aspect ratio of 15, the
jet exhibits pronounced pulsation under high pressure, thereby enhancing impact intensity. The contraction ratio
exerts a non-monotonic influence: as it increases, impact pressure initially rises and subsequently declines, with an
optimal value of 4 yielding the highest and most persistent impact pressure. Likewise, when the ratio of inlet length
to outlet diameter is 2.5, the jet demonstrates the strongest impact on the target surface.
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1 Introduction

Water jet technology [1] has been widely applied in various fields such as shipbuilding, chemical
machinery, power industry, petroleum engineering, and aerospace [2–5]. The application of this technology
improves production efficiency, reduces production cost and staff workload, and increases economic benefits
for enterprises and society. Water jet technology is subdivided into various forms of jets, including pure
water jet, abrasive jet, cavitation jet, pulse jet, and gas-liquid two-phase jet [6–11]. Compared with the pure
water jet, the gas-liquid two-phase jet can generate an instantaneous high-speed micro-jet and shock-wave,
while bubbles collapse [12], which can effectively improve the impact power of the jet that is suitable for
various industrial applications. The nozzle is the key to generating a jet and has a significant influence on
the modulation and efficiency of the impact of the jet.

Cavitation nozzles were designed for the submerged state, mainly including central body nozzles,
overlapping nozzles, and nozzles with cylindrical outlet sections. The excellent erosion resistance of the
cavitation nozzle was verified by experiments [13]. Moreover, the sharp angles of the triangle in the
triangular nozzle could cause asymmetric distribution of velocity and pressure, though this characteristic
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could increase the mixing of fluids [14]. Compared to nozzles with sharp edges, a nozzle with a circular
outlet has higher flow coefficients [15]. The shape of the jet from a nozzle with sharp edges can be divided
into a continuous zone, a discrete zone, and an atomization zone. The length and the evolution state of each
zone are affected by the shape of the nozzle’s outlet [16]. The influence of structural parameters of a nozzle
on the energy loss of the jet was studied, and the results showed that the closer the inner flow channel of the
nozzle to a streamline, the smaller the energy loss of the jet [17]. A previous work [18] studied the flow field
characteristics of a nozzle near the wall at low Reynolds numbers using the large eddy simulation method.
The results showed that frictional resistance mainly occurred at the end of the convergence section and the
throat area, while the viscous force was distributed in the convergence section. The effects of four typical
nozzle internal flow patterns on the spray primary breakup in the near-nozzle region were investigated
based on the volume-of-fluid (VOF) method through the design and construction of corresponding nozzle
structures. [19]. The impact pressure was high and stable with an organ tube self-oscillating cavitation jet
nozzle, while the Helmholtz type cavitation jet nozzle had a high pulse frequency and a long distance of
bubble movement. For the angular cavitation jet nozzle, the ability of the jet to diffuse was strong, whereas
the degree of cavitation was high. Additionally, there were velocity distributions of an inverted “U” shape
and a large range of cavitation with a rotating cavitation jet nozzle of impeller type [20]. The internal flow
field of the heavy oil viscosity reduction spray nozzle device, which is designed by the jet cavitation theory
using the Computational Fluid Dynamics numerical simulation method. The influence of spray nozzle
structural parameters such as inlet diameter, contraction length, and expansion length on the cavitation
effect of the spray nozzle is studied [21]. The kinematics and entrainment characteristics of the cavitation
bubble-induced jet were studied with the experimental method [22]. The flow field characteristics of a
cylindrical cavitation nozzle jet under different turbulence models were systematically investigated. The
results showed that the LES and SBES models demonstrated superior capability in capturing small-scale
vortices and transient cavitation clouds, aligning more closely with the experimental observations [23]. The
flow field morphology and jet performance through a nozzle were studied using numerical computational
and indoor experimental methods [24–26]. The flow field and oscillating mechanism of the self-excited
oscillating cavity were simulated using the large eddy simulation method of Computational Fluid Dynamics
(CFD) [27]. By high-speed camera visualisation experiments and large eddy simulation, the influence
of nozzle structure parameters on jet morphology evolution and cavitation impact characteristics was
studied. [28,29]. The cleaning effect of the nozzle with different structural designs was simulated, and the
nozzle in the jet structure was optimized. The design variables include the geometric parameters of the
nozzle’s structure and the flow process parameters of the jet. [30,31].

The present paper studies the structural optimization of a nozzle with a gas-liquid two-phase jet using
the computational fluid dynamics (CFD)’s fluid volume method. CFD is a technology to simulate the motion
characteristics and physical phenomena of fluids with the help of computers. The actual fluid flow can be
approximately simulated by numerically solving differential equations of flow control, and the discrete
distribution of the flow field was obtained in a continuous region. A complex flow field can be simulated,
providing comprehensive flow field information at low cost and without physical model limitations by
utilizing CFD technology. The study reveals the influence of the nozzle’s structure on the modulation
characteristics and efficiency of the impact of the gas-liquid two-phase jet. The research provides theoretical
guidance and parametric support for the application of gas-liquid two-phase jets in various industries.
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2 CFD Model

2.1 Governing Equation

To study the changes in the nozzle’s flow field in the gas-liquid two-phase jet, the VOF (volume of
fluid) model was employed for numerical simulations using the software package of Fluent. Water and air
were used as the liquid and gas phases, respectively.

The basic governing equations are as follows [32,33].
(1) Continuity equation is given by Eq. (1).
∇ ⋅ (𝒖) = 0 (1)

where u is the vector of velocity, and ∇ is the Hamiltonian.
(2) Momentum equation is given by Eq. (2).
𝜕(𝜌𝑢)
𝜕𝑡

+ ∇ ⋅ (𝜌𝒖𝒖) = −∇𝑝 + ∇ ⋅ [𝜇(∇𝒖 + ∇𝒖𝑇 )] + ∇ ⋅ [𝜏𝑅𝑒] + 𝜌𝑔 (2)

𝜌 = ∑
𝑞
𝛼𝑞𝜌𝑞 (3)

𝜇 = ∑
𝑞
𝛼𝑞𝜇𝑞 (4)

where u is the vector of velocity, 𝜌 is the density of the fluid, 𝜇 is the viscosity of the fluid, g is the
gravitational force, 𝜏Re is the turbulent Reynolds stress, 𝛼𝑞 is the volume fraction of phase q, 𝜌q is the
density of phase q, and 𝜇q is the viscosity of phase q.
(3) Equation of volume fractions is given by Eq. (5).

For phase q:

𝜕𝛼𝑞
𝜕𝑡

+ 𝑢 ⋅ ∇𝛼𝑞 = 0 (5)

The volume fraction of the main phase is calculated based on the constraints given in Eq. (6).

𝑛
∑
𝑞=1

𝛼𝑞 = 1 (6)

where 𝛼𝑞 is the volume fraction of phase q.
(4) Turbulence model is given by Eqs. (7) and (8).

Standard k–𝜀 model was utilized to calculate the turbulence of the fluid [33], as given by Eqs. (7) and (8).

𝜕(𝜌𝑘)
𝜕𝑡

+
𝜕(𝜌𝑘𝑢𝑖)
𝜕𝑥𝑖

=
𝜕
𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡
𝜎𝑘)

𝜕𝑘
𝜕𝑥𝑗

] + 𝐺𝑘 − 𝜌𝜀 (7)

𝜕(𝜌𝜀)
𝜕𝑡

+
𝜕(𝜌𝜀𝑢𝑖)
𝜕𝑥𝑖

=
𝜕
𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡
𝜎𝜀)

𝜕𝜀
𝜕𝑥𝑗

] +
𝐶1𝜀𝜀
𝑘

𝐺𝑘 − 𝐶2𝜀𝜌
𝜀2

𝑘
(8)

where 𝜌 is the density of the fluid, 𝜇 is the viscosity of the fluid, ui is the velocity component, xi is the spatial
coordinate in tensor form, t is the time, k is the turbulent kinetic energy, Gk is the generation term for
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turbulent kinetic energy resulting from the velocity gradient of laminar flow, 𝜎𝑘 and 𝜎𝜀 are the turbulent
Prandtl numbers of Eq. (7) and Eq. (8), respectively, 𝜀 is the turbulent dissipation rate, 𝜇𝑡 = 𝐶𝜇𝜌𝑘2/𝜀 is the
turbulent viscosity, and 𝐶1𝜀 , 𝐶2𝜀 , 𝐶𝜇 are the empirical coefficients.

Based on the Eulerian-Eulerian non-homogeneous flow model, transient flow was selected. For the
purpose of simulation, the calculations were based on a pressure solver, without considering the slip
between phases. The standard k-𝜀 model was adopted, and the standard wall function was used near the
wall in the simulation. Moreover, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1.00, and 𝜎𝜀 = 1.30. The following
assumptions were made for the analysis: (1) both gas and liquid phases consisted of incompressible fluids.
Water was the continuous phase, whereas air was the dispersed phase. The physical properties of each
phase remained constant. (2) Changes in gas-phase volumetric fraction and cavitation phenomenon during
the flow process were neglected; (3) the mass and heat transfer between the two phases were ignored;
(4) there was no heat exchange between the gas-liquid phase and the external environment, whereas the
temperature was considered as constant.

2.2 Geometric Model and Boundary Conditions

Frequently used jet nozzles [34,35] include three categories: conical nozzle, conical straight nozzle,
and aero nozzle. The diameter of the nozzle’s inlet (D), diameter of the nozzle’s outlet (d), contraction angle
of the nozzle (𝜃), length of the inlet section (L1) and length of the shrinkage section (L) had values of 8 mm,
2 mm, 13◦, 5 mm, and 26.5 mm, respectively, as shown in Fig. 1.

(a) 

 

(b) 

(c) 

Figure 1: Structures of the three nozzles. (a) Conical nozzle; (b) Conical straight nozzle; (c) Aero nozzle.
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The software package of Solidworks (2023) was used to establish a three-dimensional (3D) model.
Moreover, the software package of ANSYS was utilized to generate a mesh. For simulation, the number of
grids has an influence on the results of the solution. When the number of grids is too small, the calculated
results will not be accurate enough. It will increase computational complexity to increase the number of
grids. Therefore, it is necessary to choose a reasonable grid size to ensure the accuracy of results. Grid
independence was verified by dividing the model into grids with sizes of 3 mm, 2 mm, 1 mm, and 0.7 mm.

The velocity profile was obtained along the nozzle’s axis, as shown in Fig. 2. When the grid size
decreased, the velocity along the nozzle’s axis tended to stabilize. Velocities obtained by dividing the
grid by 1 mm and 0.7 mm were similar, whereas the number of elements divided by 0.7 mm (559759) was
approximately twice as high as that divided by 1 mm (285005). With the increase of mesh density, the
variation of velocity at a distance of 0.030 m from the nozzle inlet along the nozzle’s axis was shown in
Table 1. When the grid size was reduced from 1 mm to 0.7 mm, the velocity only increased by 0.1%. In
short, the grid size had been determined to be 1 mm and localized encryption was carried out near the
nozzle outlet to ensure the accuracy of simulation results, as shown in Fig. 3. The surfaces were set up,
such as the inlet, wall, outlet, and targeted surface.

Table 1: Variation of velocity with the increase of mesh density.

Grid Size/(mm) Velocity at a Distance of 0.030 m from Nozzle Inlet/(m⋅s−1) Velocity Variation Rate/(%)

3 314.6 —
2 320.8 1.97
1 323.9 0.96
0.7 324.2 0.09

Figure 2: Velocity profile along the nozzle’s axis for different grid sizes.
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(a) (b) (c) 

Figure 3: Grids of the three nozzle structures. (a) Grid of conical nozzle; (b) Grid of conical-straight nozzle; (c) Grid
of aero nozzle.

The physical properties of water and air are presented in Table 2. Water is set as the primary phase,
while air is set as the secondary phase. The volume fraction of the second phase is 0.1 (total volume to be
unity). The mixture of gas and liquid phases enters from the inlet of the nozzle.

Table 2: Physical properties of liquid and gas phases.

Fluid Material Density/(kg⋅m−3) Specific Heat/(J⋅kg−1⋅◦C−1) Thermal
Conductivity/(W⋅m−1⋅◦C−1) Viscosity/(10−3 Pa⋅s)

Water 998.2 4182 0.6 1.003
Air 1.225 1006.43 0.0242 1.78

The boundary conditions consisted of inlet velocity (the velocity was 18.75 m/s), pressure at the outlet
(the outlet pressure was atmospheric pressure), and wall (the wall was stationary with no slip).

The PISO method was used for the pressure-velocity coupling solution. The format of
second-order-upwind was adopted for discretization of momentum and turbulent kinetic energy. Volume
fraction adopts Geo-reconstruct discrete format. The format of first-order-implicit was used for temporal
discretization [36,37].

3 Preferred Nozzle Type

The conical straight nozzle, conical nozzle and aero nozzle were compared with each other. The
optimum nozzle structure was selected. The dimensional parameters of the nozzle are presented in Table 3.

Table 3: Dimensional parameters of physical models used in simulation.

Nozzle
Type

Inlet
Diameter
D/mm

Outlet
Diameter
d/mm

Convergence
Angle of
Nozzle 𝜽/(◦)

Entrance
Length
L1/mm

Shrinkage
Segment
Length L/mm

Aspect
Ratio

Arc
Radius/mm

Arc
Curvature

Aero
nozzle 8 2 – 5 26.5 – 100 0.01

Conical
straight
nozzle

8 2 13 5 26.5 3 – –

Conical
nozzle 8 2 13 5 26.5 – – –
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3.1 Influence of Nozzle Structure on the Maximum Impact Pressure of the Targeted Surface

To further compare the impact pressure of the gas-liquid two-phase jet on the targeted surface, a
conical straight nozzle with the aspect ratio of 3, an aero nozzle with a curvature of 0.01, and a conical
nozzle were selected for simulation. The pressure nephograms of the targeted surface for different types of
nozzles are shown in Fig. 4.

  

(a) (b) (c) 

Figure 4: Pressure nephogram of targeted surface for different nozzle structures. (a) Aero nozzle with the curvature
of 0.01; (b) Conical straight nozzle with the aspect ratio of 3; (c) Conical nozzle.

The results showed that the maximum pressure of the aero nozzle with the curvature of 0.01 on the
targeted surface was 36.3 MPa, whereas that of the conical straight nozzle with the aspect ratio of 3 was
30 MPa. Moreover, the maximum pressure of the conical nozzle was 26.5 MPa. Under the same conditions,
the impact pressure of the aero nozzle on the targeted surface was 21% higher than that of the conical
straight nozzle and 37% higher than that of the conical nozzle, indicating that the aero nozzle produced
a greater impact pressure on the targeted surface and had a better impact effect. The aero nozzle has
good impact performance, which is consistent with previous research results [38,39]. Due to the reason
that an aero nozzle has a streamlined structure, it does not form vortices, avoiding the formation of local
low-speed or backflow zones. This structure can reduce the loss of energy and improve the efficiency of the
jet. In addition, the aero nozzle can reduce the shear stress between the fluid and the nozzle’s wall, thereby
reducing frictional losses and improving the impact performance of the jet [40].

3.2 Effect of Nozzle Structures on the Pressure at the Center Point of the Targeted Surface

A monitoring point was set up at the center of the targeted surface to better compare the performances
of the three nozzles. Variations in impact pressure for the three types of nozzles on the center point of the
targeted surface are shown in Fig. 5.

When the gas-liquid two-phase jet impacted the targeted surface, the pressure acting on the targeted
surface fluctuated from high to low regardless of the structure of the nozzle. In gas-liquid two-phase flow,
when the gas passes through the nozzle, the velocity increases while the pressure decreases, which can cause
gas cavitation and generate a series of bubbles in the jet. Bubbles undergo four stages of cavitation, which
are inception, development, shedding, and collapse [41]. With the decrease of environmental pressure, the
initial high-pressure bubble expands to maximum size. When the external pressure of the bubble is greater
than the internal pressure, the bubble begins to contract and collapse. The collapse of a bubble can cause
high-speed micro jets, resulting in pressure peaks and strong impact forces on the target surface [42,43]. The
bubbles undergo repeated cycles of expansion, compression, and even collapse, causing the impact pressure
of the targeted surface to repeatedly increase and decrease. The phenomenon of repeated and continuous
changes verifies that the gas-liquid two-phase jet has pulsating characteristics. The periodic pulsation
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phenomenon of a gas-liquid two-phase jet has been verified by physical experimental methods [44,45].
Therefore, the impact of the gas-liquid two-phase jet was better than pure water jet. The maximum impact
pressure of the jet on the targeted surface varied depending on the structure of the nozzle. Moreover, the
duration of high pressure also varied for different nozzles. Compared with conical straight nozzle and the
conical nozzle, the peak value of the pressure curve at the center point of the targeted surface was the
highest when the aero nozzle impacted the targeted surface. Meanwhile, the amplitude (or range) of high
and low pressures was larger for the aero nozzle compared to the other two nozzles. The impact pressure
generated by the gas-liquid two-phase jet was the highest, and the duration was longer at higher impact
pressures. It is concluded that the aero nozzle has a greater intensity for the impact on the targeted surface
and higher jet efficiency than the other two types of nozzles.

Figure 5: Variation in pressure with time at the center point of targeted surface.

4 Flow Field Modulation Characteristics

The distribution patterns of the velocity field, the pressure field, the turbulent kinetic energy field, and
the gas-liquid concentration are revealed by simulating the flow field with gas-liquid two-phase flow in an
aero nozzle. The modulation mechanism of gas-liquid two-phase flow in an aero nozzle was elucidated.
The flow rate for the simulation was set to be 60 L/min.

4.1 Velocity Field

The non-dimensionalized velocity nephogram and vector diagram on the cross-section of the aero nozzle
are shown in Fig. 6. The results showed that the high speed occurred at the position from approximately
3 times the nozzle diameter inside of the nozzle to approximately 2 times the nozzle diameter outside of
the nozzle. As the cross-sectional area of the nozzle decreased, the jet velocity increased, and the velocity
remained at a high value around the nozzle’s outlet. After the gas-liquid two-phase jet was ejected from the
nozzle, the velocity inside the jet’s potential core remained high. There was no obvious backflow phenomenon
in the flow field inside the nozzle. In the external flow field of the nozzle, near the targeted surface, significant
vertical and tangential velocities were observed. The vertical velocity can be converted into impact pressure,
while the tangential velocity is beneficial for the formation and expansion of cracks on the targeted surface,
which is very advantageous for cleaning and cutting. There was a noticeable backflow near the targeted
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surface of the external flow field, which was beneficial for carrying away debris from cleaning and cutting
processes.

 

(a) (b) 

Figure 6: Non-dimensionalized velocity distribution on the section of aero nozzle. (a) Velocity nephogram; (b) Velocity
vector diagram.

4.2 Pressure Field

The pressure nephogram on the section of the aero nozzle is shown in Fig. 7. When the gas-liquid
two-phase jet entered the nozzle, the pressure gradually decreased. Moreover, the pressure dropped to an
even lower value at the outlet of the nozzle. Near the targeted surface, the pressure decreased approximately
in a spherical shape with the center of the targeted surface as the sphere’s center. According to Bernoulli’s
principle, when the cross-section of the nozzle shrinks, the velocity increases and the pressure decreases. At
the outlet of the nozzle, the cross-section was the smallest and the kinetic energy was the highest, resulting
in the lowest pressure. When the jet impacted the targeted surface, kinetic energy was converted into
stagnation pressure energy, and the pressure gradually increased [46].

Figure 7: Pressure nephogram on the section of aero nozzle.

4.3 Distribution of the Gas-Liquid Concentrations

The nephogram of the distribution of gas-liquid concentrations on the cross-section of the aero nozzle
is shown in Fig. 8. There were obvious bubbles in the contracting section of the nozzle and near the targeted
surface. In the nozzle’s contraction section, the decrease of the nozzle’s cross-sectional area led to an
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increase of flow velocity and decrease of pressure. Gas is more apt to cavitation and formation of bubbles
under low pressure. When the bubbles near the targeted surface quickly collapse, strong shock waves, high
temperatures, and high-speed microjets are generated [47]. This will cause local ultra-high impact pressure
on the targeted surface, and the pressure turns far higher than the stagnation pressure. Therefore, the
gas-liquid two-phase jet will have a good cleaning effect.

Figure 8: Distribution of the gas-liquid concentration in the aero nozzle’s cross-section.

4.4 Turbulent Kinetic Energy

The nephogram for the distribution of turbulent kinetic energy on the section of aero nozzle is shown
in Fig. 9. The turbulent kinetic energy of the jet inside the nozzle was very small. After the jet was sprayed
out of the nozzle, the turbulent kinetic energy increased significantly. There was a local maximum for
the turbulent kinetic energy near the targeted surface, indicating that the level of turbulence of the jet
was very high. Higher turbulence intensity is conducive to generating a large shear force on the targeted
surface [14]. Turbulence makes the jet easily penetrate into small gaps or uneven surfaces. Moreover, the
pressure fluctuations generated by turbulent flow were more intense. It is conducive to promoting the
generation and collapse of bubbles and improving the impact of the gas-liquid two-phase jet.

Figure 9: Nephogram of turbulent kinetic energy on the section of aero nozzle.
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4.5 Modulation Mechanism of Gas-Liquid Two-Phase Jet

Fig. 10 illustrates the distribution of gas and liquid phases on the cross-section of the aero nozzle
at different flow times. The gas-liquid two-phase distribution of a gas-liquid two-phase jet nozzle was
numerically simulated during the time period from 0 s to 0.001 s. The results showed that the processes
and phenomena have periodic changes during the simulation period, thus the gas-liquid distribution from
0.00003 s to 0.00014 s were displayed. When the gas-liquid two-phase jet entered the nozzle (0.00003 s),
the gas phase was relatively evenly dispersed in the liquid phase. With the decrease of pressure, after the
jet entered the nozzle’s contraction section, the gas began to cavitate and gradually formed more small
bubbles near the inner wall of the nozzle. As the flow continued, the external flow field of the nozzle was
affected. Additionally, the concentration of gas phase at local locations began to increase (0.00004 s, and
0.00005 s), indicating a tendency for gas cavitation. At the time of 0.00006 s, the gas-liquid two-phase jet
had reached the targeted surface, and the gas concentration near the targeted surface increased. The gas
cavitation occurred and bubbles formed near the targeted surface (0.00007 s, and 0.00008 s). Then, the
bubbles expanded and became larger (0.00009 s). These bubbles collapsed under appropriate conditions, and
the large bubbles disappeared (0.00010 s). The collapse of bubbles generated micro jets, which increased
the pressure on the targeted surface (Fig. 11 shows that the pressure first increases and then decreases
between the time periods of 0.00009 s and 0.00010 s). Afterwards, the process of the formation, expansion
and enlargement, and collapse of bubbles continued [48].

Figure 10: Gas-liquid distribution on nozzle’s cross-section at different times.
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5 Optimization of Nozzle Structure

The structural parameters of the nozzle were optimized by analyzing the influence of curvature (R),
L/d, D/d, and L1/d of aero nozzle on impact pressure.

5.1 Nozzle Curvature

As shown in Fig. 11, the nozzle’s curvature affected the pressure at the central point of the targeted
surface. At different flow times, the pressure at the central point of the targeted surface varied with the
curvatures of the nozzles. With the increase of nozzle curvature, the pressure at the center point of the
target surface first increases and then decreases. By comparison, when the nozzle’s curvature was 0.01, the
gas-liquid two-phase jet had the maximum impact pressure on the central point of the targeted surface,
whereas the high pressure could last for a longer period of time under higher impact pressure. Therefore,
the aero nozzle had a better impact on the surface with the curvature of 0.01. A suitable nozzle curvature
can generate a greater jet impact force. With the small curvature, the flow was relatively smooth, and
the degree of turbulence was not intense, and the energy loss caused by turbulence is relatively small.
Small curvature results in a larger radius of curvature, and thus the longer flow path and the greater
area and time of contact between the fluid and the nozzle wall lead to an increase in wall friction loss.
Pressure energy will be converted into heat energy and dissipated, which made the impact force of the jet
insufficient. When the curvature was large, a low-pressure zone was generated due to the centrifugal effect,
causing the separation of the boundary layer and forming vortices. The generation and maintenance of
vortices consume a significant amount of energy. Meanwhile, the jet impact force reduced because of the
consumption of kinetic energy and the divergence and instability of the jet.

Figure 11: Effect of nozzle’s curvature on the pressure at the central point of targeted surface.

5.2 Aspect Ratio

Within the range of nozzle’s aspect ratio of 12–16, the variation of pressure at the central point of
the targeted surface with flow time is shown in Fig. 12. Overall, the maximum impact force of the jet
on the targeted surface first increased and then decreased with the increase of aspect ratio, whereas the
duration under high pressure was also different. When the aspect ratio was 15, the jet generated the
maximum pressure on the targeted surface. Within the time period of 0.00016–0.00021 s, higher pressure
was maintained and had a pulsating change, indicating that the impact was better. A small aspect ratio
caused more drastic changes in the curvature, easily leading to the separation of the flow from the wall.
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The separation will generate large-scale eddies, consuming a large amount of energy. Meanwhile, the
intensity of turbulence and the loss of energy increased, while the turbulent kinetic energy enhanced. As
the diffusion angle of the jet increased, the agglomeration of the jet decreased. If the aspect ratio was too
high, the flow was smoother, and the degree of separation decreased, while the frictional loss increased
with the increase of the length of the shrank segment [49]. The loss of energy will offset the acceleration of
the contraction section, and therefore, the jet energy and kinetic energy of the nozzle’s outlet will reduce.

 
Figure 12: Influence of the aspect ratio of nozzle on pressure at the central point of targeted surface.

5.3 Nozzle Shrinkage Ratio

Within the range of the nozzle’s shrinkage ratio of 3.5–5.5, the variation of pressure at the central
point of the targeted surface with flow time is shown in Fig. 13. With the increase in the shrinkage ratio,
the impact force of the jet on the targeted surface first increased and then decreased. When the shrinkage
ratio was 4, the impact pressure of the gas-liquid two-phase jet on the central point of the targeted surface
was the highest, and the duration was longer under higher pressure, resulting in better impact of the jet.
Appropriately increasing the shrinkage ratio can significantly improve the jet velocity and impact force.
If the shrinkage ratio was too high, it might lead to flow separation [50], reduce the transfer of effective
kinetic energy, and lower the energy utilization efficiency of the jet.

5.4 Ratio of Nozzle’s Inlet Length to Outlet Diameter

The influence of the ratio of the nozzle’s inlet length to outlet diameter on the pressure at the central
point of the targeted surface at different times is shown in Fig. 14. As the ratio of the nozzle’s inlet length to
outlet diameter increased, the jet impact pressure on the targeted surface first increased and then decreased.
When the ratio of the nozzle’s inlet length to outlet diameter was 2.5, the impact pressure of the gas-liquid
two-phase jet on the central point of the targeted surface was higher, and its duration was longer under
higher impact pressure, indicating that the jet had a better impact. When the inlet section of the nozzle was
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short, the flow might not have fully developed, resulting in flow distortions or vortices. The increase in
energy loss and uneven velocity distribution resulted in flow disorder in the contraction section. Sufficient
length of the inlet section can stabilize the flow and reduce the fraction of lateral velocity, thereby reducing
the loss of energy [15]. Excessive length of the inlet section will increase frictional loss between the fluid
and nozzle wall, and reduce the effective kinetic energy of jet.

Figure 13: Effect of nozzle’s shrinkage ratio on the pressure at the central point of the targeted surface.

Figure 14: Influence of the ratio of length to diameter of the inlet section on the pressure at the central point of the
targeted surface.
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6 Conclusions

(1) The impact of the gas-liquid two-phase jet was better than that of the pure water jet because when
the gas-liquid two-phase jet impacted the targeted surface, the irregular pulsation characteristics of
pressure were clearly observed. The maximum impact pressure of the jet on the targeted surface
varied depending on the nozzle’s structure, and the duration of high pressure also varied with the type
of nozzles. By comparison, the impact pressure of the aero nozzle on the targeted surface was 21%
higher than that of the conical straight nozzle and 37% higher than that of the conical nozzle. The aero
nozzle produced a greater impact pressure on the targeted surface and had a better impact effect.

(2) High speed occurred at the position from approximately 3 times the nozzle’s diameter inside the
nozzle to approximately 2 times the nozzle’s diameter outside of the nozzle. There was no obvious
backflow phenomenon in the flow field inside the nozzle. In the external flow field of the nozzle, near
the targeted surface, there were significant vertical and tangential velocities. There was a noticeable
backflow near the targeted surface of the external flow field, which was beneficial for carrying away
debris from cleaning and cutting. When the gas-liquid two-phase jet entered the nozzle, the pressure
gradually decreased, and it dropped to a lower value at the outlet of the nozzle. Near the targeted
surface, the pressure decreased approximately in a spherical shape with the center of the targeted
surface as the spherical center.

(3) There were obvious bubbles in the nozzle’s contraction section and near the targeted surface with
the gas-liquid two-phase jet. The turbulent kinetic energy of the jet inside the nozzle was very small.
After the jet was sprayed out of the nozzle, the turbulent kinetic energy increased significantly. There
was a local maximum turbulent kinetic energy near the targeted surface, indicating that the level of
turbulence of the jet was very high.

(4) When the gas-liquid two-phase jet entered the nozzle, the gas phase was relatively evenly dispersed in
the liquid phase. Later, the concentration of gas phase at local locations began to increase, indicating
a tendency for gas cavitation. Bubbles formed near the targeted surface, expanded, became larger,
and collapsed under appropriate conditions. The collapse of the bubble generated micro jets, which
increased the pressure on the targeted surface.

(5) The impact pressure of the gas-liquid two-phase jet was the highest with the nozzle’s curvature of
0.01. When the aspect ratio was 15, the jet could exhibit pulsating changes for a longer period of time
under higher pressure. When the shrinkage ratio was 4, the jet had a larger impact pressure and a
longer period of time under higher pressure. As the ratio of the nozzle’s inlet length to outlet diameter
was 2.5, the impact force of the gas-liquid two-phase jet on the targeted surface was higher.
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