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1. Introduction 

The nozzle is the actuator of the high pressure wa-

ter jet generating device, which plays a dominant role in the 

quality of the resulting water jet and also limits the other 

components of the system. Therefore, many experts and 

scholars have conducted a lot of research on the structural 

parameters of the nozzle. The violent collapse of cavitation 

bubbles at the boundary of the object produces high-speed 

micro-jets and high-voltage pulses, which are widely con-

sidered to be the cause of material erosion. Therefore, the 

size of the vapor fraction has a very important influence on 

the quality of cavitation cleaning. Since the cavitation phe-

nomenon involves complex physical factors such as turbu-

lence and phase transition, the research on cavitation noz-

zles is mainly based on numerical simulation [1-3]. Refer-

ence [4] only qualitatively illustrates that increasing the 

length-diameter ratio of the nozzle throat is equivalent to in-

creasing the low pressure area. No experiments were con-

ducted to further analyze the simulation results. Liu Wen-

chuan et al. [5-6] studied the turbulence numerical simula-

tion of fluid passing through a 120°-impinging edge Helm-

holtz nozzle. The interaction between cavitation and eddy 

current formation is analyzed by using vorticity transport 

equation. The advantage is that range of the oscillation fre-

quency, as well as the periodic variation of the cavitation 

clouds and the vortex structure, was obtained. Huang Biao 

et al. [7] used het standard RNG k – ε based filter model, the 

modified RNG k − ε model, and the FBM model based on 

modified RNG k −  to simulate the Clark-y airfoil cavita-

tion flow, and studied the cloud cavitation phenomena. The 

advantage is that adopting FBM model based on modified 

RNG k – ε can more accurately simulate the cloud cavitation 

form and the details of cavitation shedding. Anirban Guha 

et al. [8] studied the water jet cleaning process through ex-

periments and numerical simulation, and deduced a theoret-

ical model for evaluating the optimal and critical interval 

distance. The advantage is that the proposed simulation 

methodology can be helpful for predicting the flow behavior 

of jets used in industrial cleaning applications. Cavitation 

phenomenon is highly unstable [9]. Once the pressure 

around the bubble exceeds the pressure inside the bubble, 

the bubble will suddenly collapse [10]. In the very short time 

when the bubble collapses, hot spots appear in the cavitation 

bubble and the surrounding space. The maximum pressure 

and maximum temperature at the center of the cavitation 

bubble are about 80 MPa and 6400 K [11], respectively. The 

rate of temperature change is as high as 107 K/s, accompa-

nied by strong shock wave and micro-jet with a velocity of 

up to 400 km/h. Under such extreme conditions, free radical 

reactions, chemical bond breaking or high temperature 

cracking reactions occur in the organic matter in the fouling, 

so as to achieve the purpose of cavitation cleaning [12-13]. 

In this paper, the computational fluid dynamics 

software Fluent was used to simulate the hydrodynamic 

properties of water jet nozzle. The effects of structural pa-

rameters on the cavitation ability of the water jet nozzle was 

analyzed from the simulation. It is concluded that the larger 

vapor fraction and vapor fraction distribution region can be 

produced under the 25 MPa inlet pressure. Through six 

groups of numerical simulation of different the length to di-

ameter ratios, the cavitation quality of nozzles with different 

the length to diameter ratio of the nozzle throat section was 

obtained at a specific pressure inlet. It provides a theoretical 

basis for the design of nozzle structure. 

2. Establishment of nozzle structure model 

The standard k − ε model may produce negatively 

normal stress when the time-averaged strain rate is very 

large. The standard k − ε model may produce negative pos-

itive stress when the time-averaged strain rate is very large. 

Some restraint on normal stress is required. The realizable k 

− ε model is proposed to satisfy the physical laws of turbu-

lence for fluid flow. In this paper, the flow field character-

istics of water jet nozzles are studied, and the realizable k − 

ε model is selected to simulate the flow field inside the noz-

zles. However, one disadvantage of realizable k − ε model 

is that it cannot provide natural turbulent viscosity when cal-

culating rotational and static flow regions. This is because 

the effect of average curl is considered in the definition of 

turbulent viscosity in realizable k − ε model. The nozzle 

structure model is shown in Fig. 1. When the fluid passes 

through the throat section, a certain pressure drop will be 

generated in the flow field to promote the generation of cav-

itation bubbles. The inlet diameter is d1; The inlet contrac-

tion tube diameter is D; The diameter of the resonator is d; 

The diameter of the throat section is d0; The length of the 

resonator is L3; The length of the throat section is L4; The 

outlet diffusion angle α is 30° [14]; The length of expansion 

section is L5. The physical parameters of the nozzle are 

shown in Table 1. 
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Fig. 1 Structural model of the nozzle 

 

Fig. 2 Mesh model of the nozzle 

Table 1 

Physical parameters of the nozzle 

Projects L1, mm L2, mm L3, mm L4, mm L5, mm D, mm d, mm d0, mm d1, mm α, º 

Parameters 17 45 32 2.3 10 21.5 15 2 10 30 

Because the nozzle is a revolving body, the three-

dimensional model of the nozzle is simplified to a two-di-

mensional model [15]. The model is meshed by quadrilat-

eral elements, and the flow field simulation of the nozzle is 

simulated by FLUENT software. In order to improve the 

calculation accuracy of the internal flow field, the mesh is 

refined [16]. The mesh model of the nozzle is shown in 

Fig. 2. 

3. Establishment of mathematical model 

After physical simplification of the model, the gov-

erning equations are established from the mathematical 

point of view, and are discretized and linearized to solve it-

eratively. Mixture model is a simplified multi-phase flow 

model, which can be used to simulate two-phase or multi-

phase flow with different velocities. It mainly solves the 

continuity equation, momentum equation, energy equation, 

volume fraction of the second phase and relative velocity 

equation of the Mixture phase. Therefore, the Mixture 

model is adopted.  

3.1. Multiphase flow model equation 

I) Continuous equation of Mixture model. 

The continuity equation of the Mixture model is: 

( ) ( ) ,m m mv m
t
 


+ =


 (1) 

 

where: m  is to describe the mass transfer due to cavitation 

or user-defined mass sources; mv is the average mass flow 

rate, which can be expressed by formula (2). 
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where: m is the Mixture density, which can be expressed 

by formula (3). 
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In formulas (2) and (3), k  is the volume fraction 

of the first k  phase. 

II) Momentum equation of Mixture model. 

The momentum equation of the Mixture model can 

be obtained by summing the momentum equations of all 

phases [17]. It can be expressed as: 
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where: n  is the phase number; F  is the volume force; m  

is the Mixture viscosity, which can be expressed by formula 

(5). 
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where: ,dr kv  is the drift velocity of the second phase k, 

which can be expressed by formula (6). 

 

, .dr k k mv v v= −  (6) 

3.2. Control equation  

The dynamic characteristics of a single cavitation 

bubble can be described by Rayleigh-Plesset equation [1]: 
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where: RB is the diameter of the cavitation bubble; p is the 

confining pressure of the liquid; ρl is the density of the liquid; 

pv is the saturated vapor pressure of the liquid; S is the sur-

face tension coefficient of the liquid. Regardless of the in-

fluence of the quadratic term and the surface tension in 

equation (7), the dynamic formula between the confining 

pressure of liquid and the radius of cavitation bubble is ob-

tained. 
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Formula (8) shows that the relationship between 

liquid confining pressure and mass change rate of a single 

cavitation bubble is as follows: 
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Assuming that there are NB cavitation bubbles in 

the unit volume, the expression of vapor volume fraction φν 

is as follows: 

 

34
.

3
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The mass conversion rate per unit volume can be 

calculated by substituting formula (10) into formula (9): 
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When p< pv, the liquid will be cavitated. As cavi-

tation nuclei grow into a cavitation bubble, the density of 

cavitation nuclei will decrease. Formula (10) can be ex-

pressed in formula (12): 

 

(1 ),v nuc v  = −  (12) 

 

where: φnuc is the volume fraction of liquid cavitation nuclei. 

The cavitation number [18-21] reflects the effect of 

absolute pressure on the generation of cavitation bubbles. 

The cavitation number is a special form of Euler number, 

which is the most important similarity criterion to describe 

the degree of cavitation development. The smaller the cavi-

tation number, the larger the cavitation bubble inclusion re-

gion. It is defined as: 
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where: p∞ is the inflow pressure of the liquid; pv is the satu-

rated vapor pressure of the liquid; pl is the density of the 

liquid; v∞ is the inflow velocity of the liquid. It can be seen 

that the cavitation number σ decreases with the increase of 

jet outlet velocity under a certain inflow pressure. If the 

number of primary cavitation bubbles in the jet is σi, then 

when σ < σi, cavitation bubbles will be generated in the jet. 

4. Setting of boundary conditions and simulation param-

eters 

Mixture model is chosen for multiphase flow, and 

slip velocity between liquid phase and vapor phase is ne-

glected. Because the size of the nozzle model is small, no 

large-scale bubbles will be generated, and the gravity effect 

can be neglected. Turbulence model chooses realizable k − 

ε model. The fluid property parameters are shown in Table 2.  

Table 2  

Physical properties of the two materials 

Properties Water Vapor 

Density, kg/m3 998.2 0.5542 

Viscosity, kg/m1 1.003×10-3 1.34×10-5 

 

The main phase is water liquid. The second phase 

is water vapor. The conversion mode is cavitation, and the 

cavitation pressure is set as the saturated vapor pressure of 

water at 20 degrees Celsius, i.e. 2338.8 Pa. The inlet bound-

ary is the pressure inlet, and the inlet pressure is setted as 

15 MPa. The outlet boundary is the pressure outlet, and the 

outlet pressure is the standard atmospheric pressure, i.e. 

101325 Pa. Coupled is chosen as the solution method, and 

Zwart-Gerber-Belamri cavitation model is used for simula-

tion analysis. 

5. Analysis of simulation results of nozzle flow field 

5.1. Analysis of flow field inside nozzle 

Fig. 3 is a time-averaged pressure contour map in-

side the nozzle, from which it can be seen that the pressure 

inside the nozzle has almost no change from the inlet to the 

throat section. The pressure contour map of the nozzle throat 

section is shown in Fig. 4. There is a distinct pressure drop 

at the entrance of the nozzle throat section, forming a low 

pressure zone, which creates conditions for the cavitation 

inception of the fluid in the nozzle and the development of 

cavitation bubbles. When the minimum pressure in the flow 

field is less than the saturated vapor pressure at the local 

temperature of the liquid, cavitation will occur in the liquid. 

 

Fig. 3 Pressure contour map of the nozzle 

 

Fig. 4 Pressure cloud map of the throat section of the nozzle 

Fig. 5 is a time-averaged velocity contour map in-

side the nozzle, from which it can be seen that the flow ve-

locity inside the nozzle does not increase significantly in the 

inlet contraction tube and the resonator. The velocity in-

creases as the fluid flows through the throat section of the 

nozzle where the fluid velocity reaches a maximum. When 

the liquid leaves the nozzle outlet at a high speed, a Local 

reflux zone is formed in the nozzle expansion section. As 

shown in Fig. 6, the reflux causes the vapor fraction distri-

bution region of the expanded section to gradually spread 

along the expansion section wall. 

 

Fig. 5 Velocity contour map of the nozzle 
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Fig. 6 Schematic diagram of flow in the nozzle expansion 

section 

In Fig. 7, the time-averaged vapor volume distribu-

tion of the nozzle shows that cavitation occurs when the 

fluid passes through the nozzle throat section. Cavitation 

bubbles occur near the wall of the nozzle throat section, and 

the maximum vapor fraction occurs at the beginning of the 

expansion section. When cavitation occurs in the flow field, 

strong disturbance and turbulent kinetic energy increase 

sharply, as shown in Fig. 8. The variation range of turbulent 

kinetic energy reflects the strength of cavitation. The gener-

ation, growth and collapse of cavitation bubbles will cause 

disturbance of flow field, and the turbulent kinetic energy 

will increase with the increase of fluctuating pressure. The 

maximum turbulent kinetic energy occurs on both sides of 

the nozzle outlet axis, not on the nozzle outlet axis. 

 

Fig. 7 Vapor phase volume fraction diagram of the nozzle 

 

Fig. 8 Turbulent kinetic energy distribution diagram of the 

nozzle 

5.2. Cavitation vapor fraction distribution under different 

conditions 

In order to study the change of flow field in nozzle 

under different pressure inlets, six groups of parameters, 5, 

10, 15, 20, 25 and 30 MPa, were used to simulate the flow 

field. The results show that, as shown in Fig. 9, the pressure 

of six groups of pressure inlet parameters will drop suddenly 

in the nozzle throat section, and the minimum pressure is 

almost the same, all of them will fall below the saturated 

vapor pressure. The nozzle exit velocity increases linearly 

with the increase of pressure inlet, as shown in Fig. 10. 

When the fluid passes through the throat section of the noz-

zle, the flow rate rises sharply and then decreases slightly. 

This is because when the fluid passes through the throat sec-

tion of the nozzle, cavitation bubbles begin to form, and then 

the cavitation bubbles grow, and a large number of cavita-

tion bubbles form a cavitation cloud. The core region has 

highly concentrated kinetic energy, so the length of the core 

region is expected to increase with the increase of jet pres-

sure. When the cavitation cloud expands, the flow of fluid 

will be blocked, resulting in a small decrease in the nozzle 

exit velocity. 

 

Fig. 9 Pressure curves distribution of the nozzle axis 

 

Fig. 10 Velocity curve distribution of the nozzle axis 

Fig. 11 shows the time-averaged vapor phase vol-

ume fraction distribution of nozzle expansion section under 

different pressure inlet. It can be seen from the diagram that 

the vapor fraction begins to diffuse along the wall from the 

starting point of the nozzle throat section and the starting 

point of the expansion section. Fig. 12 shows vapor fraction 

curves distribution of nozzle expansion section wall under 

different pressure inlet. Combining with Figs. 11 and 12, 

when the inlet pressure is 5 MPa, the maximum vapor frac-

tion is 0.84, which occurs at the starting point of the nozzle 

expansion section, and the vapor fraction distribution region 

is small. As the pressure inlet increases gradually, the max-

imum vapor fraction increases, and the distribution region 

of vapor fraction increases accordingly. The maximum va-

por fraction region increases gradually along the diffusion 

wall, especially when the pressure inlet increases to 25 MPa, 

the vapor fraction reaches 0.9924. It can be seen that the in-

tensity of cavitation is very intense, and the distribution re-

gion of vapor fraction also increases sharply, almost full of 

the whole expansion section of the nozzle. The pressure in-

let was increased to 30 MPa, and the vapor fraction value 

and the vapor fraction distribution region were not substan-

tially increased. This shows that there is an optimum value 

for the influence of the pressure inlet on the distribution re-

gion and the vapor fraction of the cavitation bubble at the 

expansion section. The reason for this phenomenon is re-

lated to the number of cavitation nuclei. Because there is a 
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reflux in the expansion section of the nozzle, the reflux of 

the cavitation nuclei in other region gather on the wall of the 

expansion section. The greater the number of cavitation nu-

clei, the greater the number of cavitation bubbles, and the 

more cavitation. 

 

 

a) 5 MPa pressure inlet 

 

b) 10 MPa pressure inlet 

 

c) 15 MPa pressure inlet 

 

d) 20 MPa pressure inlet 

 

e) 25 MPa pressure inlet 

 

e) 30 MPa pressure inlet 

Fig. 11 Vapor phase volume fraction distribution of nozzle expansion section under different pressure inlet

In order to further study the influence of different 

the length to diameter ratio (L4/d0) on the vapor fraction at 

the nozzle throat section, six groups of parameters, namely, 

the length to diameter ratio of 0.1, 0.5, 1, 1.5, 2 and 2.5, were 

numerically simulated under the pressure inlet of 25 MPa. 

As a result, as shown in Fig. 13, when the length to diameter 

ratio is 0, the number of cavitation bubbles in the expansion 

section is small, the vapor fraction value is low, and the va-

por fraction distribution region is also small. When the 

length to diameter ratio is 0.5, the vapor fraction value in-

creases, but the vapor fraction distribution region is still 

small. When the length to diameter ratio is 1, the vapor frac-

tion of the expansion section increases, and the vapor frac-

tion distribution region also increases. When the length to 
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diameter ratio is 1.5, the vapor fraction of the expansion sec-

tion rises slightly, but the vapor fraction distribution region 

suddenly increases, almost filling the entire expansion sec-

tion of the nozzle. It is because the change of the length to 

diameter ratio increases the water flow disturbance, affects 

the turbulent kinetic energy, and then increases the vapor 

fraction distribution region. When the length to diameter ra-

tio is 2, the vapor fraction value does not increase, and the 

vapor fraction distribution region only slightly expanded. 

When the length to diameter ratio is 2.5, the vapor fraction 

value and the vapor fraction distribution region of the ex-

pansion section are substantially no longer increased when 

the length to diameter ratio is 2. Therefore, different length 

to diameter ratio has a great influence on the cavitation qual-

ity. 

  

Fig. 12 Vapor fraction distribution curve of nozzle expan-

sion section wall under different pressure inlet 

 

Fig. 13 Vapor fraction distribution curve of nozzle expan-

sion section wall under different length to diameter 

ratio 

6. Conclusions 

1. Cavitation occurs first in the throat section of the 

nozzle and the starting point of the expansion section, and 

the high vapor fraction region occurs in the wall of the noz-

zle expansion section. In addition, the reflux of the fluid 

causes the vapor fraction distribution region to gradually 

spread along the wall of the expansion section with the pres-

sure inlet increases. 

2. With the gradual increase of the pressure inlet, 

the vapor fraction and the vapor fraction distribution region 

of the nozzle expansion section are also gradually increased. 

Especially when the pressure inlet is 25 MPa, the vapor frac-

tion and the vapor fraction distribution region in the expan-

sion section are basically up to the maximum, and the cavi-

tation quality is better.  

3. The length to diameter ratio has little effect on 

the vapor fraction of the expansion section, but the length to 

diameter ratio has a greater influence on the vapor fraction 

distribution region. When the length to diameter ratio is 2, 

the vapor fraction distribution region reaches the maximum. 

Reference [4] only qualitatively illustrates that in-

creasing the length-diameter ratio of the nozzle throat is 

equivalent to increasing the low pressure area. In this paper, 

we quantitatively study the distribution of the vapor fraction 

distribution curve of nozzle expansion section wall under 

different length to diameter ratio. Because of the limited 

conditions, this paper only simulates the flow field of the 

nozzle. In the process of simulation analysis, in order to sim-

plify the simulation analysis model, the 3D model of the 

nozzle is simplified to 2D model. In the future research, the 

simulation results should be further analyzed combined with 

experiments. 
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Y. Q. Su, J. F. Shi, Y. H. Wang 

NUMERICAL SIMULATION OF CAVITATION OF 

WATER JET NOZZLE BASED ON REALIZABLE 

k −  MODEL 

S u m m a r y 

In order to study the cavitation characteristics of 

water jet nozzles, a realizable k – ε model was selected to 

simulate the flow field inside the nozzle at the inlet pressure 

of 15 MPa. The pressure at the starting point of the nozzle 

throat section dropped to the minimum, and the liquid ve-

locity reached the maximum. From the vapor volume distri-

bution map of the nozzle, it can be seen that the vapor frac-

tion is the largest on the wall of the expansion section, and 

a local reflux is formed in the expansion section, which re-

sults in the gradual diffusion of the vapor fraction distribu-

tion along the wall of the expansion section. In addition, the 

influence of nozzle inlet pressure on the vapor fraction and 

vapor fraction distribution region in the expansion section is 

analyzed. The results show that the larger vapor fraction and 

vapor fraction distribution region can be produced under the 

25 MPa inlet pressure. At the pressure inlet of 25 MPa, six 

groups of numerical simulations were carried out with dif-

ferent the length to diameter ratio of the nozzle throat sec-

tion (L4/d0). The results show that when L4/d0 is 2, it is 

more conducive to the formation of cavitation and the qual-

ity of cavitation is better. 

Keywords: cavitation jet, nozzle, flow field, numerical 

analysis, vapor fraction. 
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