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ABSTRACT 

Rotating cavitation water jet technology is widely used in many industrial fields 

such as pipeline cleaning, unblocking, cutting, etc. To more accurately analyse 

the flow characteristics of rotating cavitating water jets, the specific impact of 

the nozzle rotational velocity on the evolution of the whole flow field was 

systematically explored in this work. More specifically, a numerical simulation 

study of a three-nozzle rotating cavitation nozzle was carried out using the Large 

Eddy Simulation method of the WALE sub-lattice model. After determining 

12MPa as the inlet pressure condition. The tangential velocity, vorticity, 

cavitation cloud development patterns, and wall pressure changes in the internal 

flow field at different rotational speeds were compared. From our analysis, it 

was demonstrated that as the nozzle rotates faster, the tangential velocity of the 

jet increases, leading to a deflection of the jet. The degree of deflection is 

positively related to the rotational speed. Under the action of shear, the vortex 

structure will gradually increase in size as the jet develops and finally breaks up 

and disintegrates. The period of cavitation cloud development and maximum 

volume fraction increases with increasing the rotational speed; When the 

rotational speed increases, the striking pressure of the rotating jet on the wall 

first increases and then decreases. The fitted jet curve can better reproduce the 

jet development pattern. The derived fitting formula allows the determination of 

the corresponding impact angle according to the magnitude of the rotational 

velocity. The existence of a higher nozzle rotation speed induces a greater 

curvature of the fitted curve, the deflection angle, and the impact angle. Our 

work provides a robust theoretical reference for the field application of the 

rotating nozzle cavitation water jet technology and can be used as technical 

support for industrial well-bore unblocking and pipeline descaling. 
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1. INTRODUCTION 

Pipework is an integral part of many industrial 

processes. Numerous piping structures exist in the food, 

chemical, power, and petroleum industrial sectors. A 

nozzle combining rotation and cavitation has been 

discovered and widely used to solve various internal pipe 

work problems. For instance, using the huge instantaneous 

pressure and strong destructive force generated at the 

moment of bubble collapse combined with the full-

coverage characteristics of nozzle rotation, Guo et al. 

(2018) reported a better operating efficiency. 

Peng et al. (2018) conducted a visual erosion test of 

the cavitation jet flow field. The spatio-temporal 

distribution of the cavitation clouds was analysed, and the 

morphology of the eroded samples was analysed from 

both macroscopic and microscopic perspectives. The 

descaling and erosion capability of the cavitation water 

jets was also demonstrated. In another interesting work, 

Cai et al. (2020) found that the erosion characteristics of 

the cavitation effects are affected by a number of factors, 

such as fluid parameters (fluid pressure, cavitation number, 

etc.), ambient temperature, geometry of the test setup, etc. 

Thus, the generation of different jet frequencies can inhibit 

or promote pressure oscillations in the self-excited state, 

which can accelerate the development cycle of the 

cavitation clouds. Dabiri et al. (2010) investigated  

the development of bubbles within cavitation effects in  
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NOMENCLATURE 

Ds cavitation nozzle inlet diameter  L4 diffusion segment length 

L1 cavitation nozzle inlet length  L jet core curve 

Dx diameter of resonant cavity  w sample points of the jet curve 

L2 resonant cavity length  a tangent line at w 

d throat diameter  α angle of impact 

L3 throat length  b 
sample point w in line with the start of the 

jet 

θ diffusion angle  β angle of divergence 

D deflection distance  R jet radius 

L0 starting deflection distance of jet  B1、B2 jet Curve Fitting Coefficient 

A tangent-line equation  A0 tangent slope 

α0 tangent line origin  x nozzle rotation speed 

 

shear and extended flows. The three-dimensional 

behaviour of the cavitation bubbles during growth to 

collapse was observed by solving the Navier-Stokes 

equations. It was found that when the vacuole collapses, 

the interaction between the vacuole and the internal flow 

field leads to the generation of re-entrant jets on both sides 

of the cavitation bubble. Due to viscosity, surface tension, 

and shear, the re-entrant jet has sufficient strength to break 

the large bubbles into smaller ones. Wu et al. (2022) 

carried out a flow field characterization of organ-pipe 

cavitation nozzles and pointed out that the effectiveness of 

cavitation is mainly affected by the size of the throat cross-

section. The latter reaches its maximum length and 

volume when the length of the throat section is twice the 

diameter of the throat.  

Wang et al. (2023a) used cavitation jets in 

conjunction with rotatable nozzles and found that it was 

difficult to directly observe due to the large perturbations 

and phase changes in the flow field of the rotating nozzles. 

The authors suggested that numerical simulation methods 

should be used to further investigate this effect. The 

computational method of Large Eddy Simulations was 

proposed by Smagorinsky (1963) and is now mostly used 

to simulate atmospheric airflow. Large eddy simulation is 

performed by dividing the eddy structure into large and 

small scales through a low-pass filter. Large-scale vortex 

structures are directly solved in the calculations, while 

small-scale vortex structures need to be simulated with a 

sub-lattice model. (Wang & Ostoja-Starzewski, 2005); 

(Bensow & Bark, 2010) found that this model can predict 

the cavitation effects more accurately. Particularly, Wang 

et al. (2023b) used three sub-lattice models, namely the 

SM model, the WALE model, and the WMLES model, to 

simulate the large vortices of organ-pipe cavitation 

nozzles. The applicability of the different sub-lattice 

models for simulating and investigating the flow field 

within the cavitation water jet and the mechanism of the 

cavitation water jet were investigated. It was concluded 

that the WALE model can simulate the cavitation cloud 

evolution cycle more accurately and capture a larger 

number of small-scale eddies. Yu et al. (2022) numerically 

simulated the Clark-Y small-scale vane grating using the 

Large Eddy Simulations method, and deeply investigated 

the basic mechanism of the periodic evolution of 

cavitation-vortex interaction in the U-shaped cavity. The 

formation principles of the high-pressure and low-velocity 

zones were perfectly explained using kinetic processes. 

Combining vortex kinematics and the re-entrant jet theory, 

the dynamic evolution mechanism of the cavitation clouds 

and cavitation bubbles in the flow field inside a U-shaped 

cavity can be obtained. Ji et al. (2017) also investigated 

the phenomenon of cavitation attached to the turbulent 

surface of hydrofoils by using a combination of Large 

Eddy Simulations and a homogeneous cavitation model. 

From the predictions of the cavitation vapour phase 

volume fractions and lift coefficients obtained from the 

simulations, the periodic nature can be clearly seen. In 

addition, the simulated predictions are consistent with the 

experimental data parameters. At the same time, the 

transient behavioural characteristics of the non-constant 

vacuole evolutionary dynamics (vacuole incipience, 

development, shedding, collapse) can be accurately 

captured. By comparing the cavitation cloud vapour phase 

volume fraction and time-frequency domain periodicity 

obtained from the LES model calculations, 

Bhatt and Mahesh (2019) found that the cavitation cloud 

morphology is very similar to the experimental shots. The 

shedding periodicity frequency and cavitation shock wave 

propagation velocity are in direct agreement with the 

experimental results. Meanwhile, the simulation approach 

allows a better identification of the cavitation in cross-

directional vortices in the shear region. It was observed 

that the cavitation bubbles mainly occur in the shear layer, 

intermittently in the cavity, and during the bubble shock 

cycling process. 

Li et al. (2023) proved that the rotational speed 

contributes to some extent to the cavitation effect. For 

rotary cavitation of the modified lobe type, the high 

rotational speed induces the generation of longer and 

larger vacuoles by the cavitation, resulting in a more 

pronounced cavitation effect. The surface area and volume 

of the cavitation bubbles are continuously increasing with 

the increase of the rotational speeds. Ni (2022) reported 

that changes in the nozzle’s rotational velocity have a 

direct impact on the angle of incidence of the jet impact. 

The rotating nozzle avoids the "Water Cushion Effect" 

caused by the continuous jet at a fixed impact angle. The 

peak wall affects the pressure distribution and leads to a 

slight increase in the wall shear pressure over a certain 

speed range. As the speed continues to increase, the 

pressure and shear will begin to decrease due to the energy 

loss. Using an improved separation vortex simulation 

method and shear stress transport equation, Chen et al. 

(2020) systematically analysed the development and 

evolution of the vortex structure, the change 

characteristics of the velocity field pressure field, and the 
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turbulence pulsation fluctuation law inside the rotating jet 

flow field. The simulated results showed that the 

development of cavitation water jet vortex periodic 

structure is grouped into three evolutionary stages. 

Moreover, the rotating flow action can significantly 

enhance the radial turbulent pulsation, and increase the jet 

diffusion angle and turbulent pulsation. Wang et al. (1999) 

investigated the structural characteristics of rotating jets, 

as well as the distribution of the flow field. The authors 

demonstrated that the rotating jets possess three-

dimensional velocities, which result in a larger impact area. 

Various tests in the literature have also shown that the 

efficiency of rotating jets in breaking up rock drilling is 

much higher than that of ordinary round jets. Particularly, 

Zhao et al. (2023) used the rotating abrasive water jet for 

cutting oil pipelines within an oil field and simulated the 

flow characteristics of the flow field within the cutting 

process. In parallel, the authors analysed the conditions 

under which the operating parameters affect the industrial 

cutting operation, and optimised them. It was found that 

two vortices with opposite directions were formed on both 

sides of each nozzle of the internal flow field in the range 

of 360◦. When the spacing was less than 7 mm, a larger 

standoff distance induced a higher pressure reaching the 

wall, and a better cutting effect of the rotating nozzle. 

Zhao et al. (2020) combined cavitation and rotation to 

design a polishing nozzle for low-pressure conditions. The 

effectiveness of the rotating cavitation nozzle was verified 

based on the abrasive flow simulation method of 

Computational Fluid Dynamics (CFD) and the 

monocrystalline silicon wafer polishing test. The nozzle 

was also analysed to find differences with the 

conventional operating process of polishing by low 

pressure abrasive jetting. It was proven that the 

operational efficiency of the rotary cavitation nozzle was 

higher than that of the traditional abrasive jet. Xu (2022) 

utilized rotary cavitation water jet technology for oil well 

decommissioning, combining 90° and rotary nozzles with 

shaped two-chamber Helmholtz nozzles, and optimising 

the design of nozzle geometry construction, which 

increased the jet velocity of the nozzles by 3.508 m/s. 

From the above-mentioned analysis, it can be seen 

that the rotational action can effectively increase the 

erosive capacity of the jet. However, the underlying flow 

mechanism and dynamic properties of the flow field 

within the jet under the joint action of the rotation and 

cavitation effects have been scarcely reported. Along these 

lines, in this work, the Large Eddy Simulations method 

was adopted to numerically simulate the cavitation jet 

flow field of a submerged rotating nozzle used in 

industrial pipeline cleaning and unblocking conditions. 

2. MODEL INTRODUCTION  

2.1 Geometric Structure Parameters 

The organ-pipe cavitating nozzle size has been 

optimized in the literature, and its structure is shown in 

Fig. 1. The main structural dimensions are: Inlet diameter 

of Ds=6.4 mm. Inlet length of L1=5 mm. Diameter of the 

resonant cavity of Dx=3.2 mm. Resonant Cavity Length of 

L2=5.2 mm. Throat diameter of d=1 mm. Throat length  

of L3=1 mm. Diffusion angle θ = 25°. Diffusion segment  

 

Fig. 1 Schematic diagram of organ-pipe section 

dimensions
 

 

 

Fig. 2 Schematic diagram of the fluid calculation 

domain of the rotating nozzle
 

 

length of L4=1.5 mm. The arrows indicate the direction of 

the incoming flow, which flows through L1, L2, L3, L4 

successively. 

The focus of this work is on the evolution of the 

rotating field and the formation process of the cavitation 

cloud after the rotation effect is superimposed on the 

cavitation nozzle. The simplified fluid domain obtained by 

removing the connection part of the nozzle to the motor 

during the modelling process is depicted in Fig. 2. The 

fluid domain is defined as two parts, namely the rotating 

region and the stationary region. The rotary nozzles 

contain three organ-pipe cavitating nozzles. The inlet was 

extended by a short distance to ensure the full 

development of the jet and reduce the influence of the inlet 

on the core region of the flow field. After conducting the 

dimensionless treatment, the outflow field diameter to 

throat (d) ratio was 62. The jet is mainly developed in the 

radial direction, centred on the core region of the jet, and 

extended by the same distance in both directions of the 

axis to ensure that the jet is not affected. 

2.2 Flow Field Meshing 

According to the mesh diagram drawn by the ICEM 

software, when the rotating nozzle is in operation, the 

three nozzle sections of the nozzle body are in the rotating 

region, while the external flow field region is at rest. 

Therefore, the mesh is defined as two regions, namely the 

outflow field rotation area and the inflow field stationary 

area, which will facilitate the drawing of the mesh. These 

two areas transfer data through the interface. Large The 

Eddy Simulations have high mesh requirements for the 

encryption of the mesh. To save computational resources, 

local encryption and boundary layer encryption were used,  

Stationary region 

Rotating region  



W. Wu et al. / JAFM, Vol. 17, No. 12, pp. 2637-2651, 2024.  

 

2640 

Table 1 Comparison of the vapour phase volume fractions in different meshes 

 
Number（106） 

Maximum vapour phase volume 

fraction 

Surface-averaged vapour phase volume 

fraction 

Mesh1 1.73 0.902 0.0073 

Mesh2 2.66 0.907 0.0078 

Mesh3 2.99 0.908 0.0116 

Mesh4 3.65 0.907 0.0117 

 

 

 

 

 

 

 

               
 

Fig. 3 Schematic diagram of the jet core surface 

meshes 

 

with boundary layer encryption for the near-wall mesh and 

local encryption for the core region where the water jets 

develop. Additionally, density box encryption for the 

cylindrical and diffusive portions of the three organ pipe 

nozzles, as well as the region of large gradients, were 

adopted. The first grid height of the boundary layer was 

0.08 mm, the variation rate was 1.1, and 15 layers were 

encrypted. The Y+-values on the core were clustered 

around 5. Mesh-independent studies were performed on 

these four sets of meshes, and the total number of meshes 

was 1.73 million, 2.66 million, 2.99 million, and 3.65 

million, respectively. The inlet condition selects the 

pressure inlet, and the value was set to 12 MPa. The outlet 

parameter condition was set to the pressure outlet, and the 

value was set to 101325 Pa. The time step required for the 

calculation was specified as 1×10-5 s, and the simulation 

results are listed in Table 1. From our analysis, it was 

found that the maximum gas-phase volume fraction 

parameter and the core surface average gas-phase volume 

fraction values increased with the number of meshes. 

When the number of meshes was increased to 2.66 

million, the maximum change in the vapour phase volume 

fraction by increasing the number of meshes was less than 

1%. When the number of meshes was 2.99 million, the 

surface-averaged vapour-phase volume fraction by 

increasing the number of the meshes was less than 1%. 

The third set of 2.99 million meshes was selected for the 

subsequent simulation under the premise of combining the 

above two reference quantities and fully considering the 

computational resources, and its computational domain 

meshes are displayed in Fig. 3.  

3.  CALCULATION MODELS AND METHODS 

3.1 Mixture Model Control Equations 

The flow field with cavitation contains the two-phase 

flow of vapour and liquid. Therefore, a multi-phase flow 

model needs to be added to the simulation of the rotating 

cavitation water jet flow field. The mathematical 

equations of the continuity and momentum under the 

mixture model setting are: 

( ) ( ) 0mm m v
t
 


+ =

                                                (1) 

( ) ( ) ( )T

m m m m mm m mv v v p v v
t
  

  + = − +  +
  

 

 

, ,dr k dr kK K v v 
 

− 
 
 m g F+ +

                             (2)
 

mv  is the mass average velocity (m/s) calculated by the 

following formula: 

�⃗�𝑚 =
∑ 𝛼𝑘𝜌𝑘�⃗⃗�𝑘
𝑛
𝑘=1

𝜌𝑚
                                                          

 (3)  

m  denotes the mixed density (kg/m3) calculated by 

following the formula: 

𝜌𝑚 = ∑ 𝛼𝑘𝜌𝑘
𝑛
𝑘=1

                                                           
 (4) 

𝑛 refers to the total number of the fluid media (two phases 

are included in this study); �⃗�stands for volumetric forces; 

m  is the viscosity of the mixture calculated by the 

formula: 

𝜇𝑚 = ∑ 𝛼𝑘𝜇𝑘
𝑛
𝑘=1

                                                            
(5)

 

,dr kv  states the slip velocity of the 𝑘 phase: 

,dr k k mv v v= −                                                             (6) 

k  represents the volume fraction of the k  phase. 
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3. 2 Control Equations for Large Eddy Simulations 

The ANSYS FLUENT 2021R2 software package was 

used for the simulations. The Large Eddy Simulations can 

distinguishe the vortex motion of a turbulent body into 

large-scale eddies and small-scale eddies by means of a 

filter function. The continuity and momentum equations 

were obtained after filtering: 

( ) 0i

i

u
t x




 
+ =

                                                                (7)

 

( ) ( ) iji
i i j

j i j j j

up
u u u

t x x x x x


  

     
+ = − + −                      (8)

 

 is the density of the fluid medium (kg/m3); 
iu and ju

are the directional velocities of the fluid (m/s); p denotes 

the hydrostatic pressure (Pa); ij refers to sub-lattice scale 

stress whose formula is: 

1
2

3
ij t ij kk ijS   = − +

                                                       (9)

 

3. 3 Wall Adapted Local Eddy Viscosity (WALE) 

Model Eddy Viscosity Equation 

The accuracy of large eddy simulation results is 

affected by the sub-lattice equations. The sub-lattice 

models that are currently widely used in large eddy 

simulations are the Smagorinsky-Lilly Model, Wall-

Applied Localised Vortex Adhesion Model, and the 

Algebraic Wall Model. According to the literature, it has 

been found that the Wall-Applied Localised Vortex 

Adhesion Model is better than the other two sub-lattice 

models in simulating the cavitation jet flow field.   

The Wall-Applied Localised Vortex Adhesion Model is as 

follows: 

( )

( ) ( )

3

2

2

55

42

d d

ij ij

t s

d d

ij ij ij ij

S S
L

S S S S

 =

+
                                        (10)

sL and
d

ijS takes its value through the following formula: 

1

3min ,s wL kd C V
 

=  
                                                    (11)     

 

( )2 2 21 1
,

2 3

d i
ij ij ji ij kk ij

j

u
S g g g g

x



= + − =


                    (12)

 

wC is a WALE constant that takes the value of 0.325. 

3.4 Zwart-Gerber-Belamri（ZGB）Mathematical 

Cavitation Modelling Equations: 

 The Zwart-Gerber-Belamri cavitation model is as 

follows: 

When 𝑃 ≤ 𝑃𝑉,  

( ) ( )3 1 2

3

nuc v v V

e vap

B l

P P
R F

  



− −
=


                                  (13)

 

When  𝑃 ≥ 𝑃𝑉,  

( )23

3

vv v
c cond

B l

P P
R F

 



−
=


                                             (14)

 

𝑃 is the localised pressure; 𝑃𝑣 is the saturated vapour 

pressure; ℜ𝐵takes the value of 10−6𝑚 for the radius of the 

bubble; 
nuc takes the value of 5 × 10−4 for the bubble 

volumetric fraction; 𝐹𝑣𝑎𝑝 takes the value of 50 for the 

evaporation coefficient of liquids; 𝐹𝑐𝑜𝑛𝑑takes the value of 

0.01 for the condensation factor; 𝜌𝑙 denotes the phase 

density of liquid; 𝜌𝑣states the vapour phase pressure.   

3. 5 Boundary Conditions and Discretisation Methods 

 This work focused on the impact of the rotational 

speed variations on the development of velocity, vorticity, 

and cavitation cloud development patterns in the flow field. 

These variations were numerically calculated using 

FLUENT software. The pressure inlet was determined 

using a value of 12 MPa and the outlet pressure using a 

value of 101325 Pa, eliminating the sliding wall. The 

medium was fresh water at a temperature value of 25° C 

with a saturated vapour pressure of 3169 Pa. Its density 

and viscosity were 1000 kg/m3 0.89 mPa s , respectively. 

To enhance the accuracy of the calculation results during 

the large eddy simulations, the stable flow field was first 

obtained by the k-e model, which was used as the initial 

flow field for the calculations. Then, the large eddy model 

was turned on, the WALE model in the Large Eddy 

Simulation sub-lattice model was selected, and a velocity-

pressure coupling algorithm was used. Bounded Second 

Order Implicit formulation was chosen for the 

mathematical transient term equation and PRESTO! 

format discrete formulation was designated as the pressure 

term equation. The time step was set to 10-5 s. Each time 

step was iterated 20 times and the convergence accuracy 

of the residuals was set by the continuous term Continuity 

to 0.00001. The rotation speed was set variable by using a 

sliding mesh. 

3.6 Sliding Meshes Model 

When simulating the rotating cavitation water jet flow 

field, the nozzle area was in the state of rotating motion, 

and the flow field outside the nozzle was in the static state. 

Hence, it involved the dynamic and static interference 

problem, whereas the simulation of the dynamic and static 

  

 

Fig. 4 Schematic diagram of data transfer for Sliding 

Meshes Model 
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interference problem mainly relies on the Dynamic 

Meshes and Sliding Meshes Models. The motion of the 

boundary of the dynamic meshes can be defined in two 

ways. More specifically, one is predefined by UDF (User 

Defined Function), and the other is not predefined, and its 

motion is determined by the results of the previous 

calculation. Both of these ways involve re-demarcation of 

the mesh, which may lead to a lower quality or even a 

negative volume mesh. However, this could in turn lead to 

non-convergence of the computation. Compared with the 

dynamic mesh, the sliding mesh does not involve a mesh 

reorganization problem, saves computational resources, 

and the calculation results are more stable. For this reason, 

in this work, the sliding mesh for simulation calculation 

was adopted. 

In the simulation process with the increase of the time 

step length of the motion domain in accordance with its 

own speed of movement to produce displacement, in the 

process of the motion domain and the stationary domain 

of the respective interface with the calculation of the 

formation of a new information interface in each time step, 

through fluxes on interface to achieve the information 

transfer between the motion domain and the stationary 

domain of the flow field in each time step. The schematic 

diagram of the slip mesh data transfer is shown in Fig. 4. 

The conservation equation is as follows: 

( )g

V V V V

d
dV u u d A d A S dV

dt
  

 

+ −  =   +   
       （15） 

where u is the velocity vector, /m s ; 
gu denotes the mesh 

movement speed, /m s ；  states the diffusion 

coefficient; S
signifies the source term for .  

From the above conservation equation, it can be 

seen that the mesh motion in the slip mesh is rigid and its 

mesh volume does not change with time, which can be 

calculated as follows: 

1n nV V+ =             （16） 

3.7 Experimental Verification 

In this work, a high-speed camera test of a rotating 

cavitation water jet in a restrained pipe under stationary 

conditions was carried out to verify the accuracy of the 

large vortex simulation method in comparison with the 

numerical simulation results. One of three nozzles was 

selected to track the evolutionary pattern of the cavitation 

cloud development over a cycle (Fig. 5). Photographs 

were taken at fixed intervals of 0.1 ms using a high-speed 

camera under experimental conditions of 5 MPa. The 

numerical simulation time step was 10-5. By comparing 

the developmental patterns of the experimental and the 

simulated cavitation clouds, it was revealed that their 

periodicity is disturbed by circumferential constraints, 

with the cavitation cloud affecting the tube wall before 

shedding. From the development period, it was observed 

that the experimental cavitation cloud breaks between 0.4 

ms and 0.5 ms, while the simulated cavitation cloud 

affects the tube wall and breaks at 0.46 ms. This effect 

suggests that the simulated and experimental results are in 

good agreement. Thereby, the proposed numerical 

simulation method can be used in the work of the flow 

field characteristics of rotating cavitating water jets. 

 

              

Fig. 5 Comparison of the experimental and simulated 

cloud images
 

 

4. ANALYSIS OF RESULTS 

4.1 Analysis of the Effect of Inlet Pressure on 

Cavitation Jets 

In order to investigate the cavitation cloud evolution 

law between the nozzle outlet and the wall flow field under 

different pressure conditions, the inlet pressures were set 

to 5 MPa, 8 MPa, 12 MPa and 15 MPa, respectively. The 

numerical simulation study meets the continuous term 

residual accuracy of 10-5, and the simulation results are 

considered to be stable. A single nozzle was selected to 

track the growth process of the cavitation cloud from 

incipient to collapsed when the rotational speed was 0. It 

was found that the cavitation phenomenon was generated 

in the diffusion section of the throat and formed stable 

cavitation bubbles. After the jet is ejected for viscous 

effect to generate velocity difference with the surrounding 

fluid, the reverse pressure difference effect occurs, which 

makes the cavitation bubbles behave as gradually 

increasing shear cavitation clouds in the flow field. 

Pressure in the 5-12 MPa conditions cavitation cloud 

development is manifested in four stages incipient, 

development, shedding, collapse. When the cavitation 

cloud develops to t0+240 μs, the cavitation cloud is 

completely collapsed at 5 MPa, the 8 MPa cavitation  

cloud is just starting to undergo collapse, and the 12 MPa 

t0+0 ms 

t0+0.1 ms 

t0+0.2 ms 

t0+0.3 ms 

t0+0.4 ms 

t0+0.5 ms 

t0+0.01 ms 

t0+0.11 ms 

t0+0.21 ms 

t0+0.31 ms 

t0+0.41 ms 

t0+0.46 ms 
(a) (b) 
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Fig. 6 Cavitation cloud development diagram at different pressures
 

 

Table 2 Table of values of velocity, meteorological volume fraction and wall pressure at different inlet pressures 

after time averaging
 

Inlet pressure 

condition 
Maximum velocity（102） 

Maximum vapour phase 

volume fraction 

Maximum pressure at wall 

surface（106） 

5Mpa 1.03 0.893 0.74 

8Mpa 1.3 0.906 1.28 

12Mpa 1.59 0.927 2.05 

15Mpa 1.78 0.908 2.61 

 

cavitation cloud is in the development stage. When the 

inlet pressure increases to 15 MPa, the cavitation cloud 

strikes the wall after two stages of incipient and 

development, and collapse occurs as shown in Figs. 6. 

Comparison of the development cycle of the cavitation 

cloud can be seen that the development time of the 

cavitation cloud under the condition of 15 MPa is the 

shortest and the cycle is smaller. 

The computationally stabilised transient results were time-

averaged to obtain the maximum velocity at the core 

surface, the maximum gas-phase volume fraction and the 

maximum pressure value at the wall under each pressure 

condition, as shown in Table 2. The maximum velocity 

value and the maximum pressure value at the wall surface 

increase with the increase of pressure, while the gas phase 

volume fraction at 15 MPa is lower than that at 12 MPa, 

which can be seen that the increase of pressure under the 

low pressure condition promotes the development of the 

cavitation cloud, and after a certain value is reached, due 

to the size of the flow field and the spatial limitation of the 

cavitation cloud development, the increase of pressure 

accelerates the development of the cavitation cloud, and 

the underdeveloped cavitation cloud quickly hits the wall, 

making the cavitation cloud gas-phase volume fraction 

and the period of the development of the cavitation cloud 

become smaller. Comparing the four inlet pressure 

conditions, a pressure value of 12 MPa is chosen as the 

inlet boundary condition to investigate the flow field 

characteristics of rotating cavitation water jets. 

5MPa 8MPa 

12MPa 15MPa 

t0+80μs  

t0+160μs  

t0+240μs  

t0+40μs  

t0+280μs  

t0+240μs  

t0+120μs  

t0+40μs  

t0+40μs  

t0+240μs  

t0+160μs  

t0+120μs  

t0+40μs  

t0+240μs  

t0+160μs  

t0+120μs  
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(a)0rad/s            (b)200rad/s            (c)300rad/s         (d)400rad/s          (e)500rad/s        (f)700rad/s 

Fig. 7 Comparison of velocity cloud images at different rotational speeds 

 

 

(a)0rad/s                                          (b)200rad/s                                          (c)300rad/s 

 

 

(d)400rad/s                                      (e)500rad/s                                          (f)700rad/s 

Fig. 8 Comparison of tangential velocity cloud image at different rotational speeds 

 

4. 2 Analysis of Jet Velocity Field at Different 

Rotational Speeds 

The rotary nozzle inlet pressure was set at 12 MPa. To 

clarify the velocity field characteristics and vortex 

characteristics of the rotating cavitation nozzle at different 

rotational speeds, the velocity clouds and tangential 

velocity clouds on the core surface of the nozzle jet were 

comparatively analysed at 0 rad/s, 200 rad/s, 300 rad/s, 

400 rad/s, 500 rad/s, and 700 rad/s rotational speeds. It was 

found that as the rotational speed increases, the end of the 

jet is deflected to varying degrees, and a higher rotational 

speed leads to a more pronounced deflection phenomenon. 

At the same time, three pairs of vortices appear in the flow 

field varying with rotational speed and jet development, as 

depicted in Figs 7, 8, and 9. 

Figure 7 shows the comparison of velocity clouds at 

different rotational speeds, which are analysed: The 

velocity flow field distributions of rotating cavitation jets 

have similar development trends. During the injection of 

the jet from the nozzle into the stationary flow field with 

both axial and tangential velocities, the time for the jet to 

develop along the tangential direction is short. The small 

tangential upward displacement under low rotational 

speed conditions has a reduced impact on the jet flow 

trends, resulting in no apparent deflection of the main jet 

beam. The jet velocity was highest in the cylindrical and 

diffusion sections. The jet gradually moved downwards 

with a decreasing velocity, and after a small change still 

hits the cylindrical wall at a relatively high velocity. The 

main jet beam profile was slightly affected by increasing 

the rotational speed, and the tangential velocity dominated 

this slight variation. The maximum velocity of the main 

jet beam was not significantly changed. Still, the 

tangential velocity kept increasing, resulting in the  

existence of two parts of the jet, namely the deflection 

zone and the non-deflection zone, as shown in Fig. 7(f). 

When the rotational speed was increased to 700 rad/s, jet 

particles were developed most violently in the direction of 

tangential velocity. Furthermore, the tangential velocity 

was larger, the contour of the tangential velocity cloud in 

the flow field was gradually clearer, and the range of 

occupancy was expanding (Fig. 8). The deflection of the 

jet was more and more pronounced, and the tangential 

displacement of the jet was greater at a fixed time, making 

the erosion area of the wall larger. 

non-deflective zone 

deflective zone 

 [m/s] 

tangential velocity 

 [m/s] 

tangential velocity 

 [m/s] 

tangential velocity 

 

tangential velocity 

 [m/s] 

tangential velocity 

 [m/s] 

tangential velocity 
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Fig. 9 Plot of temporal development of vortex, velocity vectors and streamlines at different rotational speeds 

 

Figure 9 displays streamlines and vortex volumes splice 

plots at different rotational speeds. After analysing the 

flow form of the jet, it can be learnt that the jet ejected 

from the nozzle collides with the wall and then develops 

along the wall in two directions, one of which is the same 

as the rotational velocity and the other opposite to it. As 

can be observed from the jet development pattern diagram, 

the rotating jet is mainly controlled by the radial shear 

when it first enters the external flow field. At this time, the 

flow field in the shear layer velocity direction and the 

direction of the jet are opposite, which leads to the 

formation of two pairs of vortex rings. The three nozzles 

will form six pairs of vortex rings. A plot of the vortex 

evolution tracking one of the nozzles is presented in Fig. 

9. After identifying the vortex structure using the Q-

criterion, the evolution of the rotating jet vortex was 

classified into three phases: Developmental phase, 

excessive phase, and rotationally unstable phase. As the 

jet advances, the rotational instability increases, and the 

influence of the vortex structure gradually expands. Upon 

entering the rotational instability stage, the vortex ring 

mimicry decreases, and the large-scale vortex structure 

breaks down. With increasing the rotational speed, more 

fluid converges downstream of the jet outflow field, being 

affected by the tangential velocity. Larger tangential 

velocities and increased flow instability downstream lead 

to a change in the size difference between the two vortex 

rings. A larger rotation speed induces a more pronounced 

size difference, which increases the shear force of the fluid 

flow and promotes the generation of cavitation bubbles.  
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(a)0rad/s (b)200rad/s 

 
(c)300rad/s (d)400rad/s 

 
(e)500rad/s (f)700rad/s 

Fig. 10 Cavitation cloud development diagram at different rotational speeds
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4. 3 Analysis of Cavitation Cloud Development 

Patterns at Different Rotational Speeds 

The collapse of bubbles from cavitation is the key to 

descaling using cavitation jets. The effectiveness of 

cavitation directly affects the efficiency of cavitation jet 

descaling. The development period of the cavitation cloud, 

its morphological characteristics, and its collapse location 

are important characteristic parameters for describing the 

effect of cavitation. The cavitation cloud development 

patterns generated by nozzles rotating at 0 rad/s, 200 rad/s, 

300 rad/s, 400 rad/s, 500 rad/s, and 700 rad/s at 12 MPa 

were simulated (as shown in Fig. 10). Typical positional 

maps of cavitation cloud development coloured by 

velocity in one cycle under different rotational speed 

conditions. The four phases of cavitation cloud 

development and evolution were also analysed: incipient, 

developmental, shedding, and collapse at different 

rotational speeds. 

Figure 10(a) shows a plot of the position of the 

cavitation cloud development for one cycle when the 

nozzle is at rest. Three velocity peaks in the development 

of the cavitation cloud, and four distinct phases can be 

clearly seen in the figure. The development cycle of the 

cavitation cloud under this condition was about 280 μs. 

The cavitation cloud was small in size, and the cavitation 

cloud broke up upon contact with the wall. The cavitation 

bubbles were initiated in the cylindrical and diffusion 

segments and underwent a developmental phase with 

localized velocity fluctuations as they collapsed at the wall. 

The cavitation cloud development at a rotational speed of 

200 rad/s was similar to that at 0 rad/s, and the four stages 

of development can be observed. The cavitation cloud was 

generated at t0+40 μs, underwent shedding after 80 μs of 

development and enlargement, and began to collapse after 

t0+240 μs, as depicted in Fig. 10(b).  

Figure 10(e) shows the development of the 500 rad/s 

cavitation cloud, and there are only three developmental 

stages of the cavitation cloud under this condition: 

incipient, developing, and collapsing (no shedding stage). 

The cavitation cloud was generated at t0+40 μs and began 

to collapse at t0+400 μs after 360 μs of development and 

enlargement. The cavitation cloud was larger in size 

compared to the cavitation cloud development pattern 

under low rotational speed conditions. After the collision 

with the wall some of the bubbles collapse and the rest of 

the bubbles move along the wall under the action of the 

nozzle rotation. The latter results in a larger area of final 

action on the wall and the development of a longer period 

of about 520 μs.  

At 700 rad/s, the developmental phase occupies a longer 

time and the volume of the cavitation cloud further 

increases. The cavitation cloud is in the form of a mass and 

behaves as a whole moving forward with the rotation of 

the nozzle when the area acting on the wall is the largest, 

and the development cycle is the longest. A comparison of 

the development cycle variation at each speed is illustrated 

in Fig. 11. When the rotational speed increases, the 

tangential velocity increases and the tangential 

displacement becomes larger. The cavitation cloud has 

enough time and space to develop in the direction of the 

tangential velocity, so both the maximum vapour phase  

 

 
Fig. 11 Line chart of maximum vapour phase volume 

fraction and cavitation cloud development cycle at 

different rotational speeds 

 

volume fraction and the period of cavitation cloud 

development increase with increasing rotational speed. 

4.4 Wall Pressure Analysis at Different Rotational 

Speeds 

To explore the impact of different rotational speeds 

on the pressure on the wall surface of the rotating 

cavitation jet, the variables were set to rotational speeds: 

0, 200, 300, 400, 500, and 700 rad/s respectively. In the 

computational simulation, the inlet pressure was 12 MPa, 

and the following figure shows the pressure distribution of 

the rotating jet outer wall planar expansion at different 

rotational speeds. 

As can be seen from the figure, the overall wall 

pressure distribution law at different speeds has obvious 

consistency, the nozzle rotates counterclockwise. As 

shown in the figure below from the right to the left, the 

fluid reaches the impact of the wall, the wall appears in 

three local areas like a circular high pressure point, the 

nozzle moves forward. The mass-like cavitation cloud 

collapses to form a negative pressure zone, and the 

distribution of the negative pressure zone exhibits water 

ripples with a band as shown in Fig. 12. With the increase 

in the rotational speed, the maximum pressure on the wall 

surface increases and then decreases. The negative 

pressure band has a tendency to move forward with the 

forward movement of the cavitation cloud. According to 

Fig. 13, when the rotational speed increases from 0 rad/s 

to 200 rad/s, the maximum pressure on the wall increases 

from 3.5 MPa to 4.9 MPa. The pressure change is obvious, 

the negative pressure band forms rounded water ripples 

spreading outward, compared with the high speed, and the 

high pressure zone acting on the wall is smaller under the 

condition of low rotational speed (as shown in Figs 12 a, 

b). When the rotational speed continues to increase, the 

maximum pressure on the wall starts to decrease. The 

maximum pressure on the wall began to fall. Particularly, 

at 300 rad/s when the pressure fell to 3.42 MPa, the 

average pressure value fell by 0.81 MPa. At this time, the 

pressure drop was the largest, more than 300 rad/s, the 

pressure drop slowed down to 700 rad/s, and the maximum 

pressure fell to 3.1 MPa. The average pressure value acting 
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on the wall tended to stabilise, and the high pressure zone 

around the negative pressure band moved forward. In 

parallel, the negative pressure band becomes longer (as 

shown in Figs 12 c, d, e, f). 

 

 

 

 

Fig. 12 Comparison of the wall pressure at different 

rotational speeds 

 

 

Fig. 13 Comparison of the maximum pressure and 

average pressure of the jet acting on the wall at 

different rotational speeds, folded line graph
 

4. 5 Comparison of Jet Fitting Curves at Different 

Rotational Speeds 

The acquired numerical simulation results based on 

rotating nozzles at various speeds and the jet morphology 

of the individual nozzles of the rotating nozzle on the core 

surface of the jet are plotted, as shown in Fig. 14 below. 

The core curve of the jet can be defined as L; the most 

terminal sample point of the core curve of the jet is w, the 

tangent line at the sample point w is the straight line a, and 

the angle between the tangent line and the horizontal line 

is the impact angle α; the line connecting the sample point 

w and the starting point of the jet is the straight line b, and 

the angle between this straight line and the horizontal line 

is the deflection angle β.  

 

 

Fig. 14 Schematic diagram of the jet morphology of a 

single nozzle
 

 

The velocity maximum points for arcs of different 

radii on the core surface of the jet were extracted. Scatter-

plots were plotted according to the coordinates of the 

position of each point as in Figs 15(a, b, c, d, e, f, g, h), 

and the jet maximum velocity flow curve was fitted 

according to the scatter-plot. At the initial position, the jet 

is not deflected. As the radius increases, the deflection 

distance of the fitted curve shows a parabolic growth trend 

as a function of growth:  

2

0 1 2D L B R B R= +  + 
                                                      (17) 

In the above equation, D is the jet deflection distance, 

R refers to the jet distance, and L0, B1, and B2 are the 

coefficients of the fitted equation. 

The tangency function at point w is as follows: 

0 0A A R= + 
                                                              (18)

 

A0 is the slope of the tangent line at point w. A and α0 

stand for the coefficients of the equation of the tangent line 

at point w. 

The parameters of the distribution function of the fitted 

curve and the tangent function at point w are presented in 

Table 3. As can be seen in Fig. 15, the pink bars show that 

the confidence interval is 95%, and the sample points are 

within or on the edge of the confidence band, which shows 

that the fitting function is more accurate. When the nozzle 

is in a stationary condition, the jet is continuously 

developed. The deflection distance between the start point 

and the point w is zero during the arrival at the wall. The 

jet deflection angle and the jet impact angle do not change; 

they are both 0°. When the nozzle rotates 

counterclockwise at a certain speed, the dimensionless 

deflection distance, the jet deflection angle, and the jet 

impact angle increase with the increase of the radius. The 

value of the deflection distance, the jet deflection angle, 

and the jet impact angle are maximum at point w.  

(b) 200rad/s 

(c) 300rad/s 

(d) 400rad/s 

(e) 500rad/s 

(f) 700rad/s 

(a)0rad/s 

R 

D 
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(a)
 
 (b)

 
 (c) 

  
 

(d)
 
 (e)

 
 (f) 

  
(g)  (h)  

Fig. 15 Summary and comparison of the jet fitting curves
 

Table 3 Summary of parameters of the jet fitting curve
 

 α0 (×10-5) A0 (×10-3) L0 (×10-4) B1 (×10-3) B2 α, ° 

0 4.31 -3.28 1.02 -7.04 5.98×10-2 0
 

100 0.0358 -0.0142 -0.129 0.0141 -4.05 8.1
 

200 0.0861 -0.031 -0.21 0.022 -5.97 17.2
 

300 0.0927 -0.036 -0.398 0.0427 -11.61 19.8
 

400 0.0997 -0.039 -0.35 0.0396 -11.33 21.3
 

500 0.00129 -0.051 -0.656 0.0701 -18.83 27.03
 

600 0.0013 -0.054 -0.459 0.0568 -17.49 28.37
 

700 0.00154 -0.063 -0.462 0.0591 -18.57 32.2
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Figure 15 shows a summary comparison of the fitted 

curves of the jet at different rotational speeds. Each of the 

jet fitting curves from 0 rad/s to 700 rad/s can be clearly 

seen in the figure. As the rotational speed increases, the 

value of the deflection distance at point w, the deflection 

angle of a jet, and the jet impingement angle keep 

increasing. The near-wall tangent slope A0 and jet 

impingement angle α presented by the fitted jet curve are 

listed in Tab. 3 above, and the fitted jet impingement angle 

functions are: 

21.16417 0.07439 0.000045286x x= +  − α
                          (19) 

where x is the nozzle rotation speed and α denotes the jet 

impingement angle. The fitted function, based on the 

rotational speed, predicts the corresponding impact angle 

of the jet to the wall. It provides a reference for the design 

of the rotating nozzle angle. 

5. CONCLUSION 

This work simplified the geometry of the cavitation 

water jet nozzles with rotational characteristics, and the 

Large Eddy Simulation and the WALE model were used 

to simulate the development of cavitation clouds for 

different inlet pressure. It is found that the cavitation effect 

is first enhanced and then weakened with the increase of 

pressure. By analysing and comparing and tangential 

velocity cloud diagrams of the internal flow field of the 

rotating cavitation water jet, the streamline and vorticity 

collocation diagrams, the cavitation cloud unfolding 

diagrams, as well as the jet fitting curve functions at 

different rotational velocities: 

With the gradual increase in the rotational speed, the 

end of the jet is deflected to varying degrees. Under low 

rotational speed conditions, the jet exhibits no deflection. 

When the rotational speed continues to increase, the 

tangential velocity increases, the tangential displacement 

increases, and the deflection becomes more pronounced. 

Three pairs of six larger vortices exist on the core surface 

of the initial jet development, formed by the collision of 

the jet with the wall after the collision of the two streams 

of fluid. Being affected by the shear effect, with the 

increase in the rotational speed, the large vortex structure 

gradually breaks up and separates into small vortices 

during the development of the jet. At 700 rad/s, the large 

vortex structure is completely disappeared. 

In this work, the maximum vapour phase volume 

fraction of the cavitation cloud and the period of cavitation 

cloud development were found to be proportional to the 

rotational velocity. When the rotational speed increases, 

the developmental phase occupies a longer time, and the 

volume of the cavitation cloud becomes larger. 

Nonetheless, when the rotational speed is too high, there 

is no shedding phase, the time of jet flow grows, and the 

cavitation cloud is allowed to fully develop.  

At lower rotational speeds rotational speed on the wall 

pressure to promote the role of rotational speed when the 

rotational speed reaches a certain value of rotational speed 

on the increase in wall pressure to inhibit, that is, the 

nozzle rotational speed on the wall pressure of the impact 

of the pressure of the jet with the increase in the pressure 

of the weakening. There are three localised areas of 

circular high pressure standing points on the wall surface. 

As the nozzle rotates, the high rotational speed has a 

stronger impact on the diffusion of high pressure covering 

points on the wall surface, and the resulting negative 

pressure band is significantly grown. 

The fitted development curve for the core area of the 

jet can better reproduce the development of the core area 

of the jet, with no shift in the fitted jet curve at 0 rad/s. 

With increasing the rotation speed, the jet is deflected to 

different degrees. At a distance farther away from the 

nozzle outlet, the deflection phenomenon is more obvious. 

The curvature of the fitted curve is also positively 

correlated with the jet velocity. A larger rotational speed 

leads to a bigger jet deflection distance, deflection angle, 

and impact angle at the near-wall, and the operational 

performance of the pipeline is greatly affected. 
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