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1. Introduction 

Cavitation is the generation of vapour phase in liq-

uid phase without chemical reaction, when the local pres-

sure of the liquid is reduced below the saturated vapour 

pressure under a stable temperature. It is firstly found on the 

blade tip of propellers in 19th century, which causes noise 

and damage to the hydraulic machines [1-3]. The mecha-

nism of cavitation in pumps has been investigated inten-

sively to reduce its effects [4-6]. However, cavitation also 

has its positive applications in engineering fields, when it is 

controlled properly [7-12]. Cavitation Shot-less Peening 

(CSP) which is used to improve the fatigue life of metals is 

one of the positive functions of the cavitation impact.  

Hitoshi Soyama et al. [13] conducted cavitation 

peening on a duralumin plate with a hole, and compared the 

fatigue strength of the peened plate with that without peen-

ing or treated by shot peening. It is found that, cavitation 

peening creates deeper residual stress on the metal surface 

while the surface roughness of the plate increases less than 

that treated by shot peening. Comparison between the vari-

ous peening methods including water jet peening, laser 

peening and shot peening shows that cavitation peening can 

create a residual stress close to that of the laser peening 

while keeping the surface smooth, which is positive to in-

crease the fatigue strength of stainless steels [14].  

To enhance the cavitation impact of the jet, an as-

sociated submerged water jet is used for peening on 

SUS316L stainless steel [15]. From the experimental re-

search, it follows that the unsteady flow characteristics of 

high-pressure cavitation jet has a great effect on the cavita-

tion impact performance. Hitoshi Soyama et al. [16] cap-

tured the evolution process of cavitation jet generated by 

three different nozzles using high-speed photography and 

used pressure test paper to measure the distribution of the 

impact pressure of the bubble collapse at the outlet of the 

nozzles. It has been found that the nozzle geometry shows a 

great effect on the distribution and the development of the 

cavitation bubbles, and there is a cylindrical shaped bubble 

cloud near the outlet, which will break and shed off after it 

growing to a specific length. Two peaks of the pressure are 

found downstream of the nozzle outlet, which is related to 

shedding off phenomenon of the cavitation cloud.  

Since the cavitation jet peening can only be used 

under submerged condition, it is difficult to be used in con-

dition of treating components of large size. To solve this 

problem, an artificial submerged method is used. Hitoshi 

Soyama et al. [17] successfully introduced compressive re-

sidual stress into a stainless steel using a cavitation jet in air. 

Based on the nozzle structure, Andrea Marcon et al. opti-

mized the stand-off distance and the nozzle configuration 

for the peening process [18, 19]. 

However, the mentioned studies mainly focus on 

the characteristic of the metal, the understanding for the 

nozzle geometric parameters on the unsteady flow charac-

teristics of cavitation jet and the related impact performance 

is not sufficient. In this paper, the unsteady flow character-

istics of high-pressure cavitation jets under three different 

angles are captured by high-speed photography experi-

ments, and the growth, shedding off and collapse infor-

mation is extracted from the high-speed images. Finally, it 

is related to the optimal standoff distance and the impact 

performance of the cavitation jet peening.  

The paper is organised as follows. In Section 2, an 

experimental facility and the method are described. Experi-

mental results are discussed in Section 3. Section 4 contains 

concluding remarks. 

2. Experiment facility and method 

2.1. High speed photography 

Fig. 1 shows the high-pressure cavitation jet exper-

iment system, which is mentioned in our former works [20]. 

The system uses an Italian ANNOVI REVERBERI SHP 

15.50N high-pressure piston pump to provide high pressure 

for the jet. The maximum working pressure of the piston 

pump is 50 MPa, the rated rotating speed is 1450 rpm, and 

the flow rate is 15 L/min. The water used in the experiment 

is pure water and the temperature is 25°C. Y-type filter is 

used to prevent large particles from entering the plunger 

pump. A pressure relief valve and a pressure gauge are set 

downstream. The upstream pressure of the nozzle is con-

trolled by adjusting the rotating speed of the plunger pump. 

In order to avoid the influence of the upstream pipe bending 

on the nozzle pressure, a stainless-steel straight pipe with 
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300 mm length is connected upstream of the nozzle. The jet 

platform is divided into two parts, a test water tank and a 

water storage tank. The water storage tank for supplying wa-

ter to the plunger pump is located at the bottom of the test 

water tank. To facilitate the visual study of the submerged 

jet, the test tank is made of transparent material polymethyl 

methacrylate, which has a refractive index closed to that of 

water and can effectively avoid positional errors caused by 

photography. In order to ensure that the outlet can return to 

the same position after each nozzle change, the nozzle is 

fixed on the three-degree-of-freedom moving slide by the 

clamp, and the repeating positioning accuracy of the slide is 

0.01-0.02 mm. 

 

a) Schematic diagram 

 

b) Photo of the experimental platform 

Fig. 1 Test bench for high pressure cavitation jet 

 

Fig. 2 shows the angular nozzle commonly used in 

cavitation jets. The key parameters include the throat diam-

eter d, the convergent angle β, the divergent angle α, and the 

corresponding length of the three stages. In this paper, the 

effects of divergence angle on cavitation jet are studied. 

Three different divergent angles α=40°, 60° and 80° are 

studied. The other parameters selected are D=6mm, d=1 

mm, β=13.5°, L1= 5 mm, L2 = 4 mm, L3 = 4 mm. High-

speed photography is conducted using OLYMPUS high-

speed camera. The AC halogen lightshows pulsating inten-

sity, which will affect the grayscale value of cavitation im-

ages. Therefore, two 200W LED lights are set in left and 

right sides of the tank for illumination. The transparency of 

the interface between the cavitation cloud and the water is 

relatively low and the reflection for the light is strong. As a 

result, the cavitation region in the photo is relatively bright. 

The recording area for the image is 272×352 pixels, the 

shooting frequency is 20000 fps, and the exposure time is 

50 μsec. The image recording is started after the motor 

reaches the stable rotating speed, and the recording time of 

each group of data is more than 1 second. In high-frequency 

shooting, the interval between adjacent frames is extremely 

short, which is convenient for capturing the process of bub-

ble cavitation generation, shedding off and collapse. In or-

der to perform quantitative analysis on the spatial character-

istics of the bubble clouds, the photographs were calibrated 

before the experiment, as shown in Fig. 3. The scale ruler is 

set in the axis plane of the nozzle, and the direction is per-

pendicular to the axis of the camera lens. The high-speed 

images of the cavitation jet are then captured after the cali-

bration, and the field of view for the cameral is kept the 

same as that of the calibration image. The position of the 

lens and the nozzle are kept unchanged during the image re-

cording. After the data is captured, the length of 60 mm is 

selected in the post-processing software ISPEED, and the 

number of pixels spanned is 105 pixels. From this, it is 

known that 1mm length contains 1.75 pixels in the image 

and the bubble cavity length can be calculated by the pixel 

numbers.  

 

Fig. 2 Schematic diagram of the nozzle structure 

 

Fig. 3 Image size calibration 

 

2.2. Erosion and peening capability test  

 

Fig. 4 shows the facilities used for the erosion and 

peening test. A platform submerged in the working tank is 

used to fix the aluminium sample, which is kept perpendic-

ular to the nozzle axis. To accelerate the test process and 

make the test period short, weak strength metal Al 1060 is 

used for the impingement test. The dimension of the tested 

Al 1060 is 100 mm×100 mm×3 mm. Before the experi-

ment, the Al 1060 surface is polished and cleaned. Because 

the fixture used to fix the nozzle tube is connected to a three-

axis slide with length scale, the standoff distance can be con-

trolled accurately. After the high-pressure pump is started, 

the exposure time of the samples in the cavitation jet is rec-

orded using a stopwatch. The samples are weighed before 

and after the erosion exposure with 0.001g precision, so that 

the mass loss of the metal surface can be calculated. After 

the optimal stand-off distance for each nozzle is found out, 

the 304 stainless steel specimen with dimension of 75 

mm×95 mm×3 mm is peened by three different nozzles, and 

the surface morphology as well as the grain cell structure are 

compared, basing on the SEM photography. 



 348 

  

Fig. 4 Impingement on metal surface using submerged cav-

itation jet 

3. Results and discussion 

3.1. Growth and collapse period of the bubbles 

To investigate the effect of nozzle geometry on 

cavitation performance, the cavitation clouds of nozzles 

with three different divergent angles are compared. Fig. 5 

shows the high-speed images of the cavitation jet from noz-

zles with divergent angle of 40°, 60° and 80° under 20 MPa. 

The jet from the three nozzles show similar unsteady flow 

characteristics periodic shedding can be observed from the 

images, which is in accordance with the findings of Fu-

jisawa N et al. [9]. 

 

a) 40° 

 

b) 60° 

 

a) 80° 

Fig. 5 High speed photography of the cavitation jet with three different nozzles 

From Fig. 5, a it can be found that, the evolution of 

the jet cavitation shows three main stages namely cavity 

growth, shedding and collapse. At the beginning (t=0 μs), 

the cavitation jet consists of three sections. The first section 

(I) is in the core region of the jet, where the velocity of the 

jet is almost constant and the entrainment of the surrounding 

water is slight. The boundary of this region has an extremely 

high velocity gradient, which forms intensive shear layer, 

and produces vortex rings continuously [21]. The second 

section (II) is the bubble collapse section, which shrinks 

while moving downstream. The third section (III) consists 

of small bubbles representing remnants of the bubble cloud. 

According to the research of Fujisawa N et al. [9], during 

the bubble cloud collapse, big cavitation bubbles shrink 

leaving bubbles with very small radius with high tempera-
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ture. After the shock, big cavitation bubbles nearby are bro-

ken into smaller bubbles. This theory explains why the pro-

file of section III is blurred. The length of the core region 

increases with time until the next shedding, which occurs 

with t=550 μs time interval. During the growth of the core 

region, the width of the bubble clouds also increases with 

the diffusion and the entrainment effect of the surrounded 

water. Observing the section of the nozzle outlet, a cylindri-

cal cavitation cloud can be seen. This indicates that the most 

intensive shearing layer is not located near the nozzle outlet 

but at some further distance downstream. It can be found 

that, before the next shedding (t=550 μs), the diameter of the 

cylindrical section is reduced. For the cavitation cloud gen-

erated by the nozzle with 60° divergent angle, the cavitation 

cloud is obviously wider than that of other two nozzles. It 

can be judged that, the nozzle with 60° divergent angle has 

the best cavitation capacity in the three nozzles, which is 

confirmed later in the cavitation erosion test. As the shear-

ing process near the nozzle outlet is intensive, cavitation 

bubbles are generated quickly at the nozzle outlet even in-

side the whistle. The diameter of cylindrical section at the 

outlet is larger and the shedding phenomenon becomes not 

obvious as cavitation bubbles are supplied continuously 

from the nozzle outlet. Fig. 5, c shows the cavitation cloud 

evolution of nozzle with 80° divergent angle, which is sim-

ilar to that of the first nozzle. There is an obvious cylindrical 

section at the outlet, whose diameter varies with the growth 

and shedding process of the cavitation cloud. Generally, the 

divergence angle expert meaningful effect on the intensity 

and the structure of the cavitation cloud. The nozzle with 

60° angle shows the best performance, the cavitation peen-

ing capability of a 40° nozzle is the weakest. 

In order to extract the spatial distribution change of 

the bubble in a very short time, the photo obtained by high-

speed photography is converted into a grey matrix using a 

MATLAB code. Since the light transmittance of the bubble 

is much lower than that of the liquid water, when the light 

of the halogen lamp is projected to the vapour-liquid inter-

face of the bubbles, the vapour bubble reflects part of the 

transmitted light to the camera lens, and the higher the va-

pour phase concentration, the higher the image brightness 

can be obtained by the camera. The grayscale processed im-

age corresponds to one grey value per pixel, the grey value 

is positively correlated with the brightness in the photo, and 

the higher the bubble density is, the higher the grey value is. 

On this basis, the grey matrix difference between the two 

photos at the adjacent time can be used to reflect the growth 

and disappearance of the bubble. In this paper, Frame Dif-

ference Method (FDM) analysis is carried out on the high 

pump pressure (20 MPa) of 40° divergence angle nozzle. As 

shown in Fig. 6, the development process corresponds to the 

first 350 μs period of Fig. 5, a. The scale value in the figure 

is proportional to the growth rate of the bubble cloud, the 

positive value indicates the growth of the bubble cloud, and 

the negative value indicates the collapse of the bubble cloud. 

The blue area indicated by the dotted line in the figure indi-

cates the main area of the bubble collapse. As it can be seen 

from Fig. 5, a, the main collapse follows disintegration of 

the largest bubbles in zone II and takes place at the rear end 

of the shed cavitation cloud. This is consistent with the re-

search conclusion of Fujisawa N et al. [9], Fujisawa N. rec-

orded the shock wave generated by the collapse of the high-

pressure submerged cavitation jet by the schlieren tech-

nique. The shock wave is mainly located at the rear end of 

the shed bubble cloud.  

 

Fig. 6 FDM diagram of the cavitation cloud from a 40°nozzle 

 

3.2. Effect of nozzle geometry and stand-off distance  

The cavitation peening capacity of the nozzles can 

be enhanced by optimizing the nozzle geometry while the 

upstream pressure and the standoff distance also have a 

great effect on the performance of cavitation jet [22]. Fig. 7 

shows the mass loss of the aluminium by the cavitation ero-

sion with the jet under different standoff distances. The up-

stream pressure of the nozzles is controlled stable as 20 MPa 

and the impingement time is 60 min. It can be found that 

with the short standoff distance, the erosion of the alumin-

ium is weak for all the nozzles, although the impact force of 

the high momentum water is higher when the nozzle is 

closed to the metal surface. With the incensement of the 

standoff distance, the erosion rate rises gradually and then 

decrease quickly after it reaches the peak value. The optimal 

standoff distance for the 60° nozzle (72 mm) is larger than 

that of the other nozzles (66 mm). By comparing the peak 

value of the mass loss of the aluminium eroded using the 

three different nozzles, it can be found that the erosion effi-

ciency of nozzle with 60° divergence angle is obviously 

higher than that of the other two nozzles. This is in consist-

ence with the result of the high-speed photography experi-

ment, as the nozzle with the optimal divergence angle gen-

erates longer and wider cavitation bubble clouds using the 

same pump pressure. When the 60° nozzle works with the 
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optimal standoff distance, the aluminium mass loss reaches 

around 550 mg after being impinged for 60 min. For the 

nozzle with 80° divergent angle, the highest erosion rate of 

the aluminium specimen is around 35 mg, while that for the 

40° nozzle reaches only 7 mg. It seems that the nozzle di-

vergence angle has only a slight effect on the optimal stand-

off distance, while its effect on the erosion performance of 

the cavitation jet is great. It is already proved that, divergent 

type nozzle has a better cavitation performance than conver-

gent and cylindrical nozzles, as the divergent whistle en-

hances the vortex formation in the shear layer with a high 

velocity gradient. The existence of the trumpet shape outlet 

prevents the pressure supply from the surrounded water to 

the low-pressure shear layer. In case of the nozzle with 40° 

divergence angle, the outlet is similar to that of the cylindri-

cal nozzle. At the same time, the divergent section of the 

nozzle with small divergence angle works as an extension 

of the throat section of the nozzle, which decreases the pen-

etration ability of the jet under the same upstream pressure.  

The effect of standoff distance on the erosion rate 

is mainly caused by the change of bubble collapse location. 

As mentioned by H. Soyama et al. [23], when the cavitation 

jet impinges on the metal surface, the cavitation bubbles will 

be carried by a vortex ring that expands close to the wall and 

collapses while the surrounding pressure recovers. Accord-

ing to the impingement experiment on submerged jet, the 

standoff distance affects the pressure distribution and the 

vortex structure near the surface. If the standoff distance is 

too close to the metal surface, the vortex will move away 

from the surface and the shock wave created by the cavita-

tion collapse will impinge the metal surface with lower 

power density. On the other way, when the standoff distance 

is too large, most of the bubbles will collapse before reach-

ing the metal surface, and the erosion ability will be re-

duced.  
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                 a) 40° divergent angle                                  b) 60° divergent angle                         c) 80° divergent angle 

Fig. 7 Mass loss of the aluminium specimen at different standoff distances after 60 min impingement 
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               a) 40° divergence angle                                b) 60° divergence angle                         c) 80° divergence angle 

Fig. 8 Mass loss of the Aluminium with different impingement time at the optimal standoff distance 

 

To investigate the cavitation erosion rate, alumin-

ium is tested using the mentioned three nozzles with differ-

ent time. The tested time duration is from 30 min to 90 min 

with an interval of 10 min. From Fig. 8 it can be found, as 

the impingement time increases, the mass loss rises while 

the erosion rate decreases. The non-monotonic character of 

the mass loss in time can be explained by an uncertainty of 

the experiment (Figs. 8, a and c). When the nozzle type, 

pressure, stand-off distance and impinged time are kept un-

changed, the mass loss must be closed. However, some un-

certainty can happen e.g. some small defect was hidden un-

der the surface of the material and accelerates the mass loss 

slightly. In general, the mass loss has an increasing tendency 

with the increase of the impinging time and the effect of the 

uncertainty can be ignored. When the exposure time is lesser 

than 40 min, the aluminium specimen shows almost no mass 

loss except in the case of the 60° nozzle. Before the mass 

loss starts to occur, the shock wave and micro jet impact on 

the metal cause plastic deformation. During this process, 

compressive residual stress is formed on the metal surface. 

This erosion stage is defined as erosion incubation. The in-

cubation period is found to have a positive effect on the 

metal fatigue strength due to hardening the metal surface as 

the grain structure is changed by the shock. This period is 

usually used in cavitation peening to enhance the surface 

performance of metals. After the incubation period there is 

a sudden rise of the mass loss, because the fatigue limit has 

been already reached for most of the surface grains. After 

the accelerated mass loss period, the mass loss rate slows 

down again, because the surface characteristic of the mental 
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is changed and the new surface shape affects the cavity dy-

namics. Meanwhile the deep crates can damp the pressure 

wave of the cavitation and reduces the impact.  

3.3. Cavitation peening on stainless steel 

To verify the performance of the jet parameters 

that optimized for the cavitation peening, 304 stainless steel 

samples have been tested and analysed. Fig. 9 shows the sur-

face profile of 304 stainless steel that has been peened using 

the nozzles with three different divergence angles. The time 

period for the peening was 30min and the stand-off distance 

was set as the optimal distance for each nozzle. From the 

figures, pits with different size can be identified on the sur-

face of all the peened samples. The nozzle with 40° angle 

shows less pits on the metal surface, indicating that the con-

centration of cavitation bubbles generated by this nozzle is 

lower than in the case of two other nozzles. Since the metal 

surfaces peened by the second and the third nozzles are both 

filled with large and small pits, it’s difficult to assess the 

peening performance of these two nozzle configurations by 

comparing the surface profiles.  

Fig. 9 shows SEM photo of the section surface, 

from which the grains under the peened surface of the metal 

can be seen clearly. From Fig. 10, a it can be found that be-

fore cavitation jet peening the stainless steel has an austenite 

grain structure with little twins. After peening, as shown in 

Fig. 10, b to d, a layer filled with twins is generated clear to 

the peened surface, which indicates that shock wave and the 

micro-jet produced by the cavitation collapse have an obvi-

ous impact on the metal surface. Comparing these photos, it 

can be found that the 60° nozzle shows the highest effec-

tiveness of cavitation peening. The grain cells near the sur-

face of the metal peened using 60° nozzles are much smaller 

than those of the other two samples, indicating that the grain 

cells get refined by the cavitation peening process. Also, the 

60° nozzle produces thicker twin layer than the other two, 

which can increase the hardness and compressive residual 

stress in the layer under the surface. 

          

                                 a                                                               b                                                                c 

Fig. 9 SEM photograph of metal surface peened with different nozzles: a) Peened using 40° nozzle; b) Peened using 60° 

nozzle; c) Peened using 80° nozzle  

       

                        a                                                b                                               c                                             d 

Fig. 10 SEM photograph of grain cells on the section surface peeninged with different nozzles: a) Without peening; b) 

Peened using 40° nozzles; c) Peened using 60° nozzles; d) Peened using 80° nozzle 

 

4. Conclusion 

Unsteady flow pattern characteristics of high pres-

sure submerged cavitation jet have been investigated using 

high-speed photography. The evolution of the growth, de-

velopment, shedding and collapse period of the cavitation 

bubbles have been observed. The stand-off distance as well 

as the nozzle geometry have been optimized using the ero-

sion test on Al1060 and peening of 304 stainless steel. The 

research results are as follows: 

1. The outlet divergence angle of the convergent-

divergent type nozzle has a great influence on the cavitation 

jet. When the nozzle expansion angle is too large or too 

small, it will result in poor cavitation performance and the 

peening capability. It is found that there exists an optimal 

value for the divergence angle around 60°, so that the cavi-

tation concentration of the submerged cavitation jet can 

reach the highest level and the cavity length is the largest.  

2. When the pressure is stable, the distance of the 

nozzle from the target has a very obvious effect on the cav-

itation erosion performance of the submerged high-pressure 

water jet. As the standoff distance increases from 36 mm to 

84 mm, the mass loss of the impinged metal increases, and 

decreases rapidly after reaching the best distance. For dif-

ferent nozzles, the best target distance is different, but in the 

same range, and the nozzle with the highest cavitation per-

formance has the longest best standoff distance. 

3. When the 304 stainless steel is peened by a high-

pressure cavitation jet, small pits with different size appear 

on the metal surface, and the nozzle with larger divergent 

angle creates more pits. The grain cell of the stain less steel 

without peening shows an austenite grain structure, while 

twins appears after the metal is peened. Nozzle with 60° di-

vergence angle shows the best peening performance, which 
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refines the grain size obviously and creates deepest twin 

layer under the metal surfaces. 
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Y. Yang, W. Li, W. Shi, Ch. Wang, W. Zhang 

EXPERIMENTAL STUDY ON SUBMERGED HIGH-

PRESSURE JET AND PARAME-TER OPTIMIZATION 

FOR CAVITATION PEENING 

S u m m a r y 

To increase the performance of high pressure sub-

merged cavitation jet that has been used for cavitation peen-

ing, the effect of stand-off distance and the nozzle geometry 

on the impact capacity is investigated and optimized. High 

speed photography of the cavitation bubble clouds taken to 

reveal the unsteady characteristics of the cavitating jet. The 

impact ability of the jet with different nozzles and standoff 

distance is tested using Al 1060 at first, and the optimized 

jet is used then for cavitation peening on 304 stainless steel. 

The surface profile as well as the grain structures before and 

after peening using different nozzles are observed from 

SEM images. It is found that, the divergent angle of the noz-

zle has a great effect on the impact capability of the sub-

merged high-pressure jet, which is important for improving 

the peening efficiency. In the nozzles with divergent angle 

40°, 60° and 80°, the 60° nozzle shows the best perfor-

mance. After peening, grain cells under the metal surface 

are changed and a twin layer is formed. The current research 

reveals the transient characteristics of the submerged cavi-

tation jet and main factors that affect its impact rate, which 

provides guide for the nozzle design and application for the 

high-pressure cavitation jet peening. 

Keywords: cavitation; submerged jet; high-speed photog-

raphy; peening; nozzle. 
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