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Abstract 
The behavior of cavitation cloud shedding in submerged water jets issuing 
from a sheathed pipe nozzle is investigated experimentally by high-speed 
camera visualization observation. Experiments are carried out under different 
cavitation numbers decreased to 0.01 with increase of the injection pressure, 
and the frequency spectrum of cavitation cloud shedding is evaluated by sta-
tistical analysis of a sequence of high-speed camera images. Experiments 
demonstrate that cavitation clouds appear when the cavitation number σ de-
creases to the level of 0.5 - 0.7 and developed cavitation clouds shed down-
stream periodically at multiple frequencies. The low frequency components of 
cavitation cloud shedding is basically dependent upon the pressure pulsation 
of plunger pump, which is often employed in various industry application of 
water jets. However, the high frequency components are closely related to the 
shedding of vortexes and the collapsing of cavitation clouds, which are de-
pendent on the flow structure of submerged jets and the property of cavitation 
clouds consisted of numerous bubbles. 
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1. Introduction 

High-speed water jets, where pressurized water or fluid mixture issues from a 
small nozzle at high speed, have been developed and widely applied to many 
fields of industry for its peculiar processing property [1] [2] [3]. Among them, 
high-speed water jet injected into still water is called submerged water jet and it 
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has received much attention for its capacity of causing intensive cavitation im-
pact continually with collapsing of cavitation bubbles [4] [5]. For its particular 
property submerged water jet has been widely applied in various industry fields 
such as cleaning of complex mechanical products [6], peening of metal materials 
[7], decomposing and sterilizing of sewage waters [8] [9], and cutting of complex 
structure materials [10] [11] [12] [13]. Especially in the case of submerged water 
jet, cutting intensive cavitation is always induced and the processing ability of 
water jet declines quickly with the standoff distance. For ensuring the effective 
standoff distance of submerged water jet, Shimizu et al. developed a new type 
sheathed abrasive nozzle system and its effectiveness has been demonstrated ex-
perimentally [14] [15]. But the flow structure and the effect of unsteady cavita-
tion have not been clarified sufficiently [16]. 

Under this background, many efforts have been made to clarify the flow 
property of unsteady cavitating water jets. Shimada et al. [17] carried out an in-
vestigation on the flow pattern and self-induced vibration of relatively low-speed 
submerged water jets by dye visualization method. Hutli and Nedeljkovic [18] 
did an investigation on the frequency of cavitation cloud shedding in submerged 
cavitating jet by cloud shape analysis. Nishimura et al. [19] decided the similarity 
of cavitation cloud shedding in cavitating jet induced by an orifice nozzle with a 
very short shrinking throat. Sato et al. [20] investigated the periodic cavity beha-
vior in a convergent-divergent nozzle by utilizing frame difference method [21] 
and argued that the re-entrant jet formed by downstream cavitation cloud col-
lapsing is closely related to the cavitation cloud shedding. However, previous 
works on cavitation jet mainly focused on orifice-type spreading water jet noz-
zles and usually used a couple of images from one or two cycles to represent the 
periodic behavior of cavitation cloud discharging. Although cavitation cloud 
discharging shows an obviously periodicity, they do not behave exactly the same 
in different cycles. With the above method, only the most dominant frequency 
component may be detected and it is not sufficient to reveal the complex peri-
odicity induced by different factors. Also, plunger pumps were used in most 
cases to provide upstream high pressure, and the fluctuation of pump pressure 
cannot be avoided [22]. Thus cavitation cloud appears differently in high-pressure 
and low-pressure phases [23]. In addition, in the case of submerged water jet 
cutting, abrasive nozzles with focusing tube are usually utilized and the structure 
of cavitating flows in sheathed focusing nozzle should be different from that in 
spreading nozzle. For the difficulty in observing the interior of intensive cavita-
tion flow, some efforts have been made on the numerical simulation of cavitat-
ing water jets [24] [25]. But both modelling of turbulent cavitation flow as well 
as numerical prediction of cavitation evolution are still suffering from debate 
and uncertainties [26]. 

In the present study, the periodic behavior of cavitating water jets issuing from a 
sheathed pipe nozzle is experimentally investigated by means of high-speed camera 
and image analysis and the influence of cavitation number on the flow characte-
ristics is examined. All components of dominant frequency of cavitation cloud 
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shedding are evaluated by statistical analysis of a series of high-speed camera 
images and factors affecting the periodic property of cloud shedding are identi-
fied. The results demonstrate that the low frequency components of cavitation 
cloud shedding correspond to the fluctuation of jet injection pressure but the 
high frequency components should depend upon the flow structure and the 
property of cavitation clouds consisted of numerous expanded bubbles. 

2. Experimental Apparatus and Experiment Method 

Figure 1 shows the schematic diagram of an open-type test rig for cavitating 
submerged jet. An open rectangular water tank made of acrylic acid resin is set 
vertically and a pipe nozzle (1.0 mm in diameter) with pipe-like sheath (3.0 mm 
in diameter) is installed at the center of square bottom. For observing its inner 
flow structure the nozzle is also made of transparent acrylic material. The nozzle 
is connected to a three-cylinder plunger pump with high-pressure hose. The 
tank is filled with clear water (tap water settled one night) and the water depth is 
kept to the level of 750 mm by using an overflow pipe. Pressurized clear water 
supplied by the plunger pump issues from the nozzle into the tank and then 
submerged water jet is formed. The output pressure of the plunger pump is ad-
justable to its maximum pump pressure of 21.0 MPa according to requirement 
of experiments. For monitoring of jet injection pressure a high frequency pres-
sure sensor is installed at the pressure pipe just in front of the nozzle and its 
output is recoded in real time via a data logger. As an index of cavitation per-
formance of the water jet device, cavitation number σ is defined as 

( )o v

i o

p p T
p p

σ ∞−
=

−
                        (1) 

where Pi denotes the jet injection pressure, po the surrounding static pressure 
near the nozzle exit and pv the saturated vapor pressure under the reference 
temperature T∞.  

Jet flows issuing from the sheathed nozzle are observed by using a high-speed 
CMOS camera (Photron: FASTCAM SA-NX2, 1024 × 1024 pixels with 12-bit 
gray level). The observation area is adjusted from the inlet of nozzle throat to the  

 

 
Figure 1. Schematic diagram of experimental device. 
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far downstream of sheath exit (5 - 50 d) according to the injection pressure, and 
the image resolution of camera is set to be 1024 × 512 pixels. The shooting frame 
rate is set to 12,500 fps and the shutter speed is 2.0 μm. A panel-type LED lamp 
of 10,500 lm is used as light source of high-speed imaging to irradiate the jet 
flows to be observed. Images saved in time sequence are then analyzed by de-
tecting its grey level distribution. For the convenience of describing the jet flow 
field a cylindrical coordinate system is adopted as shown in Figure 1, where x 
axis lays in the direction of jet flow and the origin locates at the center of nozzle 
exit. Experiments were carried out under different cavitation numbers from 0.3 
to 0.01 by adjusting the pump output pressure. 

3. Experimental Results and Discussions 
3.1. Behavior of Cavitation Cloud Shedding  

Figures 2(a)-(d) respectively show, as an example, a series of images in time 
sequence taken by high speed video camera when σ = 0.3, 0.1, 0.05 and 0.01 by 
setting the injection pressure Pi to 0.46, 1.18, 2.23 and 10.7 MPa. Here the sur-
rounding static pressure po near the nozzle exit is calculated to be 0.107 MPa ac-
cording to the depth from the water surface to the nozzle exit, and all of the 
pressures are expressed in absolute ones. The mean velocity at the nozzle exit is 
estimated to vary from 25 m/s to 135 m/s and the Reynolds number defined with 
the nozzle diameter d varies from 2.5 × 104 to 1.3 × 105. The light source was set 
at the opposite side of the camera and the pictures were taken under penetrating 
light. So, the area full of water is observed to be bright but the clouds of cavita-
tion bubbles are observed to be dark areas since the cavitation clouds are almost 
impermeable due to scattering of light at bubble surfaces. As shown in Figure 
2(a), at the moment demonstrated by the first picture from the left cavitation 
clouds contract almost within the nozzle throat (from x/d = −5, the nozzle inlet 
to x/d = 0, the nozzle exit), where a long-thin cavity caused by flow separation 
may be found. With developing of the separation cavity small bubbles shed 
downstream and cavitation clouds appear near the inlet of sheath (x/d = 0) as 
shown in the second picture. Cavitation clouds formed near the sheath inlet de-
velop gradually and then expand to its maximum as shown in the fourth picture. 
At this moment most bubbles begin to collapse and cavitation clouds begin to 
contract as shown in the fifth picture. Sequential cavitation clouds contract to 
the minimum as shown in the seventh picture and then repeat the same process 
again as shown by the next pictures. According to the results we understand that 
cavitation clouds caused in submerged jet expand and contract periodically in 
the stream direction. The maximum length of cavitation area is evaluated to be 9 d 
approximately. Figure 2(b) shows the appearance of cavitation clouds when σ = 
0.1, where we may found that the dark grey area of clouds becomes much heavy. 
It means that the number density of cavitation bubbles becomes much high and 
thus most light was irradiated by numerous micro bubbles. The maximum 
length of cavitation area expands to 16d approximately when σ = 0.1. 
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Figure 2. Periodic shedding of cavitation clouds in submerged water jets under different 
cavitation numbers where (a) σ = 0.3 (Pi = 0.46 MPa); (b) σ = 0.1 (Pi = 1.18 MPa); (c) σ = 
0.05 (Pi = 2.23 MPa); (d) σ = 0.01 (Pi = 10.7 MPa). 
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Figure 2(c) shows the appearance of cavitation clouds caused in submerged 
water jet when σ is decreased to 0.05. From the figure we may see that the inte-
rior of sheath is almost full of clouds. However, the interior of nozzle throat ap-
pears to be light grey where the number density of bubbles should be not so 
high. Here the maximum length of cavitation area increases to 21 d approx-
imately. Figure 2(d) shows the behavior of cavitation cloud shedding when σ = 
0.01, where cavitation becomes much intensive and the interiors of nozzle throat 
and sheath appear to be dark grey that indicates a high number density of bub-
bles. The maximum length of cavitation area extends to the downstream of 50 d 
approximately.  

3.2. Periodic Spectral Characteristics of Cavitation Cloud Shedding 

In order to clarify the periodic characteristics of cavitation cloud shedding, im-
age analysis of high-speed camera photographs was carried out by investigating 
the temporal variation of grey level. Figure 3(a) shows one of pictures of cavita-
tion cloud taken by high-speed camera. As demonstrated in the figure axial 
sample images of one pixel width were taken along the central axis and then ar-
ranged in time sequence as shown in Figure 3(b), where the average grey level of 
every sample image is different. Similarly, radial sample images of one pixel 
width were also taken at x/d = 1.0 and Figure 3(c) shows a series of radial im-
ages arranged in time sequence. 

The average grey level of every sample image shown in Figure 3(b) and Fig-
ure 3(c) is then evaluated and the waveform of average grey level variation is 
investigated. Figure 4(a) demonstrates the temporal variation of the average 
grey level of the axial images shown in Figure 3(b), which are thought to be the 
same as the periodic property of cavitation cloud shedding along the axial direc-
tion since the grey level of high-speed camera photograph should be closely related 

 

 
Figure 3. Sampling positions and one-pixel sample images arranged in time sequence. 
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to cavitation events in a local area. Figure 4(b) demonstrates the temporal varia-
tion of the average grey level of the radial images shown in Figure 3(c), which 
should correspond to the oscillation of jet width.  

The periodic spectrum of the waveform of the average grey level variation is 
further investigated by FFT (Fast Fourier Transform) analysis. Figure 5(a) 
shows the power spectral density (PSD) distribution of the average grey level os-
cillation in the axial direction, where two dominant frequency components, f1 = 
48 Hz and f2 = 96 Hz, are demonstrated. That is to say, cavitation clouds stretch 
and contract mainly at these two frequency components, which are close to the 
frequency of cylinder reciprocating of the plunger pump adopted. Of course, 
frequency components of 500 Hz, 550 Hz and 590 Hz are visible but they are 
much weaker compared to above dominant frequency components.  

Similarly, Figure 5(b) shows the PSD distribution of the average grey level os-
cillation in the radial direction, where the same dominant frequency compo-
nents, f1 and f2 are detected. However, frequency components from 400 Hz to 
2800 Hz are also visible. The high frequency component of 2800 Hz is close to 
the natural frequency of bubble oscillation and the component of 400 Hz is in 
the order of vortex shedding [26] [27]. The result demonstrates that the oscilla-
tion of jet width is very complex and multiple frequency components have been 
detected.  

 

 
Figure 4. Waveforms of temporal variation of the average grey level of one-pixel 
width sample images along: (a) the axial direction at r/d = 0; (b) the radial direction at 
x/d = 1. 

 

 
Figure 5. Dominant frequencies of the average grey level variations (σ = 0.1, Pi = 1.18 
MPa): (a) Axial direction; (b) Radial direction. 
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Figure 6(a) and Figure 6(b) respectively show the PSD distribution of fre-
quency components of cavitation cloud shedding in the stream direction when σ 
is decreased to 0.05 and 0.01. According to the results we may understand that 
the frequency component of f3 = 580 Hz becomes strong while σ is decreased to 
0.05. When σ is further decreased to 0.01, much more high frequency compo-
nents, such as f4 = 950, f5 = 1250, f6 = 1600, f7 = 1750 become prominent and 
they should be dependent on the collapsing of cavitation clouds consisted of 
numerous small bubbles.  

Figure 7 shows the distribution of dominant frequencies under different 
cavitation numbers where the symbols ∆, ◊, *, etc., denote different frequency 
components and the dashed line denotes the border of frequency spectrum. The 
figure shows that cavitation cloud shedding becomes visible while σ decreases to 
0.3 and two main dominant frequencies f1 and f2 are detected in all experiments 
under different conditions. With decreasing of cavitation number high fre-
quency components become intensive gradually and multiple frequency com-
ponents appear simultaneously.  

3.3. Factors Affecting the Shedding of Cavitation Clouds 

In order to specify the factors affecting the shedding of cavitation clouds the 
temporal variation of jet injection pressure was monitored. Figure 8(a) shows 
the fluctuation of injection pressure Pi, where the mean value of Pi is evaluated to  

 

 
Figure 6. Dominant frequencies of the average grey level variation in the axial direction: 
(a) σ = 0.05 (Pi = 2.23 MPa); (b) σ = 0.01 (Pi = 10.7 MPa). 

 

 

Figure 7. Dominant frequencies of cavitation cloud shedding under different cavitation 
numbers. 
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be 1.0 MPa and the surrounding pressure po is denoted by dashed line for refer-
ence. Figure 8(b) shows the PSD distribution of the pressure fluctuation ob-
tained by FFT analysis. The result reveals that the output pressure of the plunger 
pump adopted fluctuates at two dominant frequencies of f1 = 48 and f2 =96, 
which are coincide with the rotating periodicity of the pump. Comparing Figure 
8(b) to Figure 7 we understand that the low frequency components of cavitation 
cloud shedding correspond to the fluctuation of injection pressure. However, the 
high frequency components should be closely related to the flow structure and 
the property of bubble nuclei including in the working liquid.  

Concerning the structure of turbulent cavitating bubbly flows, it is still a dif-
ficult problem for the complexity of cavitation phenomena. Figure 9 shows a 
schematic illustration of the structure of cavitating flows issuing from a sub-
merged pipe nozzle, which are conjectured from the high-speed visualization 
observations [23] [27] [28] [29] and numerical simulations [26] [30]. The core 
region denotes an area where water jet keeps its power at a high velocity. The 
wavy line demonstrates an invisible interface between the injected jet stream and 
ambient water. As shown in the figure, flow separation is expected to occur at 
the inlet of nozzle throat, which results in the pressure decreases sharply just be-
hind the flow contraction region, where cavitation inception is expected to occur 
and expanded cavitation bubbles travel downstream along the shear layer 
around the core region. Travelling bubbles expanded to their maximum limits 
begin to contract sharply and emit a high impact pressure at the moment of 
bubble collapsing. Under the effect of impact pressure adjacent bubbles turn to  

 

 
Figure 8. Pulsation of jet injection pressure supplied with by a three-cylinder plunger 
pump: (a) Wave form; (b) Dominant frequencies. 

 

 
Figure 9. The structure of cavitating jet issuing form submerged pipe nozzle. 
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contract accordingly. In this way, cavitation clouds expand and collapse sequen-
tially and it looks like that cavitation clouds shed downstream periodically. The 
natural oscillation of a mass of bubbles is dependent upon by the number densi-
ty and the property of bubbles included [24] [31] and the frequency of such a 
bubble cloud collapsing is almost the same as that one of its natural oscillation. 
Therefore, the high frequency components of cavitation cloud shedding are de-
pendent on the bubble cloud distribution subjected to the flow structure and the 
property of bubble nuclei contained in working liquid.  

4. Conclusions 

The behavior of cavitation cloud shedding in submerged water jet issuing from a 
sheathed pipe nozzle has been investigated by high-speed camera visualization 
observation. Experiment results demonstrate that:  

1) Cavitation occurs and bubble clouds become visible when the cavitation 
number decreases to the level of 0.5. Corresponding to the fluctuation of sur-
rounding pressure cavitation bubbles expand and contract periodically and then 
cavitation clouds composed of numerous bubbles shed downstream periodically 
with collapsing of bubbles.  

2) Image analysis reveals that the dominant frequencies of cavitation cloud 
shedding are closely related to the fluctuation of jet injection pressure, the flow 
structure of cavitating jet and the property of bubble nuclei contained in work-
ing liquid.  

3) The periodicity of cavitation cloud shedding corresponds to the fluctuation 
of jet injection pressure and the low frequency components agree with the fre-
quencies of pressure fluctuation of the plunger pump adopted. The high fre-
quency components are dependent on the flow structure of cavitating jet and the 
property of bubble nuclei contained in working liquid. 
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