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Abstract
High-speed visualization and subsequent statistical analysis of a high-speed cavitating water jet were performed with a cus-
tom image acquisition and processing system. In a cavitating water jet, cavity clouds form and collapse with an unsteady, 
periodic tendency where the frequency depends on the flow conditions. The aim of the presented investigations was to 
examine and analyse the dynamic behaviour of these cavity clouds to understand the effect of the influencing experimental 
working conditions, such as injection pressure, nozzle geometry and shape (convergent or divergent) on the size, integrity 
and life cycle of the clouds. The results show oscillation patterns in the geometry of the clouds (thickness, length, area, etc.), 
through shedding, growing, shrinking, which are related to upstream pressure fluctuations caused by the plunger pump and 
the interaction between the jet and the surroundings. The corresponding characteristic oscillation frequencies of the cavitat-
ing jets were also determined through cloud shape analysis.

Keywords  Cavitation cloud · Image processing · Shedding frequency · Two-phase flow · Cavitating jet

1  Introduction

Cavitation is a vapourization process that can happen with-
out introducing heat into the system. It occurs when the local 
static pressure in a fluid reaches a level below the vapour 
pressure of the liquid at the actual working temperature. 
According to the Bernoulli equation, this may happen when 
a fluid accelerates in a pipe or around a pump impeller; thus, 

cavitation is a common problem in fluidic equipment, such 
as pumps and control valves, causing serious wear, tear and 
damage. Under the wrong conditions, cavitation can reduce 
the lifetime of these components dramatically or can cause 
a drop in performance, high vibration and noise in hydraulic 
systems. On the other hand, the destructive power of cavi-
tation can be deliberately used to modify and enhance the 
surface or mechanical properties of target materials, e.g. for 
cleaning, cutting or peening with relatively low energy con-
sumption. Cavitating water jets have received much attention 
also in the environmental industry for the possibility to use 
them for the decomposition of toxic substances and the water 
treatment [1–8].

To prevent cavitation from negatively effecting hydrau-
lic system performance or components, or to effectively 
use it for surface modification purposes, the investiga-
tion of this phenomenon and the study of its dynamics 
are essential. Until now, many experimental studies on 
cavitating water jets have been made concerning jet driven 
pressure, shape and size of a nozzle and cavitation num-
ber [7–14]. However, the structure of the cavitating jet 
and the behaviour of the unsteady cavitation bubbles are 
still in question, mostly due to the difficulty observing 
the interior of cavitating flows [15, 16]. With the purpose 
of performance prediction and efficient design of many 
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engineering devices such as turbomachinery, turbo-pumps 
in rocket propulsion systems, hydrofoils, fuel injectors, 
marine propellers, nozzles and cavitating jet generators, 
recently attention has also been focused on the numerical 
simulation of cavitating flows [17–21].

In this paper, high-speed photography was used to 
investigate and analyse the cavitation phenomenon, which 
was created by a high-speed submerged cavitating jet 
generator. Digital image processing was used to study the 
clouds’ behaviour and structure and to measure parameters 
which can be used to characterize the system in function 
of the applied working conditions. The obtained results 
were statistically analysed both in time and in frequency 
domains. Considering a statistically relevant amount of 
data, besides the natural variation in the data set origi-
nating from the nature of this turbulent two-phased flow, 
the characteristic features of the cavitating jets can also 
be obtained. The shedding and discharging of the clouds 
can be considered a deterministic phenomenon, with cer-
tain characteristic frequencies superposed on the data set, 
which are depending on the hydrodynamic and geometri-
cal working conditions, as it was discussed in previous 
publications. There are several formulas which can be 
used to calculate these frequencies. However, during the 
short time from shedding to discharging, cavity clouds 
are exposed to many forces originating from the turbulent 
interactions with the surrounding liquid in this complex, 
two-phase flow. Due to these forces, the behaviour and 
geometrical characteristics of the clouds cannot be eas-
ily predicted in time [9, 10, 15, 16, 22–27]. The statisti-
cal analysis of these geometrical parameters of the clouds 
(thickness, length, area) and their correlation with the 
working conditions can lead us to understand the cavita-
tion phenomenon better and help us to enhance the perfor-
mance of cavitating jet systems.

In time domain, the variation in the clouds’ thickness 
and the area was investigated in function of time, the 
mean, standard deviation, skewness and kurtosis of their 
distributions were used to analyse the behaviour of the 
jet. In the frequency domain, fast Fourier transformation 
(FFT) was used to obtain the amplitude spectra based on 
the varying cloud areas and determine the characteristic 
frequencies of their dynamics. Through this image analy-
sis, it is possible to quantitatively estimate the high-speed 
behaviour of the clouds, such as their consecutive shed-
ding and discharging or other smaller processes, which 
take place before, in-between, or after these two main pro-
cesses, such as shrinking, growing, re-entrant flow and 
pressure wave formation. It should be noted that the shed-
ding and discharging processes are the main parameters for 
understanding the behaviour and performance of cavitating 
jet generators and other cavitating systems; thus, we will 
focus our investigation on these.

2 � Experimental

2.1 � Measurement set‑up and procedure

The main part of the experimental set-up for our investiga-
tions is a high-speed submerged cavitating water jet genera-
tor, which consists of two connected closed hydraulic loops 
schematically depicted in Fig. 1. The chamber is first filled 
up with water, and then the plunger pump pressurizes the 
water. The high-speed submerged cavitating jet is gener-
ated in the thick-walled steel test chamber by the adjustment 
of appropriate hydrodynamic conditions. The final outflow 
arrives in the test chamber through the nozzle. For mate-
rial testing purposes and for testing the performance of the 
cavitating jet generator, the specimens are mounted in the 
rotatable sample holder in a way that the tested specimen is 
coaxial with the nozzle. Essential components of the cavi-
tating generator are the pressure and temperature sensors 
and the cooling system, which is connected to a temperature 
regulator, regulating valves, energy destructor and filters. 
More information regarding the test chamber can be found 
in our previous publications [28].

2.2 � Visualization of the cavitating jets

A Photron APX ultra-high-speed camera (up to 100.000 
frames/s) with a CORODIN 359-type flash lamp system was 
designed to operate the lamp with pulse durations of 0.5 to 
11 ms. The system is triggered by a 30 V signal coming from 
the pulse generator. The test chamber has three transparent 
windows to be able to visualize the cavitating jet. In the test 
system, the light to the downstream chamber was supplied 
through two coaxial windows and the observation with the 
camera was done through the third window. To maximize 
the gathered light scattered from the cavities, the camera was 
mounted in such way to have free movement in any direc-
tion. The schematic components of the complete visualiza-
tion system are shown in Fig. 2.

For the sake of clarity, the term cavity shedding refers 
to the moment when a new cavity starts at the lip of the 
nozzle, while the term discharging represents the break-off 
moment of the cavity. As discussed in previous publica-
tions, the shedding and discharging moments are periodi-
cal in nature and are very close to each other, so practically 
only one (the same) characteristic frequency describes this 
phenomenon [15]. The photographs of Fig. 3a, b illustrate 
the appearance and the shedding/discharging of the cavi-
ties. The numbers in Fig. 3b mark the shedding process of 
the cavitation clouds; in this way, the life of the clouds can 
be traced from shedding to discharging. Table 1 collects 
the working conditions for the experiments.
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2.3 � Digital image processing

Digital image processing, implemented in a custom MAT-
LAB program, was used to identify and analyse the cavita-
tion clouds based on the obtained photographs. The most 
important part of this sequence is the edge detection, which 
was carried out on binarized (grayscale) images. We used 

the Canny edge detection algorithm, supported by the Otsu 
double thresholding method to extract the contour of the 
cavitation clouds and separate them from the background. 
The main steps of the autonomous image processing and 
subsequent evaluation programme are the following:

Step 1 Edge detection based on the Canny method. This 
step includes the determination of region of interest (ROI), 
conversion to grayscale, histogram-stretching (contrast opti-
mization) noise removal (smoothening by applying Gaussian 
blur to the image) and the multi-stage edge detection algo-
rithm. The latter uses gradient mapping; the local maxima 
in the gradient map is evaluated with edge tracking and 
double thresholding (Otsu method) to find the contour of 
the cavities.

Step 2 Cloud recognition by homogeneity testing: divid-
ing the image into blocks that are more homogeneous than 
the image itself. This technique reveals information about 
the structure of the image and along with the detected edges 
enables the identification of coherent clouds (blocks), as 
shown in Fig. 4b.

Step 3 The measurement of cloud properties. The param-
eters are calculated at pixel level, as shown in Fig. 4c. For 
this exact same image, the results are given in Table 2.

Step 4 Cloud dynamics—Obtaining information about 
the strength and compactness of objects through image 
dynamics examination at the pixel level, including structure 

Fig. 1   a Schematic diagram of 
the cavitating jet generator (old 
version) (1—plunger pump, 
2—filter, 3—regulating valve, 
4—temperature sensor, 5—
high-pressure transducer, 6—
test chamber, 7—low-pressure 
transducer, 8—safety valve, 
9—tank, 10—circulation pump, 
11—heat exchanger, 12—
energy dissipater, 13—pressure 
gauge, 14—flow indicator). b 
Schematic diagram of a typical 
nozzle. In our experiments, the 
actual outer diameter was 1 mm 
for the divergent direction and 
0.45 mm for the convergent. 
c The schematic of the test 
chamber
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Fig. 2   Components of the high-speed cavity visualization test system
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analysis within the object or pixel intensity or colour vari-
ations (Fig. 6).

Step 5 Analysis of the cloud thickness and the area in 
function of time at certain grid locations along the jet path 
(64, 128, 192, 256 and 320 pixels, corresponding to around 
3.6 mm, 7.24 mm, 10.86 mm, 14.48 mm and 18.1 mm meas-
ured from the nozzle). An example of the cloud thickness 
variation in function of time is shown in Fig. 5.

2.4 � Statistical analysis parameters

In our investigation, four main geometrical parameters were 
obtained and analysed: cloud thickness, area of the first cav-
ity cloud (referred to as ‘area_first’, the cloud which is clos-
est to the nozzle, currently under shedding), the areas of all 
the clouds together in one frame (referred to as ‘area_sum’), 
and the centre of mass. Besides the mean and standard 
deviation, the skewness and kurtosis of these parameters 
were also calculated as defined by Eqs. 1 and 2, respectively 
(where N is the sample size, xi is the ith value, ̅x is the mean 
and σ is the standard deviation):

In statistics, skewness is a measure of the asymmetry of 
the probability distribution of a real-valued random variable. 
Generally, a distribution has a positive skew (right-skewed) 
if the right tail is longer and negative skew (left-skewed) if 
the left tail is longer. When graphs are skewed, the median 
and mean are no longer equal. This parameter could be a 
good indicator for jet performance; as we will see later, to 
have a good performance of the cavitating jet generator data 
with positive skewness are preferred. Kurtosis is a measure 
of the relative peakedness of the distribution. Data sets with 
high kurtosis tend to have a distinct peak near the mean and 
decline rather rapidly. Data sets with low kurtosis tend to 
have a flat top near the mean rather than a sharp peak [29, 
30]. To have good jet performance, data sets with high kur-
tosis would be preferred.

3 � Results and discussion

3.1 � The dynamic behaviour of the cavitation clouds

The behaviour of the clouds inside a cavitating jet is a fast 
and dynamic phenomenon. As an illustration, Fig. 6 shows 
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Fig. 3   Photographs from the appearance of the cavities—illustra-
tion of the influence of hydrodynamic and geometrical conditions. a 
From top to bottom: P1 = 105 bar, 125 bars, 177 bars (for a conver-
gent nozzle with a diameter of 0.45 mm), and 90.5 bar and 267 bars 
(for a divergent nozzle with a diameter of 1 mm). Frame rate 24.000 
f/s, resolution 512 × 128. b Illustration of the cavity shedding and dis-
charging process for five cavity clouds (A, B, C, D, E) P1 = 105 bar, 
frame rate 50.000 f/s, resolution 256 × 64. For the detailed experi-
mental conditions, please see Table 1
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a group of processed images (consecutive frames) of such 
cavitation clouds, where the colour scale corresponds to 
the light intensity of the original photographs. The internal 
structure of the cavities can be visualized by image exami-
nation on a pixel level, as presented in this figure. Based 
on these images, the dynamic behaviour of the clouds in 
space and time can be qualitatively determined and could 

be used as indicator for their strength and compactness. As 
it can be seen in the images, the cloud is a living entity, 
and its own internal structure is governed by background 
processes. The dynamic of the whole jet can be followed by 
observing the consecutive frames. The projected 2D shape 
of the clouds is changing dynamically, which can be attrib-
uted to many reasons. Firstly, the shape and geometry of the 
clouds are related to their composition (vapour and liquid); 
secondly, the surface of the clouds can be considered quite 
rough (in three dimensions) due to the two-phase interac-
tions and shear forces acting on the vapour–liquid interface. 
Since our presented method is technically using the light 
reflection of the vapour phase to image the clouds, this rap-
idly changing interface and randomly diffused light on the 
smaller bubbles can make the precise determination of the 
clouds’ contour hard. Since this contour is distinguished 
based on the pixel intensity (via thresholding), the interface 
results in grey areas and thus the movement of the liquid 

Table 1   Experimental 
conditions of the investigations

The given shedding frequencies are analytically calculated

Nozzle shape (diam-
eter [mm])

P1 [bar] P2 [bar] VJ [m/s] σ [−] K [−] tp [μs] f[s−1]

Convergent (0.45) 105 2.06 96.5 0.022 0.0154 158 6335
Convergent (0.45) 125.7 2.06 105.4 0.019 0.0154 170 5810
Convergent (0.45) 177 2.06 125.7 0.013 0.0154 205 4880
Divergent (1) 90.5 1.89 22.8 0.34 0.0147 140 7140
Divergent (1) 267 1.89 39.35 0.11 0.0147 240 4170

Fig. 4   a The original, grayscale 
photograph before process-
ing. b The image after edge 
detection and cloud contour 
recognition. Note that small 
areas, which do not meet the 
size or homogeneity criterion, 
are rejected. c Measurement of 
cloud parameters at pixel level 
in the relevant areas. The scale 
is in pixels, which corresponds 
to 56.6 µm

Table 2   Obtained parameters of the two detected cavities from Fig. 4

A pixel corresponds to 56.6 μm

Cloud number (con-
tour)

Width [pixel] Height [pixel] Area [pixel2]

1 (green) 73 33 1538
2 (red) 112 53 4124
The gap between the 

clouds = 27 pixel
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layers around the cavitation clouds can also be seen and fol-
lowed. The borderlines between the cavitation clouds and 
other liquid layers have a serpentine shape. This shape is a 
result of vortices originating from the turbulent movement 
of the jet, in addition of the compressing and expanding 
processes of the cavitating jet, which creates the shedding, 

rebounding, collapsing (discharging) of the clouds, in addi-
tion to the micro-jets and shock waves. As the high-speed 
photographs of Figs. 7 and 8 present, the collapse of the 
bubbles can happen anywhere along the jet trajectory and a 
bubble may collapse on its own (Fig. 8/a) or after combin-
ing with another bubble (Fig. 8/b). The red arrows in Fig. 8 

Fig. 5   An example for cloud thickness variation in time, measured at three fixed points, from top to bottom at 64, 128 and 192 pixels, corre-
sponding to around 3.6 mm, 7.24 mm and 10.86 mm, respectively, measured from the lip of the nozzle

Fig. 6   2D consecutive images illustrating the strength and compact-
ness of cavitation clouds realized through photography and image 
processing. The images show how the shape of the bubbles changes 
during the flow. Experimental conditions: P1 = 177 bar, P2 = 2.06 bar, 

VJ = 125.7  m/s, σ = 0.026, T = 20  °C, consecutive frame expo-
sure time = 42 μs. The XY scale is in pixels, which corresponds to 
56.6 µm. The colour scale is arbitrary corresponding to the normal-
ized intensity of the image
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indicate the micro-jets which are formed during these pro-
cesses. This also supports that micro-jet can be formed even 
before the cavity bubble reaches the surface.

Tracing the life cycle of one cavitation cloud from its 
shedding to its discharging shows that after shedding the 
collapse (or degradation stage) of the cloud to small frag-
ments might happen before or after its impact on the surface 
of the sample at the end of its trajectory. Both the character-
istics and the time needed for the cloud to complete its life 
cycle are depending on the geometrical and hydrodynamic 

Fig. 7   Photographs of luminescent clouds in a cavitating jet. The 
bubble collapsing process along the jet trajectory and near/on target 
wall (specimen surface) can be followed this way. More informa-
tion in [32]. (Experimental conditions: P1 = 213  bar, VJ = 173  m/s, 
T = 22 °C)

Fig. 8   High-speed photographs showing impact processes on target surfaces. Top set a: collapse of a single bubble. Bottom set b: collapse of 
two cavitation bubbles. More information in [34]. (Frame rate 180,000 fps, exposure time 2.50 μs, frame width 5.45 mm)
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working conditions. The evaluation of more than 1500 
frames revealed that almost all cavities seldom maintain 
the axi-symmetric shape as moving downstream and often 
undergo a wavy deformation, probably reflecting the occur-
rence of the azimuthal instability of a vortex ring [31].

The analysis of the movies also shows that at low injec-
tion pressures (P1) of 105 bar and 90.5 bar (convergent and 
divergent nozzle, respectively) the jet break-offs can be 
observed frequently, while at higher injection pressures (for 
both nozzle types) the jet break-off frequency decreased dra-
matically. At low injection pressures the instability could be 
attributed to the shortening of the vortex formation interval 
on the separated shear layer, or in other words the higher 
shedding frequencies can be related to the shorter length of 
the cavitating area and the created cavitation cloud has a less 
coherent structure compared to those created with higher 
injection pressures. The created cavities are not strong 
enough to sustain the effects of different forces which are 
acting on them in the turbulent flow field.

The cavities were found to persist downstream up to a 
certain value range of X/d (non-dimensional stand-off dis-
tance, where X is the distance between the nozzle and the 
target, and d is the nozzle diameter) [15, 32, 33]. This range 
depends on the factors mentioned earlier (hydrodynamic and 
geometrical conditions), but its precise determination was 
not the aim of our investigations.

3.2 � Cavitation cloud thickness

In Fig. 3, we illustrated how the radial and axial expansions 
of the cavitation clouds are depending on both the geomet-
ric and hydrodynamic working conditions. An example in 
Fig. 5 presented the variation in cloud thickness in time, 
which showed that the clouds have a non-predictable, non-
uniform shape, and their changing is related to processes 
such as shedding, growth, discharging, shrinking, regrowth 
and collapsing. These different processes are connected, and 
all of them have their own frequencies. Thus, the oscilla-
tion frequency of cloud thickness can be considered as a 
superposition of all these frequencies. These processes are 
also tightly connected to the injection pressure which has 
fluctuation depending on the frequency of the plunger pump 
(fpump = 3.77 Hz).

Thus, the variation in the cloud’s thickness can be con-
sidered as a good indicator to characterize their behaviour; 
hence, this was one of our main investigated parameters. Our 
custom MATLAB program was used to measure the cloud’s 
thickness at five separate positions along the jet trajectory, 
as presented in Fig. 9a–e in the form of histograms, while 
Fig. 9f collects the mean and standard deviation of the whole 
data. The experimental conditions are given in Table 1.

Although the main running parameter is the injection 
pressure, please note that in two cases the nozzle geometry 

was divergent with an outlet diameter of 1 mm (90.5 bar 
and 267 bar), while for three cases it was convergent with 
a diameter of 0.45 mm (105 bar, 125 bar, 177 bar). As we 
discussed in our previous publications, the nozzle geometry 
and diameter have a significant effect on the propagation 
distance, size of the cavitation clouds and actions, when the 
injection pressure and the flow rate are kept constant [9–11, 
15, 32, 33]. As can be seen in Fig. 9, the closer the nozzle 
(position 1), the thicker the clouds produced by the divergent 
nozzles, while further away from the nozzle (positions 4 and 
5) the thickness correlates with the injection pressure.

It can also be seen that the spread and standard devia-
tion of the measured thicknesses both increase with the 
injection pressure and the position. At the first position, the 
thicknesses were between 0.1 and 3.2 mm, whose spread 
increased from 0.1 to 4.5 mm, 5 mm, 6 mm and 7 mm in 
the subsequent positions. As we go further downstream, the 
clouds are subjected more and more interactions, forces act-
ing at the interface of the phases, which perturb their size 
[32, 33].

In the first measurement point, the thickness of the clouds 
shows a symmetric distribution for the divergent nozzle, 
for both injection pressures. For the convergent nozzle, 
P1 = 125 bar resulted in a more symmetric distribution com-
pared to the experiments with 105 bar and 177 bar. It is inter-
esting that the maximum measured thickness was obtained 
with a convergent nozzle at 177 bar (3.6 mm), but as men-
tioned earlier the two divergent nozzles have higher average 
thicknesses at this position. The average values measured for 
the convergent nozzle correlate with the injection pressures 
(Fig. 9f). In the second measurement point, for both noz-
zle geometries, the average width increased for all injection 
pressures. The divergent nozzle has symmetric distribution, 
while the convergent has symmetric at 125 bar and non-sym-
metric at 105 and 177 bar pressures. In the third position, the 
divergent nozzle at 90.5 bar pressure still has the character-
istic peak (most counts) at around 2.1 mm; however, the fact 
that the count of thicker clouds and the average thickness 
decrease may indicate the start of the disintegration process 
of the cloud. In contrast, the clouds generated with 267 bar 
are still developing, marked by the steady increase in the 
average thickness and a nearly ideal normal distribution. For 
the convergent nozzle, the thickness is increasing with the 
injection pressure, and the ideal distribution is still obtained 
with 125 bar. In the fourth position, the measured thickness 
for the divergent nozzle with 90.5 bar continues to decrease, 
confirming the disintegration of the cloud. For 267 bar, the 
thickness increases further, but the symmetry of the dis-
tribution is lost. For the convergent nozzle, the thickness 
still correlates with the pressure. In the final measurement 
point, the thickness measured for the 90.5 bar case drops 
drastically, meaning that the average penetration depth of 
the cavitating jet is smaller than measurement position, i.e. 
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the cavity starts to vanish before this position. In the other 
hand, the jets with higher injection pressure (267 bar, 177 
bar) reached a saturation stage, most perceivable in Fig. 9f.

Based on this analysis, we can say that the thickness can 
be used as a parameter to monitor the jet spreading angle and 
describe the shrinking, regrowth and collapsing processes 

as well until the clouds completely vanish. As can be seen 
in Fig. 9f, for the divergent nozzle at 90.5 bar, the thick-
ness only increases until the third measurement point, after 
which it starts to decrease. We can thus say that the pen-
etration depth of the jet is close to this position, and the 
maximum spreading angle is here since the highest thickness 

Fig. 9   a–e Histograms showing the distribution of the measured 
cloud thickness, measured in five positions, 3.6 mm, 7.24 mm, 10.86, 
14.48 mm and 18.1 mm, starting from the nozzle inlet, for five injec-

tion pressures. f Mean and standard deviation calculated on the data 
sets at the five positions
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was measured here. While for the same nozzle at 267 bar, 
both the thickness and spreading angle continuously increase 
and reach saturation at around position 5. This indicates that 
the penetration depth of the jet under these working condi-
tions is bigger than the available free distance (the distance 
between the nozzle and the target surface). For the conver-
gent nozzle, the same process can be observed in function 
of the injection pressure. While at position 5 the thickness 
saturates at 177 bar, it shows a small decrease for lower pres-
sures, e.g. for 125 bar.

Conclusively, we can state that regardless of the nozzle 
geometry, the cavitating jet thickness and spreading angle 
increase with the injection pressure and penetration.

Figure 10 presents the calculated kurtosis and skewness 
values for the thickness measurements. Although the data 
show significant variation, some tendencies, which char-
acterize the above-discussed processes (Sect. 3.1), can be 
clearly seen. Looking at the data obtained for the experiment 
with 90.5 bar, we can see that the disintegration and later 
vanishing of the clouds are characterized by an abrupt drop 
in kurtosis and then a subsequent increase in the skewness. 
The drop in kurtosis means that there is no characteristic 
(dominant) thickness, while a positive skewness indicates 
a larger amount of thinner clouds, consistent with the van-
ishing. This process is also observable for the convergent 
nozzle at 125 bar (see also Fig. 9f). The data show a ten-
dency for negative skewness except for the convergent noz-
zle at 177 bar, which shows some instability at the first few 
positions (see the double peaks in the histogram), and for 
the divergent nozzle at 90.5 bar in the vanishing phase. We 
can also say that well-developed jets have positive kurtosis, 
which indicates a strong, characteristic thickness.

Due to the nature of this highly turbulent, two-phase 
flow, the variation in the thickness of the clouds is high, 
and thus skewness and kurtosis did not yield much insight 
in this case. We will soon see that they will provide more 

meaningful information when applied on the measured 
areas.

3.3 � Cavitation cloud area

The longitudinal cross-sectional area of the cavitation clouds 
was also calculated with our custom MATLAB program. 
The resulting histograms for the areas of the first cloud 
(area_first) and all clouds on the photograph (area_sum) 
are shown in Fig. 11. Again, the nozzle geometry and diam-
eter had a major impact on the measured area of the clouds: 
the divergent nozzle (with 1 mm outlet diameter) produces 
clouds with larger areas compared to the convergent nozzle 
(with 0.45 mm diameter), as can also be seen in the photo-
graphs of Fig. 3. Also, the area of the clouds strongly cor-
relates with the applied injection pressure. The spread of 
the measured data, along with the standard deviation, also 
increases with the injection pressure, as shown in Fig. 11e.

By comparing the histograms of the first cloud’s areas 
and summed cloud areas, we can gain information regard-
ing the structure of the clouds. For the divergent nozzle, 
adding all the cloud fragments to the first cloud’s area does 
not increase the average area much (Fig. 11e) compared to 
the convergent nozzle. This indicates that the clouds pro-
duced by the divergent nozzle have a more coherent struc-
ture—even if they are smaller and do not span to the whole 
length of the chamber as for 90.5 bar. For the convergent 
nozzle, the shape of the histogram changes significantly 
by summing all of the cloud fragments, compared to the 
first area, especially for smaller injection pressures the 
first clouds (area) will be smaller, indicating a more frag-
mented structure. The calculated kurtosis and skewness 
values are presented in Fig. 12. In the skewness values, 
we see a nice negative tendency with increasing injec-
tion pressure, especially for the summed areas. This is in 
good accordance with our previous observation that the 

Fig. 10   a Kurtosis, b skewness of the thickness measurements at five different points along the jet trajectory for five injection pressures
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cloud size and penetration depth increase with injection 
pressure. Negative skewness indicates that larger clouds 
are more frequent in the distribution. The kurtosis values 
underline our other observation that the clouds produced 
with the divergent nozzle are more compact: the smaller, 
negative kurtosis measured for the convergent nozzle indi-
cates a wider and flatter distribution, corresponding to less 
coherent clouds.

The cloud coherency can be attributed to the shedding 
frequency of the jet, which was found to be higher for the 
experiments performed with the convergent nozzle [9–11, 
15, 32, 33]. Based on the determined cross-sectional area of 
the clouds, their volume can be estimated for the different 
experimental conditions. As it was discussed in our previous 
publication, the intensity of cavity collapse (i.e. the energy 
transferred during collapse) increases with larger cloud 

Fig. 11   a–d Histograms showing the distribution of the measured area of the cavitation clouds a, b first cloud in frame; c, d summed area of 
total clouds in. e Mean and standard deviation of area measurement
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volumes. At the same hydrodynamic working conditions, the 
convergent nozzle produces slender jets (with smaller thick-
ness and area, i.e. less volume) in comparison with cavitat-
ing jets produced by the divergent nozzle. Its effectiveness 
was still found to be better because of the higher shedding 
frequency [9–11, 15, 22, 23]. Conclusively, our presented 
results are in good accordance with the mentioned previous 
observations.

3.4 � Frequency domain analysis: pulsation 
frequency

In order to investigate the fluctuation in the area of the cavi-
tation clouds, the Fourier spectra of the area data—obtained 
with 42 µs time resolution between the consecutive frames—
were calculated through fast Fourier transformation (FFT). 
The plots of Fig. 13 compare the resulting spectra for the 
different working conditions. The FFT spectra calculated for 
the first cloud’s area (a), the summed area of all the clouds 
(b), and the position of the centre of mass along the longitu-
dinal dimension (c) are also given.

It is important to be emphasized that these spectra char-
acterize the oscillation frequency of the clouds, which is 
not to be confused with the shedding frequency. As dis-
cussed previously and in other papers, increasing injection 
pressures (or increasing Reynolds number) causes a drop 
in shedding frequencies [15, 26]. Here, the characteris-
tic oscillation frequencies are found to increase with the 
injection pressure. As can be seen, at the lowest injec-
tion pressure of 90.5 bar there are barely a few peaks in 
the noise, while at higher pressures dominant frequencies 
emerge. Comparing the three injection pressures used with 
the convergent nozzle, we can see an increasing trend in 
the position of characteristic peaks in Fig. 13b. Dominant 
lower frequencies obtained for 267 bar can be accounted 
for the differences in the convergent/divergent type of noz-
zle. However, it is interesting to see that there are char-
acteristic peaks at the same frequencies for both conver-
gent and divergent nozzles at higher pressures (e.g. the 
peak at 2775 Hz). Figure 13d compares the three different 
FFT spectra calculated for the same experiment (177 bar, 
convergent nozzle). It can be seen that there are clearly 

Fig. 12   a, b Kurtosis; c, d skewness of the area measurements presented in Fig. 11 for the area_first (left column) and area_sum (right column) 
histograms
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overlapping peaks, especially between the FFT spectra 
calculated for the first area and the centre of mass (e.g. 
around 2775 Hz, 3200 Hz). Considering the summed area 
of the clouds, dominant peaks at slightly lower frequencies 
appear, around 2375 Hz. Comparing the three FFT spectra 
for the divergent nozzle at 267 bar, we can see that the 
characteristic peaks are much closer to each other, which 
again indicates that the coherency of the clouds is better 
compared to the convergent nozzle.

It is demonstrated that with our proposed image process-
ing method it was possible to measure the oscillation fre-
quency of the produced cavitation clouds, which was found 
to be characteristic in the 2–5 kHz range, depending on the 
working conditions. The appearance and position of these 
peaks yield useful information about the morphology of the 
clouds and the behaviour of the cavitating jet in general.

4 � Conclusion

Image processing and statistical analysis were used to 
study the two-phase flow dynamic behaviour of cavitat-
ing flow issued using a high-speed cavitating water jets 
generator. The thickness and area of the clouds and their 
oscillation frequency (based on the changes in their area 
and centre of mass) were used to study their morphology 
in function of the working conditions, mainly nozzle type 
(convergent, divergent) and injection pressure. The results 
show that by increasing the injection pressure, the penetra-
tion depth and total area of the cavitation clouds increase, 
and the resulting clouds are better developed with an 
increasing thickness along their path. It was also found 
that the divergent nozzle produced more coherent clouds 
compared to the convergent nozzle. The FFT analysis 

Fig. 13   FFT spectra of a the first cloud’s measured area; b the summed area of the clouds; c the position of the cloud’s centre of mass along the 
longitudinal dimension; d comparison of the three different FFT spectra for the data measured with the convergent nozzle at P1 = 177 bar
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showed that at higher injection pressures (above 125 bar) 
characteristic peaks appear in the oscillation frequency 
of the clouds, which are most dominant in the 2–5 kHz 
range. Conclusively, it was demonstrated that the intro-
duced image processing method is a useful tool to study 
the behaviour of cavitation clouds in detail, which can 
help in their further optimization for various applications.
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