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Abstract
In a cavitating water jet, cavity clouds emerge and collapse with an unsteady, but periodic 
tendency where the frequencies depend on the working conditions. The presented work 
aims at examining and analyze the dynamic behavior and properties of the clouds under 
different circumstances. Computer vision and image processing were introduced as tools to 
define the cavitation clouds based on the Contour Recognition technique. A Canny opera-
tor and Otsu threshold fragmenting methods were used. The use of these methods allows 
for a better understanding of the cavitating jet clouds’ behavior based on the pixel inten-
sities and shows that for an arbitrary cloud the surface itself has a dynamic feature and 
depends on the cavity composition. The clouds’ properties could be measured and cor-
related to the applied working conditions. Also, the oscillation frequencies of the area of 
the clouds could be determined. The analysis shows that the quality of the obtained results 
depends mainly on the input threshold values separating the foreground and background 
pixels. The difficulty of defining the threshold value is discussed in the paper, as well as the 
validity of using the Contour Recognition technique in this field.

Keywords  Cavitation · Image · Segmentation · Recognition · Edge detection · Contour · 
Frequency

1  Introduction

Cavitation is considered as a complex phenomenon involving high speed, high pressure, 
multiple phases, phase transition, turbulence, and unstable features. Cavitation bubbles 
collapsing on the surface normally cause severe damage to the hydraulic equipment 
such as pumps, screw propellers, and valves. However, the cavitation collapse can be 
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utilized for surface modification, enhancement of mechanical properties of materials, 
surface cleaning, and other application fields. For the practical use of cavitation, a good 
command of the cavitation aggressivity and a good understanding of its characteristics 
are required to improve the quality of the effect and to shorten the processing time. For 
further improvement of cavitating water jet generators, the basic theory of cavitation 
behavior, impact-pressure distribution, and related parameters should be investigated 
(Hitoshi et al. 2009; Hutli et al. 2013a, 2016a, b, 2018).

The main concept of the cavitating jet generator is creating the cavitation cloud 
utilizing vortex cavitation in the shear layer of a high-speed jet submerged in water. 
Many researchers have shown that the cavitating water jet produces periodical cavi-
tation clouds and produces strong impacts through cloud collapsing (Yamaguchi and 
Shimizu 1987; Vijay et al. 1990; Soyama et al. 1994; Hutli and Nedeljkovic 2008). The 
cavitation as a tool attracts industrial and healthcare attention (Hutli et al. 2018; Kalu-
muck and Chahine 2000; Soyama et al. 2000). The understanding of the cavitation cloud 
behavior and the dynamics of individual bubbles is essential to increase the application 
fields of the cavitation. The cavitating jet generator is a tool to create intensive, fast, 
controllable, coherent structure and severe cavitation phenomenon which is suitable for 
cavitation study and application.

As the cavitation clouds collapse, the micro-jets, and shock waves are formed, the micro 
jet velocity and the shock wave intensity depend on the cloud composition and ambient 
pressure (Reisman et al. 1998). According to the previous studies of the authors (Hutli and 
Nedeljkovic 2008; Saito and Sato 2006; Sato et al. 2009a), based on the type of cavitation, 
exposure time and material target, etc., the cloud collapse may lead to plastic deformation, 
erosion, and failure in the target. The collapse of the cavitation cloud produces consecutive 
collapses of small clouds or bubbles and forms a complex impulsive pressure field. As an 
example, the collapse of clouds in the case of cavitating jets or the collapse of the attached 
cavity cloud on the hydro-files in the case of the cavitation tunnel (Hutli and Nedeljko-
vic 2008; Sato et al. 2003; Soyama et al. 1993; Ganesh et al. 2016). Generally, the cloud 
cavitation shows an unsteady periodic tendency with a periodic shedding/discharging of 
cavitation clouds and a reentrant motion in a cavity. The relation between the reentrant 
motion and the shedding cavity was proved; it can be understood by tracing the sheet cavi-
tation of hydrofoils in cavitation tunnel (Sato et al. 2001, 2010; Sakoda et al. 2001; Delar 
et al. 2012). Many authors have studied the flow cavitation in a convergent-divergent noz-
zle installed in a cavitation tunnel. The obtained result showed that a reentrant motion on 
the inside of a cavity and the following formation of periodic cloud cavitation is caused by 
pressure waves occurrence and its propagation due to a collapse of a cavitation cloud shed 
downstream (Sato et  al. 2001, 2010). In the case of a cavitating water jet, cloud cavita-
tion is formed in the nozzle or at a nozzle exit and a jet boundary. There exist some severe 
pressure waves in the cloud region of the cavitating water jet (Hutli and Nedeljkovic 2008; 
Sato et al. 2009b, c, 2013; Saito and Sato 2007; Yoshida et al. 2012; Hutli et al. 2013b, c). 
Using the flow visualization techniques significantly improved the investigation and study-
ing methods of cavitating flow, specifically in the analysis of cavitation conditions. This 
means that, once the cavitation inception is detected, it can be very useful to analyze an 
image of the phenomenon for an in-depth evaluation of the characteristics of cavitation. A 
qualitative study of the cavitation phenomenon assisted by human analysis of static images 
has been made (Merzkirsch 1987; Yang 1989). Also, some experiments on the automatic 
analysis of cavitation zones employing image processing have been presented in the litera-
ture (Yaw-Huei et al. 2017). Many authors have adopted image processing techniques to 
study and to characterize cavitation, the obtained results show that this technique is a good 
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tool for analyzing the cavitation phenomenon (De Lucia and Anguzza 1994; Baldassarre 
et al. 1998; Yaw-Huei et al. 2017).

The outcome of image processing can be the image itself with a modification or a set 
of parameters related to a certain object in the image. In image processing, image analy-
sis, image pattern recognition, computer vision, and human vision the edge detection is 
assumed as a classical and important technique that is an essential step in image processing 
and analysis. It is used to provide the geometrical “boundaries” information of the inter-
rogation area “object” in the image. The information about the shapes and the reflectance 
in an image is useful for image segmentation, registration, and identification aims. In the 
threshold evaluation method of edge detection, the variation in intensity that occurs in the 
image is stated as the edge. The gradient values of pixels exceeding a certain threshold are 
considered as edge pixels. The fundamental steps in the edge detection process which are 
used to identify the points in the image where clear changes occur in the intensity are filter-
ing (refining) enhancement (intensification), and edge magnitude threshold (Gonzalez and 
Woods 2008; Larry 1975). Another fundamental step in image processing, image analysis, 
image pattern recognition, and computer vision is image segmentation. Segmentation is 
the process that subdivides an image into its constituent parts or objects based on features 
such as color, shade, pattern, etc. Adjacent regions differ concerning the same characteris-
tics. One possibility to classify each pixel to the correct part of the image is to define the 
edges of the regions. The main edge detection techniques are presented in the publications 
to make image segmentation such as Sobel, Prewitt, Roberts, Canny, Expectation–Maxi-
mization (EM) algorithm, Otsu, and Genetic algorithm. Implementation of segmentation 
and object recognition using the mentioned techniques are studied in Kokkinos and Mara-
gos (2009), Zhang (1996), Nida and Musbah (2015). The Canny algorithm can be used in 
extracting the object’s contour clearly by using five steps: noise reduction, gradient calcula-
tion, non-maximum suppression, double threshold, and edge tracking. Its final edge detec-
tion step keeps only those edge pixel candidates whose gradient falls between a minimal 
and a maximal threshold level. The Otsu algorithm can calculate the high threshold value, 
which is significant to the Canny algorithm to detect the object edges. Based on the experi-
mental result, the Otsu algorithm improves the quality of extracting the edge of the Canny 
algorithm and achieves the appropriate result finally.

This paper presents an attempt to trace and analyze high-speed video camera records 
to obtain useful information about the manner of cavitating jet behavior in space and in 
time. The aforementioned image processing techniques are used for quantifying cavitation 
structure, edge detection, and morphological analysis. The distribution characteristics and 
shape and area statistics of the cavitation are established. A simple MatLab image process-
ing software is built and tested for this purpose. The created Matlab software allows us to 
analyze an unlimited number of images with high speed and quality, especially in search-
ing for patterns that are not possible to be done by the human eye.

1.1 � Test Rig Description and the Most Important Parameters

The schematic diagram of the cavitating jet generator, test chamber, and nozzle are shown 
in Fig. 1a–c, respectively. A plunger pump of 450 bar capacity was used to inject the fluid 
into the test chamber through the nozzle. The applied nozzle inlet diameters ( din ) were 1 and 
0.45 mm and the outlet diameters ( dout ) were 0.45 and 1 mm for a convergent and divergent 
nozzle, respectively. The hydrodynamic and thermal parameters of the cavitating jet are the 
upstream pressure (injection pressure) P1 (0–450 bar), downstream pressure P2 (1—5.22 bar) 
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which represents pressure inside the test chamber, the flow rate ( Q , m3/s), the exit-jet velocity 
( Vj m/s), temperature sensors at different positions (inlet, outlet, and inside the test chamber), 
and the cavitation number ( � ). Both the flow rate and cavitation number are expressed as func-
tions of P1 and P2 . To find the discharge coefficient ( K ) of different nozzle diameters, the flow 
rate of each nozzle was measured precisely. This coefficient was used to calculate the flow 
rate at given upstream and downstream pressures. Then the flow rate was used to calculate 
the exit jet velocity ( Vj ) which was subsequently used to calculate the cavitation number as in 
Eq. (1) ( Vj is under the assumption of one phase flow). The calculation was done automatically 
using Lab-View software which was used for controlling the cavitating jet machine and data 
acquisition. In addition, we measured the variation of the cavitation number at given upstream 
and downstream pressures at constant temperature and nozzle geometry to find the optimum 
operating point from the � & P1 curves for given hydrodynamic conditions. Table 1. presents 
the hydrodynamic and geometrical conditions.

(1)� =

P2 − Pv

0.5�V2

j

Fig. 1   Schematic diagram of a the cavitating jet generator (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 test chamber and accessories, and (c) nozzle geometry and inlet flow direc-
tions
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where Pv is the saturation vapor pressure at the working temperature, and � is the working 
fluid density. Both Pv and � are a function of the temperature, they are calculated automati-
cally using the LabView.

1.2 � Error Analysis of the Measured Quantities

The upstream pressure ( P1 ) and downstream pressure ( P2 ) were measured at the inlet and 
outlet of the test chamber, respectively. The manufacturer calibrated the pressure transduc-
ers and accuracy certificates were issued for a maximum error of + 0.2/-0.21%FS. As the 
flow rate was determined using P1 and P2 values from previous nozzle calibration, its deter-
mination uncertainty is also in the order of ± 0.3%FS.

2 � Motivations and Methods

The unsteady behavior of rapid fracture and break-off of the cavitating jet, as well as the 
development and collapse of cavitation clouds on the impinging surface, are still points 
of the theoretical and experimental investigations to understand their mechanisms. If the 
unsteady behavior and the jet structure and dynamics are clarified in detail, expectedly, the 
jet working capacity may drastically be improved.

This work aims to find a model to describe the mechanisms of cavitation behavior in 
different stages, to discover relations among different parameters related to cavitation. To 
increase the efficiency of using the cavitation in different fields the control of the behavior 
and shedding/discharging of cavitation must properly be carried out. For this purpose, the 
visualization of a high-speed submerged cavitating jet using a high-speed camera has been 
done under different working conditions. The obtained fast movies were analyzed using 
computer image processing techniques.

The shape is considered as a powerful visual tool for recognizing objects in images, 
segmenting images into regions corresponding to individual objects, and for understand-
ing the 3d structures of scenes. However, to achieve useful shape information, a reliable 
method is needed for detecting fragments of object boundaries, which is a difficult prob-
lem in itself (Konrad and David 2008; Lei et al. 2008). Generally, the changes in image 
brightness are related to the events and the changes in the properties of the object in the 
image. In our case, the cavity cloud is representing the object in the image. In our primary 
analysis, it was found that the discontinuities which may appear in image brightness prob-
ably are related to many factors such as irregularity in surface characteristics, changes in 
object properties from point to point (compositions of the cloud are not the same), and 
homogeneity of illumination. This interpretation which will later be presented in detail is 

Table 1   Test conditions for the investigation of varying nozzle diameters with 1800s exposure time

dout [mm] X∕d[−] P1 [bar] ± 0.1 P2[bar] ± 0.01 T[°C] Vj [m/s] ± 0.5 � [−] ± 0.001

0.45 (Convergent) 57.044 (a) 105 2.06 18.5 124 0.0257
(b) 177 162 0.0155

1 (Divergent) 25.67 (a) 90.5 1.89 20 18.2 1.1420
(b) 267 31.5 0.370
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done based on the results in the publications (Barrow and Tenenbaum 1981; Nosrati et al. 
2013). The analysis of the primary result of using the image processing technique to study 
the cavitation reveals that in some cases the edges extracted from images may be discon-
nected because of the segmentation or by the discontinuities in image brightness as it has 
been mentioned earlier, i.e. the edge lines are not connected. Missing edge segments and 
false edges are not matching to the examined object in the image – thus complicating the 
subsequent task of interpreting the result, as it shown later. The obtained result is in good 
agreement with that in the publications (Lindeberg 1998; Sezgin and Sankur 2003). The 
combination of the expected benefits and difficulties of using this technique motivated us 
to do this work. In the Cloud Contour Recognition technique, the Canny edge detection 
operator was used; this operator was developed by John F. Canny in 1986 and uses a multi-
stage algorithm to detect a wide range of edges in images.

Otsu’s method was used to automatically perform histogram shape-based image thresh-
olding and to reduce the gray level image to a binary image. The algorithm assumes that 
the image to be thresholded contains two classes of pixels (e.g. foreground (cavity’s body) 
and background (rest of the frame)) then calculates the optimum threshold separating those 
two classes so that their combined spread (intra-class variance) is minimal (Otsu 1979).

2.1 � Analysis and Processing of Cavitation Jet Video Recording

The images were extracted from the video recording that was captured with a Photron 
APX high-speed video camera that can capture a maximum frame number of 100,000 f/s. 
The degree of resolution is depending on the chosen frame rate, the resolution decreases 
by increase the frame rate (Photron Apx Camera). The fast camera system applied allows 
good performance visualization with very high frame rates. However, the photo resolution 
was the restriction factor for operating with the highest frame rates. As an example, Fig. 3 
shows the result obtained by the visualization with the higher frame rate (50,000 f/s), but 
then the resolution had to be lowered to 256 × 64. Normally the visualization was recorded 
with lower frame rates (24,000 f/s) but with better resolution 512 × 128 (Figs. 7a, b and 8a, 
b).

Therefore the visualization was started with a high frame rate 50,000 f/s then decreased 
to 24000f/s to increase the resolution. To make the analysis the extracted images from 
recorded movies were saved as a series of images in JPEG format using the commercial 
software (Photron Fastcam Viewer PFV Version 2.1) provided by the camera manufacturer. 
The JPEG format was not introduced to improve the resolution of the images but to save 
the huge number of the extracted images from movies. The obtained images were subjected 
to the image processing algorithm described in the following paragraphs. The area of inter-
est is started from the nozzle exit to the target (specimen) at the end of the jet trajectory. 
The distance between the nozzle exit and the target is 25.67 mm. This work aimed to study 
the behavior of cavitation clouds and to quantify the properties of the cloud shape and to 
correlate these properties with working conditions (geometrical and hydrodynamic condi-
tions). These properties were calculated using pixel properties of the image as explained in 
the next section. Because of the information insufficiency on the change rate of images, the 
phenomena in the view of the high-speed movie are clearer compared to those of the still 
pictures.

Figure 2 presents the schematic diagram of the installation of the visualization system. 
While Fig. 3 shows tracing of the shedding and discharging process of cavitation clouds. 
We can note that even with a high frame rate (50000f/s), the speed of the recording system 
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is not enough to trace the behavior of the cavitation clouds. This is due to the cavitation 
aspects are always changing very rapidly on the �s order (Soyama et al. 1994). The aspects 
are very complicated especially when the phenomenon is induced by such complicated 
cavitating flow as that created by the submerged cavitating jet generators. The imperfect 
of the shedding and discharging patterns could be a result of incompatibility between the 
test equipment (nozzles, feed pumps, test chamber, and recording system). Figure 4 shows 
that the cavity (leading edge of the cavity cloud) speed variations of the three generations 
of consecutive clouds were traced from their shedding until their vanishing (cloud life-
time). The cavity speed was measured visually from consecutive frames and approximate 
calculations are obtained. The position of the leading point, “the leading edge” of the 
cloud, was measured in each frame and the difference between the consecutive frames was 
divided by the time and the result is the speed. The used consecutive frames (pictures) 
were extracted from the movie recorded with a frame rate of 50,000 fps. for the convergent 
nozzle ( P1 = 105 bar), the results show that there is no unique pattern for the speed behav-
ior (increasing or decreasing with time). This is evidence that this calculated value does not 
represent only the speed of clouds but also the dynamics of inside/outside of the cavitating 
jet (cloud). These dynamics are a mixture of linear and non-linear behavior. However, in 
all generations, the speed is decreasing at a certain value at the end of the trajectory, and at 
this location, the cloud starts to vanish. The cloud is decreasing in its volume and it looks 
as it does not move, it stays in the same place until it is annihilated. In fact, at this point, 
the speed must be zero. This movie was used because the cavity clouds produced under 
these working conditions ( P1 = 105 bar) could not reach the end of the trajectory (the tar-
get wall), thus the influences on the cloud behavior because of the reflected liquid by the 
target as a result of the impingement jet on it is avoided. Again by this way, we did not cal-
culate only the cloud speed, but we are tracing the changing of cloud surface and volume, 
which are undergoing many processes during the cloud life stages. We are following the 
object (cloud) which is subjected to static, dynamic forces, and may the phase transition 
occurs (many scenarios are expected), as the result of all of that, the volume and the area 
are changing, thus the calculated speed does not exactly represent the cloud speed or” the 
jet speed”. Further work is needed at this point.

2.2 � Method Based on Cloud Contour Recognition

Analysis of images of cavitation clouds was conducted via procedure based on planar con-
tours recognition. The original monochromatic map with a spatial resolution of 256 × 64 
and 512 × 128 with an intensity resolution of 8 bits was extracted from frames recorded 

Fig. 2   Schematic diagram of the 
installation of the visualization 
system
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by a high-speed camera and saved in JPEG format. The images were primarily processed 
by equalizing intensity levels to raise the dynamic range of the map, and by LF (low fre-
quency) filtration (linear 2d filter with circular averaging with respect to RZ radii, the 
results stated were given for RZ = 1 and replicated boundary pixels for eliminating the 
negative effect of conventional augmentation of boundary filter core with zeros), and then 
converted to a binary map. Conversion of intensity to a binary map was conducted by a 
technique of dynamic threshold setting with the Otsu method, which minimizes the disper-
sion within both binary classes (Otsu 1979). Thus, creating a binary map is introduced into 
a module for object/region recognition and extraction of outer edges. To eliminate noise, 
the internal contours within identified objects and all other small objects were neglected 
in accordance with adopted criteria for the cloud surface, which is expressed through the 
pixel number. The stated example has been generated for the case of limiting the object 
size of 100 pixels. Binary search and classification of non-zero pixels are conducted by 
searching the binary map of this method that is based on 8-member connectivity.

Furthermore, for each identified object, parameters are calculated which quantify their 
properties, starting with the area, central point, size, to axes of inertia ellipse, by the deter-
mination of the equivalent ellipse of an object in the frame, the orientation of the major 
and/or minor axes can be extracted. Figure 5b shows the example of two well-separated 
cavitation clouds. The frame dimensions are 256 × 64 pixels and with that resolution, we 
have conducted automatic processing of a video clip which is composed of several hun-
dreds of frames. All graphs have been generated with a resolution that has been reduced 4 
times to reduce the details that would overburden the display.

The steps of the computer image processing based on the cloud contour recognition 
method are summarized as in the flowchart (Fig. 5a, b).

3 � Results and Discussion

3.1 � Dependence of the Cavitation Shape and Related Parameters on the working 
conditions

Figure 6a,b presented an example of how the cavity is detected and the counter is estab-
lished. Table  2. presents an example of the properties measured of detected cavities in 
Fig. 6a, b.

Regardless of the error that could exist during the calculation which is a result of vary-
ing threshold values from one frame to another (variation of grayscale) as explained later, 
we assume that the error is constant and repeats itself in all testing cases. According to this 
assumption, the result of our calculation can give a general idea about the behavior and 
characteristics of the cavitation clouds phenomenon in cavitating flow created by the high-
submerged cavitating jets. Figures 7a, b and 8a, b show the dependency of cavitation jets 
shape (cloud shape), spread angles, and penetrations on the working conditions.

The 3d surface graphs and 2d contour plots are the same. They are just different rep-
resentations of the information content that is extracted from the grayscale image, cap-
tured by a high-speed camera. 3d surface plots do not reflect any reliable information 

Fig. 3   Tracing of shedding and discharging of cavitation clouds from convergent nozzle frame rate: 50,000 
f/s, shutter frequency:1/250000  s, resolution: 256 × 64. Convergent nozzle. X∕d = 57.044, P1 = 105  bar 
working conditions are in Table 1. case (a). C1 to C6 are the cavity clouds

▸
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about the 3d cavitation cloud topology. Cavitation cloud spatial topology is information 
content that is lost forever and cannot be recovered. But we used 3d surface plots for 
completely different purposes. In our opinion, 3d surfaces are more suitable for visual 
representation, taking into account human visual perception—simply. The 3d surface 
representation is used to improve the understanding of the cloud surface structures 
which are presented by 2d images. While the equivalent 2d contour plots were avoided 
because they are often composed of a set of very noisy and fragmented contours.

Fig. 4   Speed variations of three 
generations of consecutive 
clouds were traced from their 
shedding until their discharging 
(vanishing) Convergent noz-
zle. X∕d = 57.044, frame rate: 
50,000 f/s, Shutter frequency: 
1/250000 s, Resolution 256 × 64 
working conditions are in 
Table 1. case (a)

Fig. 5   a Flowchart represents the steps of computer image processing based on the cloud contour rec-
ognition method, and b Steps of the method based on cloud contour recognition—an example of two 
well-separated cavitation clouds. Convergent nozzle. X∕d = 57.044, frame rate: 50,000 f/s, Shutter fre-
quency:1/250000 s, Resolution 256 × 64 working conditions are in Table 1. case (a)



875Flow, Turbulence and Combustion (2022) 108:865–893	

1 3

The cloud dynamics could be read from the 3d surface graphs and 2d contour plots. 3d 
surface graphs represent the information about the strength and compactness of the cavita-
tion clouds. 3d surface graphs are obtained by image dynamics examination at the pixel 
level. The variation in color “intensities” from point to point or from area to area is related 
to the variation in pixel-level luminosity degree, which is related to the fluid phase (gas, 
liquid, or mixture phases).

The variation of colors (intensities) from one pixel to another in the same area can be 
attributed to many reasons; among them are the cloud shape and the cloud surface rough-
ness, which is related to the interaction between the cloud and the surrounding water liq-
uid. Both of them influence the angle of light reflection. Depending on the shape of the 
liquid and cloud surface, the light forms crinkle patterns or becomes diffused randomly in 
all directions.

The structure analysis within the cloud shows that the cloud is not a ‘flat’ or ‘dead’ 
entity; it has its internal organization governed by the process laying in its background. 
This fact brings the necessity for further image analysis, now at object level; the target is to 
discover the internal structure of cavitation cloud. By comparison between any two consec-
utive frames, the dynamics of the cloud composition inside its contour can be understood, 
see Figs. 7a, b, and 8a, b.

The cloud border is distinguished by the intensity of the pixel. The liquid circumferen-
tial layers around the clouds appear clearly. The borderlines between the jet (cloud) and 

Fig. 6   An example of cloud recognition by edge detection based on the Canny method, edge detec-
tion by homogeneity testing of the captured image, cloud metrics, and interrelations-properties meas-
ured of detected image regions. Divergent nozzle. X∕d = 25.67, frame rate: 24,000 f/s, Shutter fre-
quency:1/250000 s, Resolution 512 × 128 working conditions are in Table 1. case (a)

Table 2   Properties measured of 
detected cavities in Fig. 6a,b

Cloud number Thickness [mm] Length [mm] Area [mm2]

1 4.03 1.821 4.687
2 6.183 2.93 12.567
Clouds gap = 1.49 mm
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other liquid layers have a serpentine shape. This shape is due to nature and the characteris-
tics of the cavitating jet, such as the vortices, the turbulence movement, and the compress-
ing and expanding process of the jet along its trajectory. This applies to the cloud discharg-
ing, shedding, shrinking, rebounding, collapsing (micro-jets and shock waves), see Fig. 3. 
In addition, to the reflection of the liquid as a result of the jet impingement on the target 
surface at the end of the jet trajectory.

The dark blue color (Figs.  7a, b and 8a, b) represents liquid phase (liquid only) that 
could be assumed as zero levels (lowest threshold) in the color scale “grayscale intervals” 
associated with images with 2 dimensions, and the dark red color represents the cavitation 
(gas only) which could be the highest threshold. It is assumed as the highest level in the 
color scale, while the other colors which are in-between represent the mixture phase (liq-
uid and gas). The percentage of existing liquid and gas in any point or area with color in-
between these two thresholds depends on which threshold is nearest, but also the degree of 
movement of liquid layers has an influence on the pixel level, i.e. as in the associated scale 

Fig. 7   Left column: 2d images show the strength and compactness of cavitation clouds recognized through 
image dynamics examination at the pixel level. Right column: 3d images of cloud. Frame rate: 24,000 f/s, 
shutter frequency:1/250000  s, resolution: 512 × 128. Convergent nozzle: a P1 = 105  bar, b P1 = 177  bar 
(Table 1)
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in each frame. The difference in the color of these layers is due to the difference in their 
movement degree. As we go far from the cloud border or the whole jet, the color is arriving 
to be dark blue, which corresponds to the zero level on the color scale, which means only 
liquid with less degree of movement. The color level over 125 represents the mixture (gas 
and liquid). At high injection pressure, the cavitation clouds on the impinging wall caused 
by cavitating water jet tend to be peripherally located in the annular zone at the final col-
lapsing stage. This annular location can be related to a ring-like erosion distribution on the 
impinging wall (Hutli et al. 2008, 2016c).

As presented in Figs. 3, 7a and 8a, also from the analysis of all movies images, it was 
found that the reentrant motion takes place near to the nozzle exit mainly at the discon-
nected point (the place where the new cavity starts to shedding and the old cavity starts to 
discharging). The reentrant motion could be related to the propagation of cloud shrinking 
or vanishing (partially or completely) along the jet trajectory “jet path” and as a conse-
quence of the collapsing of the could on the target surface. The mechanism of the reentrant 

Fig. 8   Left column: 2d images show the strength and compactness of cavitation clouds recognized through 
image dynamics examination at the pixel level. Right column: 3d images of cloud. Frame rate: 24,000 
f/s, shutter frequency:1/250000  s, resolution: 512 × 128. Divergent nozzle: aP1 = 90.5  bar, b P1 = 267  bar 
(Table 1)
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motion in the case of cavitating jets is not the same as in the case of cavitation sheet on the 
hydrofoils (cavitating flow on hydrofoils or plates).

3.2 � Cloud Cavitation Dynamics and Properties Measured of Detected Image 
Regions

In the frames, the exit of the nozzle was chosen as the original point of the starting cavita-
tion, therefore the direction of the nozzle center axis is the x-axis and the directions normal 
to is assumed as y or z-axis along the impinging target surface. The region where the gray 
level changes rapidly in the frame means that the cavitation cloud rapidly disappears or 
appears.

The appearance and disappearance region of the cloud are expressed as a white lumi-
nescence and a dark blue, respectively (Figs. 7a,b and 8a,b). Through this process of image 
analysis, it is possible to quantitatively estimate the high-speed phenomena such as the 
rapid and consecutive collapse of cavitation clouds. The white-colored portion corresponds 
to a zone of cavitating jet issued from the nozzle exit located at the left side of the picture 
frame, and sometimes the nozzle holder part also appears to be partly white because of the 
light reflection. The picture near the right edge region appears obscure because the jet is 
spread over an impinging target.

Figure 5b shows the steps done on the images before the properties are measured and 
after the statistical analysis is done. The image is converted to grayscale as mentioned ear-
lier, then the image is enhanced and filtered, and in the last step, the contours are detected 
according to the threshold value which varies from zero to one (this could be the main 
source of error). In the end, the contours are classified as cavitation clouds. Any object area 
with less than 100 pixels is not counted as a cavitation event.

As we can see, the contours are taken only for the concrete solid cavitation, while the 
fogs that also appear are not counted or not considered. The boundary lines between the 
clouds and the rest are not easy to define.

Looking at Fig. 5b, one can notice that, there is a region or area along the jet trajec-
tory where the gray level changes rapidly which means that the cavitation cloud rapidly 
disappears or appears. The appearance region of the cloud is expressed as a luminescent 
white and the disappearance “vanish” region is foggy (Fig. 3). Figures 7b and 8b repre-
sent the surface structure and the 3d competence structure “reconstruction” of the cavita-
tion clouds, the dependency of the cavitation cloud dynamics on the working conditions is 
clear. The cavitation dynamics include the dynamic of the cloud “object” with itself (vari-
ation of the composition with time “own dynamic”) and the dynamic of a moving cloud 
“object” (acceleration and de-acceleration etc.).

Figure 9 shows the relative area of identified cavitation clouds meaning the ratio of the 
area of the first identified cloud in the frame and the summed area of all identified clouds 
per frame. As we can see, the summed area is bigger than the first cloud and this means 
that the jet can appear as one big cloud or as many separated clouds. This phenomenon 
is clearer in the case of high injection pressure (P1). Regardless of the nozzle shape being 
convergent or divergent, the cloud area can also be used as a good indicator for the jet pen-
etration and its spreading angle. The fluctuation of both cloud areas (first and summed) is a 
good indicator of the periodical behavior of shedding / discharging clouds, and also, the jet 
fluctuations or oscillations are periodical processes. As it may also be seen, the produced 
clouds are different in terms of shape and area; therefore, they are also different in their 
energy content.
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Fig. 9   a, b, c, d The relative area of identified cavitation clouds (area of the first identified cloud and 
summed-area of all identified clouds per frame) at different working conditions as in Table 1
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In Fig. 10a, b the periodical fluctuation of the jet around the mean value of the summed 
area is presented. The negative and positive values represented by the curves in Fig. 10a, 
b are evident considering the existence of produced different cloud areas and shapes. Fig-
ure 10a, b presented only a convergent nozzle, though the analysis was done for both the 
convergent and the divergent nozzle.

The sharp decreasing and increasing (straight lines) in the area is related to the error due 
to the variation of the threshold (threshold should not be constant). Even with the existence 
of this error, the periodical behavior of the cavitation as of complete jet or separated clouds 
can be deduced. The cavitation cloud area depends on the working conditions (geometrical 
and hydrodynamic) for both cases (convergent and divergent nozzle), and as the injection 
pressure ( P1 ) increases, the area also increases by penetration and spread angle of the jet. 
The stability of the cavitating jet or clouds is increased with the injection pressure ( P1 ) 
(Hutli and Nedeljkovic 2008; Hutli et al. 2013b, c, 2016c).

In Fig. 11a, b the variation of the cavitation cloud thickness with time and along the jet 
trajectory started from the nozzle exit is shown at different points (only the result of the 
convergent nozzle with 105 and177bar is presented, respectively). The variation of thick-
ness is clear, even with the existence of the threshold and the contour-induced variations. 

Fig. 10   a, b Variation of the summed relative area of identified cavitation clouds around the mean value of 
the summed area at different working conditions as in Table 1
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The analysis of the result reveals that in all the cases (convergent, divergent, low, and high 
injection pressure) the clouds start to grow and develop with time and space until arriv-
ing at a certain point when they start to decay with time and space. This point is known 
as a break-off point of the cavitating jet. The position of this point is related to the geo-
metrical and hydro-dynamical working conditions. Figure 11a, b shows that the thickness 
is increased with injection pressure and generally the differences in the cloud thickness and 
its variation with time are also related to the applied working conditions (Soyama et  al. 

Fig. 11   a, b Cloud thickness variation in time (Frame number) at fixed distances from the nozzle, measur-
ing points (mm) are 0.99, 4.53, 8.06, 11.59, and 15.13 mm  ± 0.06 from up to down in each image. Conver-
gent nozzle a P1 = 105 bar, b P1 = 177 bar (Table 1)
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1994, 1993; Hutli and Nedeljkovic 2008; Hutli et al. 2013b, c). Also under the assumption 
of symmetry existence, the cloud thickness variation of the jet clouds in respect to the hori-
zontal axis could be established but to due to the size of the paper only the results related to 
the vertical axis are presented.

Big cavity clouds could also be created using a divergent nozzle, but the erosion was too 
small and concentrated on the center of the target. However, with lower injection pressure 
and convergent nozzle, the cloud is less thick, but it is more efficient (frequency effect) 
and the erosion is widely distributed (big erosion area) (Hutli et al. 2008, 2016c; Sato and 
Yasuhiro 2001). This leads to the conclusion that producing big clouds does not mean that 
we have an efficient jet for getting high cavitation erosion rates but emphasizes that the 
shedding frequency of these clouds is more important. To understand the intensity and dis-
tribution of bubbles in the cavity clouds for both cases (divergent and convergent nozzles) 
the properties of the shear layer should be carefully examined. It must be remarked that this 
assumption is not completely right because the cloud (or the jet) has an irregular shape, and 
also, a cloud shape is varying because of the forces acting on/in the cloud from different 
sides with unequal effects. This fact could be deduced from the variation of light intensity 
in the images of cloud surfaces. Figure 12a, b represents the variation of the mass center of 
the clouds (cavitating jet) in the jet trajectory direction (x-coordinate of the frame) with the 
time ( t ) ( x and time ( t ) coordinate i.e. 2d), while Fig. 13a, b represents the mass center in 
3d ( x, y and time ( t ) coordinates). The variation of the center of mass of cavities with time 
and with x − y coordinates is related to many parameters such as the pressure variation in 
the flow domain and around the cavitation clouds, which is a result of the turbulent situa-
tion of the jet and the continuous phase change (chain reactions). This pressure variation 
influences the other forces acting on the cavity clouds such as lift, gravity, drag, and thrust. 
The pressure variation in the x-direction as compared with that in the y-direction has a 
direct and high influence on the position of the center of mass, mostly because the domi-
nant influence of the injection pressure is mainly in the x-direction, which represents the jet 
flow direction. Variation of the center of mass in the y-direction is happening mostly due to 
the changes in the vortices shape and the existence of the shear forces between the clouds 
and surrounding liquid, so we can say that it is a result of drag forces. But the degree of 
effects of these forces depends on the composition of the cloud (void (air, vapor), and/or 
droplets). The void fraction is an important parameter for the strength of the cloud cavity, it 
is a function of only could length ( L ) and outlet nozzle diameter ( d ) when the other work-
ing conditions are kept constant (Wang and Brennen 1999; Hutli et  al. 2017). Also, the 
variation of cavity volume within time is the reason for the variation of mass center posi-
tion. So, Figs. 12a, b and 13a, b show that the center of mass of the cavitating jet changes 
with time. This change is a result of many reasons such as the movement of the jet and the 
forces acting on the clouds, considering also the fact that the clouds are shed with different 
shapes and geometry, in addition, the clouds are under disintegration process with time. 
This process is exactly started when the cloud completes it’s own born and growing up pro-
cess, this is why usually the shedding and discharging frequencies of the clouds are equal 
(Hutli and Nedeljkovic 2008). From the analysis of Fig. 12a, b we can conclude that when 
the nozzle geometry is kept fixed the injection pressure is playing the main role while when 
the nozzle geometry is changed the injection pressure has a low influence on the stability 
of the position of the center of mass of the clouds. The position of the center of mass is 
more stable in the case of the divergent nozzle than that in the convergent nozzle.

The variation of the cavitating jet area in time (summed area of clouds in each frame 
and time) was analyzed by calculating the total area of all clouds in each frame and the 
mean area of the sum. Then the variation around the mean was calculated and represented 



883Flow, Turbulence and Combustion (2022) 108:865–893	

1 3

in Figs. 9a–d and 10a,b, and the data were processed using FFT to find the oscillation fre-
quency of the jet cloud area with time. Finally, the result is presented in Fig. 14a–d.

The results are presented in the form of power spectral density and frequency, where the 
frequency represents the fluctuation of the cavitating jet with time. This frequency includes 

Fig. 12   a, b An example of the variation of the trajectory of the first cloud centroid (the center of mass of a 
cloud) (Table 1)
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many frequencies such as shedding, discharging, the natural oscillation of clouds (natu-
ral oscillation process of individual bubbles), pressure oscillation in the test chamber, and 
injection pressure fluctuation (pump frequency). We have a peak that is rather reproduc-
ible around 2 kHz for three of the four investigated cases (convergent nozzle with P1 = 105 
and 177 bar, divergent nozzle with P1 = 267 bar) and we have the first peak around 1 kHz 
( divergent nozzle with P1 = 90.5  bar) which is much bigger than the pump frequency 
(23.66 Hz). The power spectral density function (PSD) is used to represent the strength 
of the variations (energy or power) as a function of frequency. In other words, it shows 
at which frequencies the variations are strong and at which frequencies the variations are 
weak. The unit of PSD is energy or power per frequency (width) and one can obtain energy 
within a specific frequency range by integrating PSD within that frequency range. Compu-
tation of PSD is done here directly by the FFT method and it can be done by computing the 
autocorrelation function and then by its transformation.

In Fig. 14a–d the existence of many frequencies at low injection pressure ( P1 ) (low exit-
jet velocity ( Vj )) can be attributed to the weakening of vortex formation and the increase of 
3d disturbance on the separated shear layer (instability of vortex). This leads to the produc-
tion of unstable cavitation clouds with different dimensions (Hutli et  al. 2017; Sato and 
Yasuhiro 2001). The comparison between convergent and divergent cases at low injection 
pressure reveals that the cavitating jet produced using a convergent nozzle is more stable 

Fig. 13   a, b An example for the variation of the trajectory of the first cloud centroid (center of mass of 
cloud) in three dimensions ( x − y coordinates of the frame and time ( t  ) or frame number)) (Table 1)
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Fig. 14   Frequency spectra of the summed relative area of cavitation clouds (Table 1)
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than that using a divergent nozzle. This can be related to a shorter length of the cavitating 
area in the case of a divergent nozzle, which means that the small cavitating area cannot 
persist under the influence of forces acting on it. The cavitation area is not stable with time 
and it depends on the working conditions. The variation of the area is also related to many 
other factors such as forces acting on the clouds, the percentage of the vapor in the cloud 
(void fraction), and the bubble oscillation and interactions inside the clouds (Hutli and 
Nedeljkovic 2008; Hutli et al. 2017; Sato and Yasuhiro 2001). The obtained results are to 
be trusted and they represent a very detailed picture of the phenomenon and more research 
has to be done to get the complete picture of it.

At high injection pressure in the two cases (divergent and convergent nozzle), the vari-
ation of the area has one or two dominant frequencies. Also, at a high injection pressure, 
the stability of the cavitating jet produced by using a convergent nozzle is more stable as 
compared with that using the divergent nozzle. In general, we can say that the jet is more 
stable at high injection pressure (Hutli and Nedeljkovic 2008).

3.3 � Up‑and Downstream Pressure Fluctuation and Cavity Behavior

The behavior of the cavitation clouds depends on the up-and downstream pressure ( P1 , and 
P2 respectively), the nozzle geometry, liquid properties, and working temperature. Water 
flows from the left to the right side from the nozzle exit. Figures 7a,b and 8a,b show an 
image analysis result and indicate the change of the cloud region, the growing and shrink-
ing motion of the whole cloud region (see Fig. 3). In the macro-level analysis, based on the 
processed photos as in Figs. 7a, b and 8a, b generally, we can say that for both divergent 
and convergent nozzle geometry, the cavity length and Thickness grow longer when the 
upstream pressure becomes higher, that is, exit jet velocity increases higher, while for the 
downstream pressure it is vice versa. In a micro-level analysis based on the results obtained 
with the computer image processing technique where the pressure fluctuation is consid-
ered, we can say that the change in cavity length and Thickness are affected by upstream 
pressure fluctuation. The frequency of upstream pressure fluctuation is almost in conso-
nance with the rotational speed of the used plunger pump (1420 rpm (23.66 Hz). Thus, the 
upstream pressure fluctuation caused by the pulsation of the plunger pump will affect the 
periodic behavior of cavity length and Thickness i.e. shape and geometry. Therefore, one 
of the main factors of the periodic tendency in cavity length and Thickness is considered to 
be the upstream pressure fluctuation (upstream pressure fluctuation accompanied by veloc-
ity fluctuation) and the downstream pressure and fluid temperature effect (Hutli and Ned-
eljkovic 2008; Hutli et al. 2008, 2016c, 2017; Sato and Yasuhiro 2001).

Figure  15a–d is introduced here to show the variations “the fluctuations” of the 
upstream, the downstream pressure, the fluid temperature, and the cavitation number which 
are recorded during 5143 s (continuous working time). The fluctuations, which appear in 
both up-and downstream pressure curves, could be related to the pump frequency. The 
pump speed and its internal design are highly important for the whole process. The pump 
characteristics should be investigated carefully to establish the relevant correlations. While 
the fluctuation in the reservoir and test chamber temperatures is related to the friction dur-
ing the movement of the water in the pipes, and the fluctuation in the cavitation number is a 
result of all of the previous fluctuations. The fluctuations in the applied working parameters 
are mentioned due to the influence of these parameters on the cavitation behavior and its 
dynamics (Eq. 1). 
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Even the time of the visualization process is small but still, the fluctuations of the main 
parameters should be considered. Figure 15a–d showed the difficulty to control the oper-
ating parameters of the complicated dynamic system such as the cavitating jet generator. 
The fluctuations of the applied parameters should be considered mainly when the system 
is used for a long working period, for example, cavitation erosion testing, materials testing, 
etc.

Sato et  al. (2013) have investigated precisely the behavior of the cavity (cavitation 
clouds) under pressure fluctuation at certain applied upstream pressure. Figure  16a,b is 
presented here to show the dependence of the cavitation cloud behavior on the upstream 
pressure fluctuation at certain working pressure (P1 = 20  bar). Even there is a clear dif-
ference in the dimensions and geometries between their nozzles and our nozzles, but the 
general behavior of the obtained cavitation clouds (regardless of the geometries and the 
dimensions of the used nozzles) should be similar. Because we are interested in the behav-
ior of clouds after the shedding process, therefore, the earlier mentioned parameters ( P1 , 
and P2 ) assumed to be the main parameters that influence the cloud behavior because those 
parameters are essential parameters for calculating the cavitation number ( � ) as in Eq. 1. 
� is a number used as an indicator to indicate qualitatively (Existence) and quantitatively 
(intensity) the cavitation phenomenon (Hutli et al. 2020). 

3.4 � The Validity of the Method

The key problem of this method is setting the threshold for transforming the mono-
chromatic to a binary map. To illustrate this, an example of two poorly separated cavi-
tation clouds with asymmetric size is further discussed. After frame preprocessing and 

Fig. 15   Variation of parameters a the upstream pressure, b the downstream pressure, c fluid temperature in 
the test chamber and the reservoir, and d cavitation number, respectively, recorded for 5143 s continuous 
working time
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its conversion to a black and white (BW) equivalent, the algorithm for generating the 
boundary line has merged these two cavitation clouds into one. In this way, the process 
of transformation of monochromatic to a binary map has led to significant loss of informa-
tion. This problem is connected to the very essence of conversion from monochromatic 
to binary. The conversion is conducted with categorical thresholding of intensity for each 
pixel in the monochromatic map, for a fixed value of pixel intensity threshold. The attempt 
to solve this problem by introducing a dynamic, or adaptive threshold, that is dependent 
on map global properties, has not produced the expected results, especially for asymmet-
ric cavitation clouds where usually two things happen: 1) small cavitation cloud (cloud 
in its initial or final life phase) is removed from the binary map, and 2) small cavitation 
cloud is merged into the larger cloud. The especially critical case is the one of merging two 
cavitation clouds, where the resulting cloud is transformed into an elongated shape, which 
further creates large errors in quantifying the cloud properties (area, central point, min/
max coordinates). The error created in this way drastically reduces the quality of results 
of subsequent processing that is conducted with the purpose to extract general properties 
of cavitation cloud generation. Figure 17 presents an example of poorly identified objects. 
Although the intensity field of the monochromatic map clearly shows two objects, the 
developed algorithm recognizes only one unique object elongated in shape, which drasti-
cally misrepresents the reality (Frame No.7 from the movie with 50,000 fps).

The clouds in some frames might appear as connected clouds or are so close that they 
can be considered as one cloud having a complex internal structure with two agglomera-
tions, or clusters of cavitation bubbles. This can lead us to the concept of the internal organ-
ization of the cavitation cloud, i.e. non-uniform or complex topology of cavitation clouds. 
In fact, In the captured images, the used software can recognize two different classes that 
can be identified using our method of digital image analysis: a) cavitation cloud with one 

Fig. 16   The relation between upstream pressure fluctuation and the behavior of cavitation cloud at 
P1 = 20  bar. a Change in the cavitating zone and upstream pressure fluctuation; b Behavior of cavitation 
cloud due to upstream pressure fluctuation, adapted from (Sato et al. 2013).
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core around which all bubbles are more or less uniformly gathered (simple cavitation cloud 
structure), and b) cavitation clouds which have two or more well-defined cores and clusters 
of associated bubbles (complex structure cavitation clouds). Using appropriate criteria (for 
example, compactness and separateness criteria that can be easily defined analytically and 
algorithmically), these two classes can be analytically recognized, and then, with the devel-
opment of related algorithms, cavitation clouds can be automatically classified into simple 
and complex ones.

To obtain an applicable result, the imperfect of the shedding and discharging patterns 
should be decreased by increase the quality of the recording system (increase the resolution 
at a high frame rate), and by increase the compatibility between the test equipment (cavitat-
ing jet generator) and the recording system.

4 � Conclusion

An experimental study was conducted to investigate the characteristics of the cavitat-
ing water jet, which deserves attention because of the highly impulsive cavitation cloud 
with periodic, but unsteady behavior. Main results from high-speed video observations 

Fig. 17   Example of a poorly identified object (cavitation cloud). Convergent nozzle. X∕d = 57.044, frame 
rate: 50,000 f/s, Shutter frequency:1/250000 s, Resolution 256 × 64 working conditions are in Table 1. case 
(a)s
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and the image processing and analysis based on the thresholds’ edge detection are sum-
marized as follows:

•	 The existence of a reentrant motion towards the nozzle exit is leading to the periodic 
shedding of the cavitation cloud. The reentrant motion starts around the exit region 
of the nozzle and can be related to the propagation of cloud shrinking or vanishing 
along with the jet.

•	 The present image processing and analysis methods based on the thresholds edge 
detection and the tracing of clouds make it possible to grasp the occurrence and 
disappearance of small bubbles in cavitation clouds and are more effective on the 
motion analysis of cavitation cloud dynamic life.

•	 At high injection pressure, the collapsing of the cavitation clouds on the impinging 
wall caused by cavitating water jet tend to be peripherally located in the annular 
zone at the final collapsing stage. This annular location can be related to a ring-like 
erosion distribution on the impinging wall.

•	 The frequency of cavitating jet oscillation depends on both geometrical and hydro-
dynamic conditions.

•	 If it is possible to recognize and categorically separate any single cloud, it is also 
possible to describe the statistically global behavior of the cavitation process in 
terms of cloud formation frequency and variation of cloud size and cloud lifetime.

•	 The obtained results could be trusted, they represent a detailed picture of the phe-
nomenon, and more research has to be done to get the complete picture of it.

•	 At the current state of the investigation, we cannot firmly state that with our method 
we can identify interactive cavity behavior, as reliable as the isolated one, which we 
practically confirmed in this paper.

•	 Recognizing cavitation clouds and the ability of the software (Matlab) to track them 
through several successive frames has been done, this is one of the very interesting 
outcomes of our methodological approach.

•	 This software is able not only to detect a particular cavitation cloud but also to track 
it accurately through several frames and thus synthesize its trajectory in time and 
space. Also, its internal development, because the cavitation clouds change over 
time. In the used Matlab codes; the geometric properties for each cavitation cloud 
were extensively parameterized. So, in addition to simple tracking in time and space, 
it is possible to associate an impressive amount of different features and track their 
development in space in time for each cavitation cloud.

In future work, erosion and dilation as morphological operations in the image pro-
cessing field will be used to measure the properties, calculate the frequency based on 
the cavity shape. Based on the obtained results, the next paper is intended to discuss 
the accuracy with which the technique predicts cavitation flow and behavior in space 
and time, identifying cavitation parameters (area, length, volume, etc.) and properties 
(intensity, composition, etc.).
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