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a b s t r a c t

The alarming increase in water pollution is driving research into novel, environmentally friendly treat-
ment solutions such as hydrodynamic cavitation. This study is part of the research on the pin disc rota-
tional generator of hydrodynamic cavitation, which utilises the low pressure wake behind the rotor pins
to induce cavitation and the short gap between the rotor and stator pins to enhance cavitation cloud fluc-
tuation. Due to the lack of understanding of the effects of cavitation treatment, a laboratory device was
built to investigate the mechanisms of cavitation generation and the effects of various geometric features
such as the diameter, number, and shape of the rotor pins and the gap size between the rotor and stator
pins. Using simultaneously measured pressure fluctuations and high-speed visualisation, a method was
developed to quantify the extent of cavitation, and it was found that throttling the high-pressure side had
an order- of- magnitude smaller effect on cavitation than the number of rotor pins. It was found that a
smaller number of rotor pins with large downstream area produced the most aggressive cavitation con-
ditions. The weak spectral response and lower mean vapour cloud area, as well as the lower fluctuation in
the case without stator, demonstrated the key role of the stator in the onset and aggressiveness of
cavitation.
� 2022 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Excessive consumption and production are leading to ever
increasing pollution of surface and groundwater, resulting in a
worldwide water resource shortage. Overburdened and sometimes
outdated wastewater treatment plants (WWTP) are struggling to
keep up with novel, potentially toxic compounds entering water-
ways from ever-changing products. Wastewater is also a major
source of a variety of pathogenic microorganisms such as bacteria
and viruses [1] that can cause severe infections in organisms that
come into contact with the contaminated water, affecting the
usability of the water for agricultural use. To make matters worse,
antibiotics entering the aquatic environment through WWTP’s
effluents lead to the emergence of antibiotic-resistant bacteria,
which, according to WHO [2], will be one of the greatest threats
to human health in the near future. In addition, conventional
WWTPs are not designed to simultaneously destroy many struc-
turally diverse micropollutants such as pharmaceuticals and
microplastics, as well as pathogenic microbes and viruses, and
quickly become inefficient. To follow one of the EU Commission’s
key actions, it is necessary to develop and research novel technolo-
gies capable of removing or reducing pharmaceuticals in WWTPs
effluents. Similarly, to prevent new global outbreaks of similar or
even more contagious diseases, such as those we are currently
experiencing, it is critical to implement technology into WWTPs
that could destroy the virus or bacteria before they reach individ-
uals susceptible to infection. Current methods of removing viruses
from water are relatively effective, but they are either expensive,
time consuming, require a large infrastructure, or more impor-
tantly, produce unwanted disinfection byproducts that can be toxic
in the long term [3,4]. Of course, there is no doubt that in times of
emergency, when human lives are at risk, the cost of effective
treatment is not an issue, but when looking at the big picture on
a longer time scale, an effective and economically favourable tech-
nology is preferable. One such alternative that has proven to be
environmentally friendly and economically feasible is hydrody-
namic cavitation (HC). HC belongs to the advanced oxidation pro-
cesses (AOP) is experiencing increasing research interest due to its
high treatment potential.

Wang [5], Panda [6], and Yadav [7] have recently reviewed the
state of the art in the area of HC, including the review of the
devices for HC generation and its scope of application. In order to
exploit the hydrodynamic cavitation effects, various types of
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Nomenclature

AOP advanced oxidation process
COD chemical oxygen demand
HC hydrodynamic cavitation
RGHC rotational generator of hydrodynamic cavitation

WW wastewater
WWTP wastewater treatment plant
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devices can be used to generate cavitation. Passive restriction
devices, in which energy is introduced via liquid velocity and pres-
sure include orifice, venturi, and nozzle devices, in which cavita-
tion is generated due to abrupt change in geometry that causes a
sudden drop in pressure. These devices are denoted as high energy
consuming and therefore, active devices have been introduced
where the energy is not required in hydrodynamic form but is sup-
plied by the cavitation generating device itself. Rotating HC gener-
ators (RGHC) belong to this category and have been extensively
researched by various authors. A dimple rotor device is charac-
terised by a rotor with dimples into which the fluid enters at high
velocity. When it exits, low-pressure zone occurs near the indenta-
tion causing cavitation. Such devices with a drum-like rotor were
investigated by Badve [8], Maršalek [9] (Fig. 1 – A) and a thick disc
rotor by Sun [10,11] (Fig. 1 – B). A device in which cavitation is
generated in a radial gap between the rotor and stator is studied
by Villaroig [12] (Fig. 1 – C) and Cerecedoa [13] (Fig. 1 – D). A ser-
rated rotor–stator device, where cavitation is generated by a high
shear field in the axial gap between the rotor and stator teeth,
was studied by Širok [14] (Fig. 1 – E), Petkovšek [15,16] (Fig. 1 –
F) and Stepišnik [17].

The research on the serrated disc RGHC led to the development
of the novel pin disc RGHC with cylindrical pins arranged on the
rotor and the stator. Cavitation occurs in the low pressure wake
behind the pin on the rotor and has been previously studied exper-
imentally on a pilot scale [18,19] (Fig. 1 – G) and numerically [20].
The pilot scale experimental results indicated significant mechan-
ical and chemical effects that strongly depended on the operational
and geometrical RGHC characteristics. The numerical results con-
firmed the hypothesis that a higher number of rotor pins or a closer
spacing between rotor and stator pins did not lead to better perfor-
Fig. 1. RGHC device types sorted by the utilized cavitation generation mechanisms. dim
serrated discs with axial gap (E,F) [14–17] and pinned rotor and stator discs (G) [18,19]

2

mance. This prompted us to build a laboratory-scale RGHC device
installed in a test rig that allows experiments to be conducted in
a highly controlled environment to evaluate the effects of opera-
tional and design features on cavitation characteristics. The study
was conducted with the objective of:

1. investigate the mechanisms of HC generation using visualisa-
tion and measurement of pressure fluctuations,

2. evaluate the effects of operating conditions and geometric fea-
tures of the rotor–stator,

3. compare the investigated instances and report good performing
features suitable for future implementation.

2. Materials and methods

A test rig was built to evaluate RGHC geometrical features in
various operating points regarding their hydrodynamic and cavita-
tion properties. The hydrodynamic properties comprise the pres-
sure and energy characteristics as a function of flowrate, while
the cavitation properties were defined by the exerted acoustic
pressure fluctuation and visual cloud observation.

2.1. Investigated configuration instances

The study examined several rotor–stator configurations with
different geometric features of the protrusions located on the rotor
and stator discs, called cavitation elements. The effects of the geo-
metric features investigated in the pilot study [18] dictated the
choice of features. These were selected systematically and can be
divided into three groups depending on the type of feature. First,
the cylindrical rotor pins were varied by number of pins (8, 12 &
pled rotor drum (A) [9] and disc [10], serrated discs with radial gap (C,D) [12,13],
.
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16) and pin diameter (4 mm, 5 mm & 6.5 mm). The dividing circles
with the arranged pins were set to a diameter of 70 mm for the
rotor and 55 mm for the stator within the variations. A stator with
15 pins of 5 mm diameter was used in all 9 configurations. Second,
the gap distance between the rotor and the stator pins was varied
with values 0.25, 1.75 and 4.25 mm and an instance without a sta-
tor was added. The only varied feature in this group was the stator
disc dividing circle diameter, which was varied with values of 50,
55, and 58 mm. Finally, various non-cylindrical shapes of rotor pins
were investigated, such as pointed and blunt triangular, angled
pointed triangular, heart shape, and NACA 0500 foil shape. To
allow comparison with the cylindrical pins, the nominal cross-
section of each shape was set at 5 mm, except for the NACA foil,
which used a cross-section of 6.5 mm. All the described configura-
tions are shown in the Fig. 2 (note the direction of rotation marked
with an arrow).
2.2. Experimental setup

Due to the rather large number of rotor–stator instances, they
were designed in a way to allow simple installation. To investigate
the described instances for their cavitation and hydraulic proper-
ties, a new RGHC was designed and built to meet the requirements
for visualization and pressure measurement in the area where cav-
itation occurs. Good visualization was expected due to the 2.5D
rotor–stator geometry, where the dynamics of the cavitation cloud
is expected to be predominantly in the disc plane, which is aligned
with the camera view plane. A transparent cover was used to allow
the view into the RGHC housing, and a long straight inlet pipe was
used to avoid obstructing the view. The newly designed RGHC is
shown in the Fig. 3.

A Kollmorgen AKM42J servo motor with AKD-P00606 controller
was used to drive the RGHC. The servo motor was selected because
of its integrated rotational encoder, which allows very accurate,
load-independent adjustment of the rotational frequency. Also
supplied with the motor is Kollmorgen Workbench software,
Fig. 2. The three groups of rotor–stator configuration geometry variation: 1 – rotor pin
variation.
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which is used to control the motor and record the RMS current,
which can be used to calculate torque via the torque constant. A
motor with a speed of up to 8000 rpm and a power of 1.5 kW
was selected. The motor is coupled to the RGHC rotor via the power
transmission unit, which consists of a housing with two bearings
and a shaft connected to the motor via a bellow coupling. On the
other side, RGHC rotor is fixed on the shaft and the RGHC housing
is mounted on the power transmission unit housing.

The RGHC was built into a closed loop system test rig shown in
the Fig. 4, with a 5-liter reservoir and a Walter Stauffenberg preci-
sion throttle valve, type DV 16 IR. The valve is used to throttle the
system on the high pressure side of the RGHC to vary the operating
points and simulate the loading that occurs in real systems.
Although the system is relatively small, high energy gains are
expected due to low hydrodynamic efficiency, resulting in a notice-
able increase in fluid temperature. The temperature of the pro-
cessed fluid was maintained constant using a cooling heat
exchanger coil in the reservoir (Fig. 4 – 4) and connected to a Poly-
science Durachill CA03 chiller with temperature stability of ±0.1�
and cooling capacity of 0.94–1.28 kW at 10 �C – 20 �C.

The requirements of the experiment to describe the hydrody-
namic and energy properties of the RGHC determined the selection
of the measuring equipment. The pressure head across the RGHC
was measured using an Endress & Hauser 2600T 266DSH differen-
tial pressure transmitter with a measuring range of �2400–2400
kPa, adjusted to 0–1000 kPa, and total performance of ±0.06 %
MR. The inlet pressure is calculated by subtracting the pressure
head from the absolute pressure measured with the Endress &
Hauser 2600T 264NS. The measurement range of the absolute
pressure transmitter is 0.7–600 kPa and the total performance
±0.075 % MR, adjusted by 0.1 % for the age of the transmitter.
The flowrate is measured using the ABB ProcessMaster FEP610
DN10 electromagnetic flowmeter with a measuring range of 0–
45 l/min and an accuracy of 0.5 % of the measured value. The motor
drive and software were used to record the shaft torque and calcu-
late the power.
number and diameter variation, 2 – rotor–stator gap distance, 3 – rotor pin shape



Fig. 3. Exploded view of the newly designed and built RGHC with accompanying power transmission and servo motor.

Fig. 4. 3D representation with detail of the RGHC (left) and schematic representation of the measurement rig with marked components (right). 1 – RGHC, 2 – servo drive, 3 –
throttle valve, 4 – reservoir with cooling coil, 5 – discharge valve, H – hydrophone, Dp – differential pressure transmitter, pabs – absolute pressure transmitter, M – flowmeter.
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3. Experimental design

An experiment was designed to investigate the 17 rotor–stator
configurations for their hydrodynamic properties over a wide oper-
ating range and cavitation characteristics at three operating condi-
tions. The first part of the study includes the measurement of
hydrodynamic and energy characteristics while the second part
includes the characterization of cavitation. Each rotor–stator con-
figuration was tested at same rotational frequency and flow rate,
hence inlet pressure.
3.1. Hydrodynamic characteristics

To evaluate the hydrodynamic properties of each configuration,
the pressure and energy characteristics of each configuration were
measured with respect to the flowrate in 10 operating points. The
rotational velocity was set at 7000 RPM and the operating points
4

were set using the throttle valve at the RGHC outlet. Visually, 17
rotor–stator characteristic curves would be difficult to compare,
so 3 operating points at flowrates 8, 16 and 24 l/min were selected
for comparison. Cavitation number is a function of operating point,
as it depends on suction side pressure, vaporisation pressure, and
rotational velocity. The last two were constant and the suction-
side pressure is a function of the flowrate and suction-side pipeline
friction coefficient. While the coefficient is a material property of
the inlet pipe, the cavitation number depends directly and solely
dependent on the flowrate. Since only the rotor and stator are var-
ied in the study, and the pipeline is not, the cavitation number is
the same for the compared configurations at each operating point.
3.2. Cavitation characteristics

The second part of the study aimed to characterise the cavita-
tion conditions for each rotor–stator configuration at the 3 operat-
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ing conditions described. The objective of the study was to identify
and quantify the predominant mechanisms of cavitation genera-
tion and cloud shedding. To this end, acoustic pressure time series
recorded with the hydrophone and image data acquired with the
high-speed camera were used. The data were acquired syn-
chronously to investigate the effects of cloud dynamics on the
pressure fluctuation. The pressure time series was transformed to
the frequency domain to determine the main contributions to
the fluctuation dynamics. RMS values were used to compare
mutual instances and operating points. The hydrophone and cam-
era were positioned as shown in Fig. 5.

The camera was aligned with the rotor axis and positioned to
capture the image in the plane of the rotor disc. The angle of view
was adjusted to cover a large area of interest that allowed a long,
continuous time series of the pin path to be recorded, but not
too wide to preserve high image resolution and allow clear separa-
tion of the cavitation cloud from the background. The tracked path
of the rotor pin should be as long as possible in order to investigate
the expected low-frequency fluctuations due to the rotor–stator-
pin interaction. The cavitation cloud in the rotor–stator region
was captured at 150,000 frames per second at a resolution of
384 � 256 px using the high-speed camera FASTCAM SA -Z, type
2100 K-M-64 GB with 12-bit grayscale sensor. Diffuse and uniform
illumination was used to achieve high contrast and good visual
separation of the cloud from the background. Raw high-speed
video material is provided in supplementary data. The acoustic
pressure emission was recorded using Teledyne Reson TC4013
hydrophone and EC6081 preamplifier. The signal from the pream-
plifier was acquired using the National Instruments NI9174 cDAQ
chassis and NI9222 DAQ card and sampled at 300 kS/s. The image
and pressure acquisition were synchronised with the trigger signal
from the camera, which was acquired by the same DAQ card and
recorded using software created in Labview. Image processing
algorithm.

Image processing was performed with a self-developed algo-
rithmwritten in Labview using the IMAQ VI library. Before the exe-
cution of the cloud identification algorithm was executed, the
image transformation to the rotating reference frame was per-
formed. The part of the image behind the pin is extracted and
rotated around the centre of the disc rotation with exactly the
Fig. 5. Schematic representation of cam
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same rotation speed in the direction opposite to the disc rotation.
This was made possible by the extremely high rotational frequency
accuracy and stability of the servo drive with its built-in precision
rotational encoder. The encoder, with a resolution of 20 bits and an
accuracy of 0.6 arc minutes, is connected to the drive controller in a
feedback loop that ensures an accuracy of the set rotation speed of
more than 0.01 %. The transformation eliminated the relative rota-
tional motion of the pin so that the description of the cloud
dynamics is independent of the rotation of the disc. The Fig. 6
shows an example of the image transformation and the identifica-
tion of the cavitation cloud.

The algorithm has been applied with same parameters to all
cases in question and was found to give accurate results, based
on a qualitative evaluation with the identified cloud contour over-
layed over the raw captured image as shown in the Fig. 6. Pro-
cessed image sequences of each configuration instances are
provided in supplementary data. After the image transformation,
the algorithm was applied in the sequence as stated:

1. the starting point represents raw captured image trimmed to
the area behind the pin and transformed into the rotational ref-
erence frame, further on denoted as Ai.

2. Region of interest is masked – pin, outside rotor area and inside
stator area are masked out.

3. Background image is calculated by multiple image averaging
(approx. 3000images) and subtracted from the processed image
using the flat field correction VI [21], where mean image was
used as the flat field image:

Aflatfield ¼ 1
N

XN

i¼1

Ai;

Acorr ¼ ðAi � AdarkfieldÞ �medianðAflatfield � AdarkfieldÞ
ðAflatfield � AdarkfieldÞ � k;

where Acorr is the corrected image and Ai is the input image. Dark
field Image Adarkfield is the image that captures the dark currents in
the sensor, flat field Image Aflatfield is the image intensity profile
image, and the correction factor k is a constant to bias the bright-
ness of the corrected image. For the calculations, an image with
era and hydrophone positioning.



Fig. 6. Example of image transformation and algorithmically identified cavitation cloud.
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the camera lens covered was used as the dark field image and cor-
rection factor of 1 was used.

4. Edge detection filter using the Sobel method [22] with the
default threshold value (0). The Sobel operator is based on con-
volving the image with a small, separable, and integer valued
filter in horizontal and vertical direction. Mathematically, the
operator uses two 3 � 3 kernels which are convolved with the
original image to calculate approximations of the derivatives
– one for horizontal and one for vertical change in the greyscale
value. For the source image A, the images Gx and Gy contain at
each pixel the horizontal and vertical derivative
approximations:

Gx ¼
þ1 0 �1
þ2 0 �2
þ1 0 �1

2
64

3
75 � AandGy ¼

þ1 þ2 þ1
0 0 0
�1 �2 �1

2
64

3
75 � A;

where * operator denotes the 2-dimensional convolution signal pro-
cessing. The origin of the coordinate system is set to top left corner
of the coordinate system and x direction defined as increasing
towards right, and y increasing towards bottom. Each image pixel
can be expressed as gradient magnitude, combining the resulting
gradients:

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2

x þ G2
y

q

5. Image is binarized with the thresholding condition ‘‘greater
than 0”.

6. Fill hole morphological operator is utilized to fill the holes
inside the cloud. The cavitation cloud is treated as a uniform
entity as only total cloud area is found relevant.

7. Remove particle filter VI [21] is used to remove small parts of
the cloud with the default number 2 of 3 � 3 erosions applied
to the image.

8. The initial image is overlayed with the identified cloud contour
to qualitatively evaluate the accuracy of the algorithmically
determined cloud shape. (Figs. 6 and 7-7). Under all operating
conditions, overlayed cloud area was found to be in a good
agreement with the visible area in raw images.

4. Results and discussion

The results are shown in three parts. The first one is dedicated
to the results of integral hydrodynamic properties measurements
6

and the second one to local fluid dynamics its relation to the cav-
itation phenomena. The last part comprises of the rotor–stator con-
figuration comparison in terms of hydrodynamic and cavitation
properties.
4.1. Integral hydrodynamic properties

The pressure and energy characteristics of each rotor–stator
configuration were measured. The characteristic curve represents
the pressure head, energy, and inlet pressure as a function of flow
rate. The pressure head represents the difference measured with
the differential pressure transmitter (marked Dp Fig. 4). To obtain
the inlet pressure, the measured pressure difference was sub-
tracted from the value measured with the absolute pressure trans-
mitter at the RGHC outlet. The adjusted power PA represents the
mechanical shaft power, reduced by the drive losses, which occur
mainly due to the friction losses of the mechanical seal and add
up to 263 W. The inlet pressure was calculated as pin ¼ ps � Dp
(Fig. 4). For better visual representation, a linear curve was fitted
over the pressure and adjusted power values and a second-order
polynomial curve was superimposed over the inlet pressure values.
Examples of the characteristics for the 8 pin 6.5 mm instance are
shown in Fig. 8, while the rest are provided in the supplementary
data.

The measured characteristics exhibit features typical of
centrifugal-type turbomachinery, where energy consumption is
proportional and pressure head is inversely proportional to flow
rate. The pressure head is a direct measure of the pumping ability,
while the consumed energy is converted into hydrodynamic
energy of the transported liquid or dissipated in various ways, as
in this case by cavitation generation. For illustration, the hydrody-

namic efficiency gH ¼ Dp� _V
PA

of the RGHC example in Fig. 8 is about

5 % at the lower and 15 % at higher flow rates, while the remaining
portion of the energy is dissipated via mechanisms such as turbu-
lence and cavitation. It is important to note that the desired main
effect of the RGHC is cavitation, while the pressure head is not. The
deviation of the linear curve shape from the typical second-order
polynomial shape of the pressure characteristic of a centrifugal
pump is mainly due to the shape of the rotor. The pins do not
resemble the typical centrifugal pump vanes, which form the
inter-blade channels where losses occur proportional to the square
of the flow rate [23]. Furthermore, it is well known that the pres-
sure characteristics of the pump drops suddenly at the onset of
cavitation, and the developed cavitation is present throughout
the operating range of the RGHC.



Fig. 7. Cloud detection algorithm sequence. 0 – initial image; 1 – masking; 2 – background subtraction; 3 – Sobel edge detection; 4 – binarization; 5 – fill hole filter; 6 –
particle remove filter; 7 – cloud contour overlay.

Fig. 8. 8 pin 6.5 mm pressure and adjusted power characteristics (left) and inlet pressure curve (right).
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The inlet pressure depends solely on the pressure drop in the
inlet pipeline, which is proportional to the velocity squared and
the coefficients of friction [23]. While the coefficients are related
to material properties, the pressure is directly proportional to the
flow rate. A higher flow rate results in a higher pressure drop in
the inlet pipeline and thus a lower pressure at the inlet of the
RGHC. The inlet pipeline remains intact during rotor–stator varia-
tion and so does the inlet pressure and cavitation number for all
configuration instances at each operating point. The cavitation
number was calculated as r ¼ 2 pin�pvð Þ

qv2 where pin is the inlet pres-

sure and pv is the water vaporisation pressure at 20 �C (2339 Pa).
The constant temperature is allowed by the strict temperature con-
trol with the chiller and the exchanger in the reservoir. Velocity v
was calculated as the circumferential velocity of the pin v ¼ pdn
where d is the pin dividing circle diameter and n is the rotational
speed of the rotor, thus r was independent of the pin shape. As
listed in Table 1, it was found that the cavitation number was
not significantly affected by the high pressure side throttling.

Another dimensionless parameter important for characteriza-
tion of local flow conditions is Reynolds number defined as
Re = vSq/l, where v is pin circumferential velocity, S is character-
istic pin size and l = 0.001 Pa∙s is water viscosity at 20 �C. In the
case of circular pins, S was equal to pin diameter. For non-
Table 1
The three operating points with the flow rates, inlet pressures and accompanying
cavitation numbers.

Flowrate [l/min] 8 16 24

Inlet pressure [kPa] �0.5 �2.0 �3.5
Cavitation number 0.299 0.295 0.290

7

circular pins, Swas equal to 5 mm, with the exception of NACA pins
where S = 6.5 mm was considered. This means only three different
characteristic pin sizes were used, namely 4 mm, 5 mm and
6.5 mm. Corresponding Reynolds numbers were 1.03∙105,
1.28∙105 and 1.67∙105, respectively. Therefore, cavitating flow in
the pin region was highly turbulent under all operating conditions.

4.2. Local cavitation properties

The acoustic pressure emission recorded with the hydrophone
and the high-speed visualization of the cavitation phenomenon
were used to describe the local cavitation properties. The effects
of RGHC operating parameters on cavitation and other flow charac-
teristics are evaluated using power spectra of the pressure time
series (each 1 s long) recorded with the hydrophone. The flowrate
throttling did not have a noticeable effect on the power spectra
shape, indicating a robust nature of the device, suitable for instal-
lation in the systems with increased hydrodynamic loads. The first
parameter studied is the number of rotor pins for a 6.5 mm diam-
eter round pin. The corresponding power spectra (FFT) are shown
in Fig. 9 for rotors with 8, 12 and 16 pins. Several distinct ampli-
tude peaks can be seen in the spectra. The first discrete peak occurs
at 116.7 Hz and results from the rotation of the rotor as it coincides
with the rotor’s rotational speed of 7000 RPM. Similarly pro-
nounced peaks occur at pin-pass frequencies of 933, 1400, and
1866 Hz for the 8, 12, and 16 pin instances, respectively, and cor-
respond to the frequency of the rotor pins passing through the
hydrophone (rotational frequency multiplied by the number of
pins). In the 8 and 16 pin instances, second pin-pass harmonics
are visible at 1866 and 3732 Hz.

For all instances, except the one without stator, a broader
amplified band occurs between 500 and 1000 Hz due to cavitation



Fig. 9. Power spectra of 6.5 mm pin instances with 8, 12 and 16 pins and the instance without the stator.
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cloud shedding in the Karman vortex street behind the rotor pin,
which is amplified by the interaction of the rotor and stator. As
noted by Gostiša et al. [18], the shedding frequency imposed by
rotor–stator passages may prevail over naturally occurring shed-
ding frequency (i.e., cylinder in free flow). It is difficult to identify
the contributing stator feature because there are 15 relatively large
stator pins that significantly narrow the flow path, and no corre-
sponding frequencies are observed. Nonetheless, the instance
without a stator significantly differs from the others by the overall
lower fluctuation, while only amplified rotational and pin-pass fre-
quencies are visible.

In the 8-pin case, a distinct peak is observed at 547 and
2412 Hz, which cannot be attributed to a geometric feature com-
bined with the set rotation frequency, nor to vortex shedding, since
the peak is very narrow. It could be due to a pronounced resonant
frequency of the housing chamber, which will be investigated in a
future study by varying the volume of the chamber. Nevertheless,
the amplified frequencies and their correlation to cavitation-
related phenomena were investigated using simultaneous imaging.
A typical example of the pressure time series and cavitation cloud
area are shown in Fig. 10.

As shown in the numerical study of the pin disc RGHC [20], the
result of cavitation is a complex pressure–velocity field, which is
also evident in the dynamics of the acquired pressure signal. While
some of the dynamic features can be attributed to the geometric
features and the rotational frequency, there are others such as
547 Hz that can be linked to the dynamics of the cavitation cloud
detachment and collapse. A such typical event of cloud inception,
growth and detachment is shown in the image series in the
Fig. 10 (for more examples refer to the videos in supplementary
data). The area observed with the high-speed camera is approxi-
mately a quarter of the chamber, which hinders the recording of
longer cloud area time series and makes it difficult to directly cor-
relate the cloud area and acoustic pressure time series. Neverthe-
less, there is a strong overlap of the cloud average and 547 Hz
sine that links the cloud collapse and the increased pressure fluc-
tuation at the given frequency (Fig. 9 – 8 pin 6.5 mm). Moreover,
an increased spectral peak occurred at 2.4 kHz, which has a strong
influence on the shape of the pressure time series as seen in the
time series comparison in the Fig. 10. The latter is attributed to
multiple cloud bursts that occurred simultaneously behind several
rotor pins, causing pressure perturbations that propagated
throughout the housing chamber. This phenomenon was to some
8

extent observed in the [20] and will be further experimentally
investigated using a wider viewing angle to capture dynamics of
entire chamber.

The basic mechanism of vortex shedding on a moving cylinder
is Karman’s vortex street, in which vortices of single- or multiphase
fluid (in the case of a cavitating flow) structures periodically
develop and detach from the cylinder surface [24]. Assuming a
Strouhal number of St = 0.2 (a typical value occurring in a wide
range of Reynolds numbers), the shedding frequency f s ¼ St�v

d in
the near-wake of the pins with 6.5 mm diameter can be estimated
to 992 Hz [25]. Note that this frequency is a rough estimate that
may differ by about ±10 % from the actual shedding frequency
due to the unknown exact value of the Strouhal number and the
fact that the water flow past the pin also has a radial velocity com-
ponent that has not been measured. Since the estimated shedding
frequency is also close to the pin passage frequency of 933 Hz, this
could be the reason why it is not visible as a distinct peak in the
spectrum. However, as we have observed in our previous studies
[18], the rotor–stator interaction can enforce a higher frequency
and intensity of the attached cavitation clouds collapses than
would occur in the pure Karman shedding mechanism (i.e., with-
out the influence of the rotor–stator interaction). For better repre-
sentation see the associated visualization data in the
supplementary. This is also the case in the present study, as all
spectral peaks have much lower amplitude when the stator is
removed. In addition, there appears to be much less broadband
noise between 500 and 1500 Hz in the arrangement without the
stator, where spectral peaks are expected to arise from forced vor-
tex shedding (induced by rotor–stator interaction). These results
confirm the key role of the stator in generating intense hydrody-
namic cavitation in the pinned disc reactor.

Another design parameter that significantly affects the cavita-
tion dynamics is the shape of the rotor pins (Fig. 11). Regardless
of the shape of the pins, the amplified discrete rotational frequency
and its second harmonic are visible at 116.7 Hz and 234 Hz, respec-
tively. In addition, the discrete peak of rotor passage for 8-pin
rotors occurs at 933 Hz and the second harmonic at 1866 Hz is
smeared but also visible. However, the shape of the spectrum in
the 500 Hz region depends largely on the shape of the pins. Com-
pared to other pin shapes, circular and triangular pins produce a
much higher spectral response, including several peaks most likely
related to cavitation cloud dynamics and rotor–stator interaction.
Heart-shaped and triangular pins pointed 90� have a similar shape



Fig. 10. Synchronized time series of hydrophone pressure (black continuous curve) and cavitation clouds area (coloured curves representing consecutive clouds).

Fig. 11. Power spectra of the pin shape variation instances.
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and therefore exhibit a similar spectral response. In the case of
NACA 0500, the dynamics of the cavitation cloud is significantly
lower, as indicated by the absence of peaks in the band around
500 Hz.
4.3. Rotor-stator configuration instance comparison

For the rotor–stator configuration comparison, the pressure
head and adjusted power input were used to quantify the hydrody-
namic properties of the RGHC, and acoustic pressure emission,
cloud area average and standard deviation were used to evaluate
the extent of cavitation and its dynamic properties. Results in this
section are provided for three different water flow rates (corre-
sponding cavitation numbers and inlet pressures are provided in
Table 1).
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5. Pressure head and power consumption

As expected for a centrifugal type of a turbomachine, the pres-
sure head increases and the power consumption decreases with
increasing throttling (reduced flow rate). Although the cavitation
elements do not resemble the geometry of a pump vane, the ability
to generate head is significant. Looking at the graphs in Fig. 12, the
following trends can be observed:

? As shown in Section 4.1, the pressure head is proportional to the
number and diameter of the pins in all cases. Although the
cylindrically shaped pins serve as poor pump vanes, an increase
in the number and diameter leads to an increase in the surface
area in contact with the fluid, which allows for a greater transfer
of mechanical to hydrodynamic energy. This is also shown by
the fact that the power consumption is proportional to the
number and diameter of the pins.



Fig. 12. Pressure head (left) and adjusted power consumption (right) instance-operating point comparison.
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? The highest pressure head and thus pumping ability is achieved
with the triangular pins pointed 70�, where the cavitation ele-
ments are shaped as isosceles triangles inclined at an angle of
70� to the tangent line of the pin dividing circle. This instance
shape most closely resembles the backward-curved pump
vanes normally found on a centrifugal pump impeller. Further
on, the height and slope of the triangle can be changed to meet
the desired pressure requirements.

? NACA05000 has the lowest pressure head with the lowest
energy consumption, which is due to the lowest drag coefficient
of the foil shape.

? The stator can be considered as a throttling element, reducing
the pressure head and increasing the energy consumption. This
is most evident in the case without the stator, where the pres-
sure head is about 15 % higher and the energy consumption is
about 25 % lower than for the 8 pin 6.5 mm instance with a
1.75 mm gap. A decreasing trend in pressure head is observed
with shorter gap distance. Stator design features are to be inves-
tigated in a further study.

6. Pressure fluctuation

As shown in the previous chapter and in [20,24,25], pressure
fluctuations are highly correlated with the cavitation onset. There-
fore, the effective pressure value was used to compare the
instances at the three operating points in terms of the cavitation
extent and is shown in Fig. 13.

As with the pilot study [18], where throttling the high pressure
side did not result in favourable cavitation conditions, it can be
Fig. 13. Effective pressure value insta
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seen that the effective pressure decreases with increasing throt-
tling. Nevertheless, the throttling did not suppress the effective
pressure significantly, indicating a robust nature of the RGHC,
which is an important information to consider when designing
the installation in the system. Regarding the effects of geometrical
characteristics on the effective pressure values, the following con-
clusions can be drawn:

? Larger pin diameter causes larger-scale pressure fluctuations
and thus a higher effective pressure value. Namely, in accor-
dance with hydrodynamic drag law FD = 0.5qcDAv2, the larger
cross-sectional area leads A to a higher drag force FD between
the front and the back side of the cavitation element (pressure
difference across pin acting over a larger area). Consequently,
the hydrophone -measured effective pressure value is
increased.

? Higher number of pins leads to a lower effective pressure value.
Similar results were previously found in pilot and numerical
studies [19,21], where the pilot device with more pins resulted
in lower chemical oxygen demand (COD) reduction and the
numerical results showed lower cavitation extent and effective
pressure value. In the numerical study [21], the impeded devel-
opment of the cavitation cloud was attributed to a reduced low-
pressure wake region downstream of the cavitation element,
which prevents cloud elongation and shedding.

? The highest effective pressure values are exerted by triangular
pins inclined 70� and 8 pins with 6.5 mm diameter. These are
each characterized as particularly aggressive in terms of cavita-
tion, as indicated by high pressure fluctuations.
nce-operating point comparison.



Fig. 15. Typical cavitation structure behind the blunt triangle rotor pin, present
over longer time periods and not fluctuating heavily.
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? The lowest effective pressure is obtained in the configuration
without stator. Therefore, the stator is one of the key elements
of the RGHC that induces the desired fluctuation and enables
the aggressive cavitation conditions.

? It was found that shortening the rotor–stator gap difference
increases the RMS pressure value up to a certain point. The
effective pressure value is lowest in the case with 4.25 mm
gap, while it is higher in the case with 1.75 mm than in the case
with 0.25 mm, indicating the existence of the optimal gap
distance.

7. Vapor cloud characteristics

The area of the vapor cloud was determined using the algorithm
presented in the chapter 3.2.1. To compare the cloud properties of
each rotor–stator instance, the standard deviation and area aver-
age were used. The standard deviation shows the variation in cloud
area size, with a higher value being considered favourable and
indicating more aggressive cavitation (will be further investigated
on contaminated samples), while the area average of the cloud
indicates the overall extent of cavitation. Even before looking at
the bar trends, a significant similarity of the standard deviation
of the cloud area to the effective pressure value is observed, indi-
cating a significant mutual influence of cloud shedding on the pres-
sure variations. The high correlation of pressure and cavitation
dynamics makes acoustic pressure measurement an effective tool
for evaluating the extent of cavitation in many cases where visual-
ization is not possible (see Fig. 14).

The standard deviation of the cavitation cloud area shows a
similar trend as the effective pressure:

? decreasing cloud area deviation with increasing high pressure
side throttling,

? decreasing cloud area deviation with increasing pin number,
? increasing cloud area deviation with decreasing rotor–stator

gap, including the occurrence of the inflection point and the
maximum value for the gap 1.75 (example 8 pin 6.5 mm),

? good performance of the instances triangle pointed 70�, 8 pin
6.5 mm, 8 pin 5 mm and poor performance of the configurations
with 4 mm pins, 16 pins, NACA0500 and the one without stator.

The cloud area was found to increase with larger pin diameter
and decrease with greater pin number, where particularly high
pin numbers seem to have a significant reducing effect. The
cavitation- suppressing effect of a higher pin number is consistent
with the findings of [20], which attribute the mechanism of cavita-
tion generation to the low pressure wake behind the moving pin.
When the pins are placed too close to each other, the formation
of the low pressure wake is unlikely due to the small area behind
the pins and cavitation occurs to a much lesser extent and with
far weaker dynamics (no cloud elongation and collapsing). This is
observed for all 16 pin instances regardless of pin diameter.
Fig. 14. Cavitation cloud average area (left) and standard d
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The highest average cloud area average is observed with the
blunt triangles, which is due to the constant presence of the cavi-
tation cloud behind the front triangle face, as can be seen in Fig. 15.
Despite the presence of the cloud for longer periods of time, the
fluctuation is lower compared to the cases with 8 pin 6.5 mm
and triangle pointed 70� (see Fig. 14).

8. Regression models of integral RGHC parameters

To quantify our observations from the previous sections, the fol-
lowing integral parameters related to the RGHC’s performance
were modelled by fitting to measured data:

- root-mean-square value of the hydrophone pressure (pRMS),
- average cavitation cloud area (AAVE),
- standard deviation of cavitation cloud area (ASTD).

These parameters were be modelled by a power law fit to their
measured values according to Eq. (1):

C ¼ a0 � Na1 � da2 � Qa3 ð1Þ
where C is the modelled parameter of interest (any of the three

above specified), N is the number, d is the diameter of rotor pins,
respectively, and Q is the volumetric flow rate of water. N, d and
Q are independent variables to which pRMS, AAVE and ASTD were fit-
ted. By performing a least-squares power law fit, the following
models were obtained:

pRMS ¼ 0:589 � N�0:379 � d0:326 � Q0:118 ð2Þ

AAVE ¼ 167 � N�1:658 � d0:171 � Q0:192 ð3Þ

ASTD ¼ 89:2 � N�1:175 � d�0:161 � Q0:180 ð4Þ
eviation (right) instance-operating point comparison.



Fig. 16. PRMS, AAVE and ASTD regression models.
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Goodness of fit in Eqs. (2), (3) and (4) can be assessed from dia-
grams in Fig. 16, where measured and modelled parameter values
are compared. Due to a few outliers in each model, the R2 value is
relatively low, although the majority of predicted values is in a rea-
sonably good agreement with the measured values not deviating
by more than 15 %. For this reason, proportionalities given by
Eqs. (2)–(4) still express a valid trend. As suggested by these equa-
tions and consistent with our previous comments of measured
integral RGHC parameters, cavitation intensity proportional to
(pRMS, AAVE and ASTD) is decreasing rapidly (note the large a1 expo-
nent value, particularly in cloud area regression models) as the
number of rotor pins increases. Particularly the optically measured
local cavitation cloud area (i.e. observed on a single pin) and stan-
dard deviation thereof (AAVE and ASTD, respectively) have a strong
negative correlation with the number of pins. This is likely due
to the obstruction of the flow field and low pressure wake by clo-
sely spaced pins. If N is sufficiently low, each pin moves in a free
flow field and the maximum cavitation intensity on the pin can
be achieved. A decrease between N = 8 should be further investi-
gated and the number at which AAVE and ASTD starts to decrease
should be determined. The fact that the value of the exponent a1
is only �0.379 for pRMS but over 1.1 for AAVE and ASTD suggests that
pressure fluctuations measured with the hydrophone are only
partly caused by the collapse of cavitation structures, while also
come from other significant sources such as the intermittent gap
flow as the rotor pins pass the stator pins. Rich dynamics of the
exerted pressure is the result of simultaneous interaction of all
rotor and stator pins.

With respect to the pin diameter, pRMS and AAVE increase slightly
with d, also indicating a more intense cavitation and larger pres-
sure fluctuations induced by the gap flow, as the rotor–stator gap
becomes smaller. Nevertheless, ASTD is observed to decrease, possi-
bly due to the overall larger cloud area and volume that makes par-
tial collapses of vapor structure less visible (although not
necessarily less potent, as suggested by the trend that pRMS

increases proportionally d0.171). Finally, the liquid flow rate also
appears to have a slight positive effect on the cavitation intensity,
as all three related parameters (pRMS, AAVE and ASTD) increase with
Q, which is in agreement with the previously noted small impact of
high pressure side throtling. This is consistent with decreasing cav-
itation number (Table 1). Having said that, the pin diameter and
liquid flow rate have a less significant cavitation intensity effect
compared to the number of pins in all the models (Eqs. (2)–(4).
This is best seen in the case of cloud area regression models (Eqs.
(3) and (4), where the model exponent a1 (denoting the effect of
N) is by an order of magnitude larger than exponents a2 and a3 (de-
noting effects of d and Q, respectively).
9. Conclusions

A multiparametric study of the pin disc rotational generator of
hydrodynamic cavitation (RGHC) was performed to evaluate the
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effects of the geometric characteristics of the rotor–stator design
at various operating conditions. 17 rotor–stator instances with
the following characteristics were studied under 3 operating con-
ditions: diameter, number and shape of rotor pins, and distance
between rotor and stator pins. Evaluation of both hydrodynamic
performance and cavitation conditions was carried out on the test
rig where pressure and energy characteristics were measured and
cavitation was described by simultaneous visualisation and pres-
sure fluctuation measurement. A cavitation cloud detection algo-
rithm was developed and run over all the studied instances
(approx. 2.5 million frames) to determine the time series of the
cavitation cloud area, which was used in combination with the
acoustic pressure and its power spectra to interpret the mecha-
nisms of cavitation generation and fluctuation dynamics. For most
cases, amplified peaks occur at the rotational and pin-pass fre-
quencies, while a broader amplified band between 500 and
1000 Hz occurs only in cases where cavitation is present. The 8
pin 6.5 mm diameter case stands out with a discrete frequency
of 547 Hz that correlates with cloud collapse. In contrast, the NACA
0500 case and the one without a stator are characterised by a very
weak spectral response due to the absence of cavitation. Simulta-
neously acquired pressure and cavitation cloud images could not
be directly correlated due to the complexity of the pressure field
caused not only by the dynamics of cloud collapse near the hydro-
phone in the view plane of the camera, but throughout the entire
chamber. The raw imaging data and processed pin pass sequences
are available in the supplementary.

Mutual instance comparison was performed on the basis of
pressure head, power consumption, rms value of acoustic pressure
pRMS average value of cavitation cloud area AAVE and its standard
deviation ASTD. A significant correlation was found between the
cavitation extent, given as ASTD and the exerted pRMS value, indicat-
ing that hydrophone pressure measurement is an effective tool for
cavitation monitoring. Following the comparison, the effects of the
number, diameter, and shape of the pins were determined:

1. Higher number of pins has a suppressing effect on the develop-
ment, elongation and collapse of the cavitation cloud, which is
due to the absence of space behind the pin in which a low pres-
sure wake is formed.

2. Higher pin diameter has a favourable effect on the extent of
cavitation and pumping ability at the expense of higher power
consumption. The instance with 4 mm pins was found to be
unsuitable and the one with 6.5 mm was found to be the most
suitable for further investigation.

3. Cylindrical and triangular pointed 70� pins were found to be of
interest, while others such as blunt triangle, heart-shaped and
especially NACA 0500 pins were found to be not beneficial. Fur-
ther investigation of triangle length and inclination with
respect to hydrodynamic performance would be interesting.

The effects of flow rate, rotor pin diameter, and number of rotor
pins were quantified using a regression model that shows the dom-
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inance of the effect of pin number, which is in the case of the AAVE

and ASTD regression models about 10 times larger than pin diame-
ter and flow rate. The stator and rotor–stator distance were found
to play an important role, as the case without stator resulted in sig-
nificantly lower pRMS, AAVE and ASTD values compared to the other
cases. Interestingly, a shortening of the rotor–stator gap distance
enhances the fluctuation of the cavitation cloud only up to a cer-
tain distance, while a higher pRMS value was measured at a distance
of 1.75 mm than at a distance of 0.25 mm.

Based on the results of the study, further work will be directed
toward experiments with contaminated liquid samples to evaluate
the efficiency in terms of geometric and operational properties.
Furthermore, additional geometric properties such as the number
of rotor pins below 8, the number and diameter of stator pins,
and the volume of the housing chamber will be investigated using
the pRMS, AAVE and ASTD evaluation tools developed in this study.
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