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A B S T R A C T   

This study investigates hydrodynamic performance of a novel pinned disc rotating generator of hydrodynamic 
cavitation in comparison with a serrated disc variant on a pilot-scale. Experimental results show that at a given 
rotational speed and liquid flow rate, the pinned disc generates more intense cavitation (i.e. lower cavitation 
number, higher volume fraction of vapor and higher amplitude of pressure fluctuations) than the serrated disc, 
while also consuming less energy per liquid pass (i.e., higher flow rate and pumping pressure difference of water 
at similar power consumption). Additionally, mechanical and chemical wastewater treatment performance of the 
novel cavitator was evaluated on an 800 L influent sample from a wastewater treatment plant. Mechanical effects 
resulted in a reduction of average particle size from 148 to 38 µm and increase of specific surface area, while the 
oxidation potential was confirmed by reduction of COD, TOC, and BOD up to 27, 23 and 30% in 60 cavitation 
passes, respectively. At optimal operating conditions and 30 cavitation passes, pinned disc cavitator had a 310% 
higher COD removal capacity while consuming 65% less energy per kg of COD removed than the serrated disc 
cavitator. Furthermore, the specific COD-reduction energy consumption of the pinned disc cavitator on the pilot 
scale is comparable to the best cases of lab-scale orifice and venturi devices operating at much lower wastewater 
processing capacity.   

1. Introduction 

Water sources around the world are becoming scarce and one of the 
overwhelming worldwide concerns is the growth of surface and 
groundwater pollution. Wastewater originating from industry and 
households contains several potentially hazardous contaminants such as 
industrial chemicals, personal care products and pharmaceuticals, bac
teria, viruses, and nowadays new contaminants such as microplastics. 
Even though the wastewater (WW) undergoes different treatment pro
cesses in the wastewater treatment plants (WWTP) before it is released 
into the environment, these are not designed to destroy the myriad of 
microcontaminants. WWTPs can thus be considered as a critical source 

point of these contaminants, which via WW effluents reach and 
contaminate different environmental compartments, terrestrial and 
water. To deal with this pollution, scientific effort is nowadays focused 
on developing new technologies that could complement conventional 
wastewater treatment (WWT). Methods mostly investigated are collec
tively referred to as advanced oxidation processes (AOPs) which have 
one thing in common, in situ generation of OH radicals capable of non- 
selectively oxidizing and even mineralizing various organic pollutants 
[1–4]. They include homogeneous and heterogeneous photochemical 
processes (e.g. photo-Phenton process, UV/H2O2), heterogeneous pho
tocatalysis and combination of these processes [5]. These processes can 
be used as a pre- and/or post-treatment step to biological treatment, 
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plant. 
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where they enhance biodegradability or improve removal of recalcitrant 
compounds, respectively [6,7]. 

In recent years, special attention has been dedicated to green 
oxidation processes, i.e. environmentally friendly processes that can 
achieve oxidation without addition of external chemicals and/or 
reducing the energy consumption [8]. One of such processes that does 
not require addition of external oxidants is cavitation that encompasses 
formation, growth, and collapse of vapor bubbles in a liquid due to local 
pressure drop and recovery. The violent vapor bubble collapse is asso
ciated with extreme local pressure, velocity and temperature [9,10] that 
drive mechanical and chemical processes connected with cavitation. On 
one hand, mechanical effects can lead to disintegration of particles [11]. 
On the other hand, by formation of local hot spots in collapsing vapor 
bubbles, extreme temperatures and pressures are generated [12]. 
Consequently, water molecules undergo homolysis resulting in forma
tion of hydroxyl radicals (•OH), driving chemical processes [13]. 

Depending on the method of generation, the main cavitation sub
types are acoustic, hydrodynamic and optic cavitation [10]. Hydrody
namic cavitation (HC) occurs when liquid pressure is reduced due to 
flow geometry-induced velocity variations. In comparison with other 
processes, HC has the advantage of lower cost and better scalability 
when applied for WW treatment [9]. For this reason, it has recently 
received increased research interest including review papers [9,10,14]. 
Mechanisms most commonly studied for generation of HC include 
orifice plates [15–18] venturi tubes and constrictions [18–20] vortex 
cavitation [21,22] and rotating devices [23–28], that we will referred to 
as rotational generators of hydrodynamic cavitation (RGHC). There has 
only been a modest progress in developing new, more effective designs 
that could exploit the potential of HC to the fullest as pointed out in 
[14,29]. Nevertheless, rotor–stator-interaction and similar RGHC de
vices are increasingly gaining traction, especially as an effective tech
nology for destruction of different microorganisms, the one 
contaminating the water resources as well as the ones present in waste 
activated sludge. The cavitation generated in rotating devices is 
different than the one developed in other HC devices and has been 
determined as highly efficient and economically feasible [22,27,28]. 
Rotating devices are typically capable of achieving the same level of 
cavitation intensity as stationary cavitation reactors, albeit at signifi
cantly lower energy consumption and allowing easier scaling-up to
wards higher processing capacity, where other cavitation methods are 
not economically feasible [10]. For example, Maršalek and co-workers 
[27] proposed an improved dimpled rotor hydrodynamic cavitation 
device, where its particular geometry resulted in cavities with high 
cavitation energy able to efficiently destroy cyanobacteria. Sun and co- 
workers on the other hand [22] have for the first time thoroughly 
investigated cavitation flow characteristics in an advanced hydrody
namic cavitation reactor by combining experimental flow visualization 
and computational fluid dynamics. Additionally, Sun and co-workers 
[28] have effectively destroyed Escherichia coli using the previously 
mentioned advanced HC reactor. 

Despite encouraging results reported in the literature, existing 
dimpled rotor and serrated disc RGHCs possess some inherent short
comings such as still somewhat constrained performance of COD 
removal and relatively high energy consumption thereof. In the present 
study, we aim to employ our expertise from previous investigations to 
develop a novel RGHC designed as a rotor–stator interaction device with 
pinned discs. The performance of novel pinned disc (PD) RGHC is 
evaluated in comparison with the serrated disc (SD) RGHC that has been 
previously studied on both pilot-scale [2,30,31,32] and lab-scale 
[25,26,33,34] in our laboratory. Unlike the SD RGHC that comprises 
serrated rotor and stator with passages resembling venturi narrowing, 
the PD RGHC consists of cylindrical pins arranged around the rotor and 
stator in a circular pattern, which is expected to facilitate more robust 
and efficient operation. 

To evaluate the mechanical and chemical efficiency of the novel PD 
RGHC, a complex water matrix – WW influent composed of particles and 

organic/inorganic compounds, was chosen. The reduction of the 
average particle size of different origin present in the sample would 
demonstrate the mechanical effects of cavitation formed in this way. The 
chemical effects of the PD RGHC on the other hand, would be demon
strated by reducing the organic compounds of the influent. The con
stituents of WW influent are in large part composed of proteins, 
carbohydrates and lipids, oxidation of which by OH radicals formed 
during acoustic and hydrodynamic cavitation has been extensively re
ported by Zupanc and co-workers [14]. 

The main objectives of this study were thus to:  

1) develop a new way of generating hydrodynamic cavitation by 
upgrading the existing rotor stator technology developed previously 
in the same laboratory, 

2) evaluate the novel PD RGHC by measuring the hydrodynamic cavi
tation characteristics (i.e. flow imaging and pressure oscillations) at 
multiple operating points and compare it to the SD RGHC, 

3) select optimal operating conditions and evaluate chemical and me
chanical effects of the PD RGHC using real water samples – WW 
influent. 

2. Materials and methods 

2.1. Rotating generators of hydrodynamic cavitation 

A pilot scale RGHC with serrated rotor and stator discs was primarily 
designed by Petkovšek and co-workers [30] and its potential for WWT 
evaluated by Zupanc and co-workers [2]. In its original version, the 
cavitating device employed a serrated rotor and a matching stator disc 
with equal number of similar teeth grooves arranged on the circumfer
ence (Fig. 1). The axial gap between the tops of the grooves on both discs 
was set to lowest possible (~0.5 mm) to achieve maximum cavitation 
intensity (for detailed description of cavitation setup, refer to Petkovšek 
and co-workers [25] and Kovačič and co-workers [25]). One of the au
thor’s aims with the design in that study was to achieve double func
tionality of the RGHC, which serves not just as cavitation generator but 
also as a pump [30]. The axial gap size has a crucial effect on the 
cavitation intensity and should be set to a minimal possible value, which 
is very difficult to achieve in practice. That was one of the main reasons 
for a new, more robust mechanism of rotational cavitation generation. 
Newly designed rotor and stator discs were equipped with cylindrical 
pins to cavitation in the wake region behind the pins (Fig. 1). 

Both discs of the novel RGHC are designed in a manner so that they 
can be fixed to the rotor and casing used in the previous (SD) version of 
RGHC. 16 cylindrical pins with 12 mm diameter were equally distrib
uted on the rotor disc circumference with the diameter of 174 mm and 
15 cylinders were equally distributed on the stator disc circumference 
with the diameter of 140 mm. Even number of rotor pins and odd 
number of stator pins was chosen to prevent periodicity of pressure 
fluctuations due to concurrent passing of the pins. The discs and pins 
were designed in a way to allow quick and easy replacement of the pins. 
Rotor and stator pins are marked in the Fig. 2. 

Both RGHC devices were driven by a 3-phase phase asynchronous 
motor, controlled by variable frequency drive, allowing evaluation of 
various rotational frequencies and therefore effects of velocity of the 
attached cylinders. Studies previously performed on a single cylinder 
[35,36] showed different cavitation regimes to be attainable by varying 
the fluid velocity and inlet pressure. 

While the primary operating mechanism of a SD RGHC is venturi 
narrowing induced by periodic passages of rotor and stator teeth, the 
main working principle of the PD RGHC is a sudden pressure drop and 
recuperation in liquid downstream of cylindrical pins due to flow ac
celeration and separation. Cavitation intensity and advection of vapor 
structures is further enhanced by passages of rotor and stator cylinders 
(Fig. 2) that create pulsating gap flow, and by vortex shedding also 
known as Karman street downstream of cylinders that was previously 
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studied by Biluš and co-workers [35] and several other authors. 

2.2. Experimental apparatus 

Hydrodynamic capabilities of SD RGHC and PD RGHC were evalu
ated on the same experimental apparatus depicted in Fig. 3. Identical 
motor and centrifugal pump with interchangeable elements for cavita
tion generation were used to achieve adequate comparability. The 
RGHC (Fig. 3 - 1) functions as both cavitation generator and the pump 
and is driven by a 5.5 kW 3-phase asynchronous motor, controlled by 
variable frequency drive (Fig. 3 - 2). It is installed in a closed-circuit 
pipeline with throttling valves at the pressure on the suction side 
(Fig. 3 – 3, 5), used to set the desired cavitation regime and a 1000 L 
reservoir (Fig. 3 - 4) for storage of circulating medium (water). During 
experiments, samples for analysis were acquired via discharge valve 
(Fig. 3 - 6). Static pressure was measured with ABB 2600 T absolute 
pressure transducer (Fig. 3 - a) with measurement accuracy ± 0.04%. 
Measurements of pressure difference over the RGHC were performed 
with ABB 2600 T differential pressure transducer (Fig. 3 – b) with 
measurement accuracy ± 0.04%. Flow rate was measured with elec
tromagnetic flow meter ABB WaterMaster DN40 (Fig. 3. – c) with 
measurement accuracy ± 0.04%. Cavitation regime was evaluated 
optically by visualization with high-speed camera (Fastec Hispec4) 
(Fig. 3- e) with image acquisition rate of 10 kHz and a resolution of 256 
× 342 pixels. Furthermore, hydrophone Teledyne Reason, TC4013 

(Fig. 3 – d) was used to evaluate cavitation regime with respect to 
pressure fluctuation, acquired with sampling frequency 50 kHz. Due to 
strong pressure fluctuations at the pump inlet, the inlet pressure ps was 
not measured directly, but was calculated as ps = pp-Δp to reduce the 
measurement uncertainty. 

2.3. Experimental design 

The mechanical and chemical efficiency of the PD RGHC was 
investigated at a local WWTP designed to treat 5.000 PE. The 800 L of 
WW influent for experiments was taken directly after the primary 
treatment, before entering the biological treatment pool and was 
introduced into the reservoir by a pump. After the first experiment, the 
processed sample was discharged into the biological treatment pool and 
the new sample was introduced into the reservoir. The experiments were 
conducted on the same day during the morning in the time span of 6 h. 

Based on evaluation of hydrodynamic and cavitation characteristics 
(see Section 3.1) performed on tap water samples, two different oper
ating conditions were chosen (Table 1). Due to the strong effect of 
RGHC’s rotational speed on cavitation, both conditions were selected at 
2700 rpm rotational speed which produced more intense cavitation than 
the slower (2290 rpm) speed (consider visual comparison in Fig. 4). The 
two operating conditions presented in Table 1 differ in the flow rate of 
the sample that was modified by throttling on the suction side of the 
pump, thus also affecting the pressure in the cavitation zone (not 

Fig. 1. SD RGHC (marked A) and the newly designed PD RGHC (marked B) with key components: 1 – pump impeller; 2 – housing; 3.1 – SD rotor; 3.2 – SD stator; 4.1 
– PD rotor and 4.2 – SD stator. 

Fig. 2. Mechanism of cavitation generation in the PD RGHC with teeth groove passages, resembling a venturi narrowing (left) and mechanisms of cavitation 
generation in the Karman street behind the cylinders and in the passages between rotor and stator cylinders on the newly designed RGHC (right). 
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measured in our experiments). Under the first condition (exp. A) in 
Table 1, developed hydrodynamic cavitation appeared more intense. 
Nevertheless, the actual effect on influent decomposition can only be 
verified by testing on WW samples. The two treatments were compared 
based on the same amount of cavitation passes, Np = Q∙t

V , where Q is the 
volume flow rate of water, t is the time passed since the start of cavi
tation process and V is the volume of treated water in the tank. 

8 L of sample was taken at the beginning of the experiment and after 
30 and 60 Np. 5 L of the sample was used for the analysis of particle size 
and distribution and 3 L of the sample was used for the analysis of 
WWTP parameters. Prior to analysis samples were homogenized by 
mixing. 

2.4. Sample preparation and analysis 

The efficiency of the PD RGHC was assessed by measuring WWTP 
parameters, pH, dissolved oxygen (DO), conductivity and temperature, 
before and after cavitation. COD, BOD and TOC were determined using 
Hach-Lange cuvette tests and DR/3900 spectrophotometer. In the case 
of COD and TOC, total/non-filtered and soluble values were determined, 
while particulate value (pCOD and pTOC) was calculated as the differ
ence between the two. To determine the soluble value of the parameters 
the samples were filtered through cellulose nitrate filters with a defined 
pore size of 0.45 µm (Sartorius, Goettingen, Germany). COD (total COD) 
and sCOD (soluble COD) were measured using LCK 114 and LCK 314 
cuvette tests, respectively. Total TOC and soluble TOC (dissolved 
organic carbon: DOC) were both measured using LCK 386 cuvette test. 
BOD5 of non-filtered samples was determined based on the DIN 

38409–52 standard and by means of Oxytop caps thermostated at 20 ◦C. 
Analyses of standard WWTP parameters were done in duplicates that 
never differed by more than 3%. pH, DO and conductivity were 
measured using a Hach-Lange multimeter HQ430d and IntellicalTM 

PHC725, LD0101 and CDC401 probe, respectively. Temperature was 
measured using a Flir 566 IR thermometer with measurement range 
from –60 to 650 ◦C and accuracy ± 1 ◦C. 

Additionally, the efficiency of the pinned disc RGHC was assessed by 
measuring particle size and distribution. The experiments were per
formed with the Analysette 22 MicroTec Laser Particle sizer - Wet 
Dispersion Unit (Fritsch, Germany) according to the previously 
described particle size analysis ISO 13,320 - Laser Diffraction Methods 
[37]. Percentile particle sizes of 10%, 50% and 90% (d90) were calcu
lated and expressed as d10, d50 and d90, respectively. 

3. Results and discussion 

3.1. Evaluation of hydrodynamic and cavitation characteristics 

The performance and efficiency of investigated pinned and serrated 
rotor designs can be investigated on both qualitative and quantitative 
levels, using pressure measurement and high-speed imaging data. High- 
speed images of flow structures in the rotor–stator interaction zone 
(Fig. 4) provide an insight into cavitation structures appearing at 
different operating conditions of the RGHC. For both SD and PD RGHC 
designs and rotational speeds (n) used, the intensity of cavitation (i.e. 
concentration of bubbles and other visible vapor structures in images) 
can be observed to increase as the water flow rate (Q) is reduced by 

Fig. 3. Key elements of the test rig: 1 – RGHC, 2 – phase asynchronous motor, controlled by variable frequency drive, 3 – pressure side throttling valve, 4 – 1000 L 
tank, 5 – suction side throttling valve, 6 – discharge valve. Installed measurement equipment: a – absolute pressure transducer, b – differential pressure transducer, c 
– electromagnetic flow meter, d – hydrophone, e – high-speed camera. 

Table 1 
Experimental conditions for the two sets of experiments using PD RGHC (suction side flow throttling, nominal flow rate: QMAX = 10 L/s).  

Experiment V (L) n (rpm) Δp (kPa) Np Q (L/s) t (min) Power (kW) Current (A) 

A0 800 2700 114 0 6.9 0 5.6 10.5 
A1 30 58 
A2 60 116 
B0 800 2700 120 0 8.6 0 6.7 12.5 
B1 30 47 
B2 60 93  
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closing the valve on the suction side of RGHC. Suction side flow throt
tling causes a drop in the pump inlet pressure, resulting in more favor
able conditions for the onset of cavitation at the RGHC rotor. Local 
pressure at the rotor is further reduced by increasing its rotational speed, 
which is why cavitation is more intense at n = 2700 rpm than at n =
2290 rpm (for both RGHC designs). 

Besides the flow throttling and rotor speed, the design of the RGHC 
rotor and stator have a significant effect on the onset and intensity of 
cavitation. In the case of the SD RGHC, there is little cavitation when the 
system is unthrottled (Q = QMAX; refer to Fig. 4 for QMAX values), with 
most cavitation structures (small cavitation clouds) intermittently 
occurring at the rotor–stator gap when teeth passage occurs (Fig. 4 - a, 
upper left panel). As the suction valve is gradually closed (and Q 
consequently reduced), both the size of gap region cavitation clouds and 
the concentration of cavitation bubbles increase. At 2700 rpm and Q/ 
QMAX = 0.4 (Fig. 4 - a, lower left panel), the volume fraction of vapor 
becomes so large that the rotor is no longer visible. Note that all results 
presented in Figs. 4 – 11 and discussed in this subsection were obtained 
by cavitation of drinking water from the municipal water supply. 

Unlike the SD RGHC, the PD RGHC design is characterized by a more 
rapid transition into the fully developed cavitation regime. Unthrottled 

RGHC at 2290 rpm (Fig. 4 - b, upper left panel) produces no cavitation at 
all, but an increase in speed to n = 2900 rpm or throttling to Q/QMAX =

0.7 results in the onset of cavitation with substantial volume fraction of 
vapor bubbles, and cavitation structures attached to rotor cylinders. 
From this point onwards, further throttling can be seen to generate a 
very dense flow of vapor bubbles accompanied by larger structures 
(Fig. 4 - b, middle and lower right panel) indicative of supercavitation 
[38]. 

Apart from above-presented visual analysis of RGHC operation, its 
performance and energy efficiency can be assessed based on several 
process quantitates measured in our experiments. A well designed RGHC 
is expected to produce intense cavitation at relatively high-volume flow 
rates of treated WW samples while consuming a reasonably low amount 
of energy per unit of volume pumped and cavitated. Unlike centrifugal 
pumps normally used for pumping of liquids, the primary purpose of a 
RGHC is not high energy efficiency of pumping in absence of cavitation, 
but generation of intense HC that inevitably reduces the hydrodynamic 
efficiency of the pump. Nevertheless, similar analysis methods can be 
applied to evaluate the RGHC performance. 

One of the most fundamental approaches of investigating hydrody
namic characteristics of the RGHC is by plotting of differential pressure 

Fig. 4. Flow structures in the rotor–stator interaction region of the RGHC, suction side throttling (0.5 ms frame separation): a) SD RGHC, b) PD RGHC. The rotor is 
located to the right of the stator and moving upwards. 

Fig. 5. Hydrodynamic characteristics of the SD and PD RGHC for flow rate throttling on the pressure side (a) and suction side (b) of the pump.  
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Δp (also known as the pump head) against the flow rate of liquid Q. 
Diagrams of Δp(Q) are obtained by flow rate regulation through 
manipulation (throttling) of the valve on the pressure or suction side of 
the pump. In our experiments, pressure side throttling (Fig. 5 - a) pro
duced mostly cavitation-free pumping regimes rotor–stator interaction 
region of the RGHC, except at maximum flow rate corresponding to a 
fully opened valve (consider Fig. 4 for images of observed flow struc
tures). Therefore, the Δp(Q) curves resemble typical characteristics of 
non-cavitating centrifugal pumps. Even though the identic centrifugal 
pump was used in both RGHC designs, the rotor design had a significant 
effect on the pumping characteristic Δp(Q). At 2290 rpm, the PD variant 
of the RGHC was able to generate between 55% and 90% higher pressure 
difference and 37% higher maximum flow rate than the SD variant. At 
2700 rpm, the PD variant produced between 60% and 125% larger Δp 
and 14% higher maximum flow rate than its counterpart. Therefore, it 
can be concluded that in a non-cavitating pumping regime, the hydro
dynamic efficiency of the PD RGHC design is significantly higher than 

the efficiency of the SD design. This can be largely attributed to less flow 
obstruction in the rotor–stator interaction region downstream of the 
pump outlet for the PD design of the RGHC. 

Contrary to flow regulation with the pressure side valve, throttling 
on the suction side (Fig. 5 - b) produced intense cavitation in the RGHC 
(Fig. 4). Cavitation occurred across the complete range of measured flow 
rates, although its intensity varied significantly with Q. From Fig. 5 - b it 
is evident that, except for the PD RGHC geometry at 2700 rpm, the 
pressure difference Δp initially rises as Q is reduced from its nominal 
value in a manner similar to a non-cavitating system. However, as the 
suction valve is gradually closed, effectively reducing both Q and pump 
inlet pressure, cavitation becomes significantly more intense (Fig. 4), 
and a large volume fraction of vapor is produced. Vapor formation 
prevents a further increase in pump head due to reduced density of the 
multiphase flow, confining the value of Δp to a narrow range of 
100–110 kPa over a wide range of liquid flow rates. The critical flow rate 
below which Δp ceases to rise, increases with rotational speed of the 

Fig. 6. Cavitation number of the RGHC for flow rate throttling on the pressure and suction side of the pump (indices PT and ST, respectively). Cavitation onset 
marked by black dots. 

Fig. 7. Standard deviation of hydrophone-measured pressure fluctuations for the SD and PD RGHC for flow rate throttling on the suction side of the pump.  
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rotor. At a given rotor speed, the critical Q value is higher for the PD 
geometry than for the SD geometry of the RGHC, suggesting that the 
former geometry can produce intense cavitation at significantly higher 
flow rates. Nevertheless, all hydrodynamic characteristic curves can be 
observed to converge in the range of 1 L/s < Q < 3 L/s, suggesting 
similar cavitation conditions for both considered RGHC geometries. 
Operating the RGHC at such low liquid flow rates is not feasible as the 
capacity for WW treatment is severely reduced. 

As already noted in qualitative analysis of RGHC’s operation (visual 
inspection of flow structures shown in Fig. 4), the intensity of hydro
dynamic cavitation varies greatly with operating parameters of the de
vice. For the purpose of identification of useful cavitation regimes, 
dimensionless cavitation number σ = 2(ps-pv)/ρv2 of the RGHC is pre
sented in Fig. 6 as a function of flow rate, RGHC geometry and rotational 
speed (circumferential velocity v was calculated for a reference rotation 

radius r = 82.5 mm for SD RGHC and r = 87.5 mm for PD RGHC). The 
first observation that can be made is that throttling the system on the 
pressure side quickly eliminates cavitation as the closing of the pressure 
valve increases the pump inlet pressure. Also, except for the SD RGHC 
geometry at 2700 rpm, the extent of cavitation is negligible when both 
valves are fully opened, and the suction side valve must be partially 
closed to induce cavitation. 

As shown in Fig. 6, both designs of RGHC started to cavitate when the 
throttling caused the cavitation number reduction to the range of 0 < σ 
< 0.1. Note that due to relatively large increments of the liquid flow rate 
in our experiments, observed cavitation onset points may differ from 
actual onset points. Nevertheless, conclusions that can be drawn with 
regard to Fig. 6 are clear: higher rotational speeds of the RGHC lead to a 
more intense cavitation at a given flow rate, and require less pressure 
drop (i.e. throttling) upstream of the pump inlet to induce cavitation. 

Fig. 8. Hydrophone pressure time series at n = 2290 rpm.  

Fig. 9. Hydrophone pressure time series at n = 2700 rpm.  
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Also, at a given rotational speed, the PD design requires much less 
suction-side throttling to start cavitating than the SD design, resulting in 
significantly higher capacity (flow rate) for cavitation of WW samples. 

Following the RGHC operation analysis on the level of integrally 
measured process quantities, time series of hydrophone-measured 
pressure p and optical intensity K (obtained from high-speed camera 

recordings) were studied. In the first step, standard deviation Sp,H of 
time series p(t) was calculated as a measure of pressure fluctuation in
tensity in the RGHC cavitation zone (Fig. 7). Results presented in Fig. 7 
indicate that the intensity of pressure fluctuations (marked by Sp,H 
value) increases significantly with rotational speed for the PD geometry 
of the RGHC. This suggests both more intense cavitation (particularly at 

Fig. 10. Pressure frequency spectra comparison for SD and PD RGHC design (ST - suction side throttling, PT - pressure side throttling). Frequency with the maximum 
pressure amplitude (plotted is the decimal logarithm of pressure in [Pa]) is highlighted in each spectrum. 

Fig. 11. Normalized optical intensity frequency spectra comparison for SD and PD RGHC design. Frequency with the maximum Kn amplitude is highlighted in 
each spectrum. 
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higher flow rates) as well as larger amplitudes of low flow rate, low 
frequency (order of magnitude of a few Hz) oscillations generated by 
alternating periods of intense cavitation followed by periods without 
cavitation. For this reason, both operating conditions for WW sample 
cavitation were selected at the higher RGHC rotational speed (2700 
rpm). 

The upper flow rate limit for low frequency fluctuations was deter
mined as Q = 2.3 L/s at 2290 rpm and Q = 3.9 L/s at 2700 rpm It should 
always be exceeded by at least 10% to avoid intermittent cavitation that 
is less efficient for WW treatment than continuous cavitation, since large 
volumes of water pass the RGHC without cavitating. No such unstable 
operation was observed for the SD RGHC design, though. This RGHC 
geometry produced a less straightforward dependence of pressure fluc
tuation intensity on the rotor speed, as the magnitude of Sp,H at 2700 
rpm was below the one measured at 2290 rpm in the intermediate range 
of flow rates (2 L/s < Q < 6.4 L/s), but then increased above the 2290 
rpm curve until reaching a peak of 35.0 kPa at Q = 8 L/s. For the PD 
variant of the RGHC rotating at 2700 rpm, a corresponding peak of Sp,H 
= 32.5 kPa occurred at Q = 6.8 L/s. As will be shown in the following 
time series analysis, these peaks result from high-frequency phenomena 
related to teeth or cylinder passages and can potentially produce cavi
tation regimes most useful for WW treatment. For this reason, the time 
series analysis will be focused on flow rates above Q/QMAX = 0.5. 

Time series of measured hydrophone pressure p(t) are show in Figs. 8 
and 9. At both rotor rotational speeds, there is a marked difference in the 
signal between the SD and PD variant of the RGHC. SD geometry can be 
seen to produce periodic pressure fluctuations with triangular-like 
waves across a wide range of operating parameters. These fluctuations 
occur at a frequency of 440 Hz at n = 2290 rpm and 513 Hz at n = 2700 
rpm (consider frequency spectra in Fig. 10 for details) and is most likely 
caused by teeth passages occurring with a similar frequency. Higher 
harmonics of these frequencies are also visible in frequency spectra. 
Since both rotor and stator discs had the same number of teeth, flow 
resonance is likely to be present. While the amplitude of the signal varies 
significantly between operating points, no distinct trend can be 
observed. Furthermore, the position of frequency peaks in spectra is 
relatively insensitive to the cavitation intensity, but changes with rota
tional speed of the RGHC. It is therefore likely that pressure fluctuations 
of the SD RGHC are primarily caused by the tooth gap flow of liquid 
rather than collapse of cavitation structures. 

On the other hand, the hydrophone pressure signal of the PD RGHC 
undergoes a marked change as cavitation is intensified. When there is 
little or no cavitation (Q = QMAX), no high-frequency periodic oscilla
tions are visible contrary to the SD RGHC. For n = 2290 rpm, this re
mains true even when the system is throttled to Q/QMAX = 0.55, 
suggesting the absence of large cavitation structures collapsing period
ically. Nevertheless, at n = 2700 rpm, flow rate reduction to Q/QMAX =

0.7 and below results in a sudden change in the signal form. Periodic 
peaks with amplitudes of up to 2 bar (almost an order of magnitude 
higher than in other operating regimes) appear with the frequency of 
approximately 260 Hz (Fig. 10, second panel from the top, right side of 
the diagram). This frequency is much lower than the cylinder passing 
frequency (720 Hz at 2700 rpm) and occurs only when the system is 
throttled on the suction side (intense cavitation present), but not when 
the same flow rate is attained by throttling on the pressure side of the 
RGHC (no cavitation present). This is a strong indication that observed 
high amplitude fluctuations originate from cavitation-related phenom
ena, possibly due to the interaction between cavitation structures 
attached on stationary and moving cylinders as passages occur (refer to 
Fig. 2 for illustration). 

Another important observation regarding hydrophone pressure 
spectra is the disappearance of high frequency fluctuations accompanied 
by occurrence of already mentioned low frequency fluctuations (2–3 Hz) 
when Q/QMAX was reduced to 0.4. The fluctuations can be explained by 
onset of intermittent supercavitation that blocks the flow of liquid 
several times per second. As demonstrated in the Fig. 10, this 

intermittent cavitation regime was only observed for the PD RGHC 
design, thus limiting its use at lower flow rates. It can also be noted that 
the spectra for the PD RGHC appear noisier than SD RGHC spectra 
despite a less noisy time series, which is attributed to different lengths of 
recorded pressure time series used to compute the spectra (2 s for PD 
RGHC and 0.3 s for SD RGHC), resulting in a much higher resolution of 
PD RGHC spectra. 

In addition to hydrophone-measured pressure time series, time series 
of optical intensity, K(t) were also analyzed. Optical intensity K (pro
portional to volume fraction of vapor) was obtained as spatially aver
aged gray level within the cavitation area, excluding regions of passing 
rotor teeth or cylinders to assure a constant background illumination. 
Since the lighting setup was different for each RGHC design tested, a 
direct comparison of K(t) time series is not possible. Nevertheless, since 
K is a good measure for cavitation intensity, it can be used in conjunction 
with hydrophone pressure data, particularly in the frequency domain. In 
Fig. 11, spectra of normalized optical intensity Kn are shown. In all di
agrams except one, the frequency with the most significant amplitude Kn 
nearly coincides with the frequency of rotor and stator geometry pas
sages (SD: 458 Hz at 2290 rpm and 540 Hz at 2700 rpm; PD: 610 Hz at 
2290 rpm and 720 Hz at 2700 rpm). Nevertheless, in the case of PD 
RGHC at 2700 rpm and Q/QMAX = 0.7 (Fig. 11, second panel from the 
top, right side of the diagram), the most significant peak appears at a 
much lower frequency of 52 Hz, suggesting oscillations in volume 
fraction of vapor in the cavitation cloud that do not cause significant 
pressure fluctuations (no peak is observed in hydrophone pressure 
spectra in Fig. 10). Nevertheless, pressure spectrum peaks that occur at 
290 Hz and 690 Hz (Fig. 10) are also clearly visible in the corresponding 
optical intensity spectrum (Fig. 11), suggesting that pressure fluctua
tions are strongly correlated with visible fluctuations of cavitating flow 
structures. . Our further work will include simultaneous visualization 
and pressure fluctuation acquisition and therefore confirm or disprove 
that. 

Based on the analysis of the HC process in this section, operating 
parameters for subsequent studies of mechanical and chemical decom
position of the effluent were determined. Rotational frequency of 2700 
RPM was chosen (limited by the power of the electric motor) in com
bination with two different settings of suction side throttling valve 
(Table 1). We have shown that higher rotational speeds lead to more 
intense HC, which in turn reduces the throttling requirement of the 
system. While the suction-side throttling increases the amount of 
collapsing vapor bubbles (positive effect), it also increases time per 
liquid pass through reduced flow rate, as well as energy dissipation due 
to elevated hydraulic losses at the valve (both adverse effects). There
fore, only moderate throttling at approximately 70% and 85% of the 
nominal flow rate has been selected for the following experiments 
(Table 1). 

3.2. Evaluation of particle size and distribution 

The mechanical disintegration efficiency of the PD RGHC was eval
uated by performing particle size and distribution analysis. Two 
consecutive batches of untreated WW influent, with samples taken 
several hours apart (samples A0 and B0), were used as control samples 
for particle size and particle distribution and compared with the treated 
samples. 

The average size D(4,3) of the sample A0 (Table 2) was significantly 
higher compared to the treated samples of the same batch (samples A1 
and A2). Between samples A1 and A2 (30 and 60 Np) no significant 
difference in particle size was found. An increase of Np from 30 to 60 
had no effect on particle decomposition and from a practical point of 
view, 30 Np were sufficient to achieve the destruction of larger particles. 
The percentile particle size d90 of the treated samples was reduced by 
80%, while the reduction of d50 and d10 was 19% and 21.7% respec
tively. The largest particles were reduced most effectively. Similar re
sults were shown in the study of [24], where the reduction was higher 
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due to the use of WW secondary sludge containing concentrated 
amounts of degradable organic biomass. 

Sample B0 contained no larger particles. Particle size distribution 
during these experiments was similar in all cases, however sample B2 
had the largest specific surface (15309 cm2/cm3) area, indicating the 
influence of cavitation on the smallest particles, which will be investi
gated in future studies. 

3.3. Evaluation of WWTP parameters 

The evaluation of chemical efficiency of PD RGHC’s efficiency was 
performed by analysing standard WWTP parameters before and after 
cavitation. The results (Table 3) show that both cavitation setups 
reduced the COD, sCOD, TOC, DOC and BOD5 up to 27, 20, 23, 28 and 
30%, respectively. COD and TOC were removed to a higher extent in the 
second cavitation setup (samples B0-B2), while removal of sCOD and 
DOC was higher in the first setup (samples A0-A2). The reason for this 
could be that since the average particles size was lower in the B0 sample 
(see Section 3.2), the particulate matter could be more easily directly 
mineralized or transformed into soluble part. However, based on the 
results presented in Section 3.1 the cavitation was more intense in the 
first cavitation setup, which resulted in higher oxidation potential of 
cavitation, which consequently lead to higher removal of sCOD and DOC 
in the first cavitation setup (samples A0-A2). As discussed in Section 3.2, 
an increase of Np from 30 to 60 had no effect on particle decomposition, 
however prolonged cavitation time further improved the removal of 
WWTP parameters. Since COD and TOC represent the amount of both 
organic and inorganic or only organic compounds that can be oxidized 
in the WW sample, respectively, their reduction confirms the oxidation 
capabilities of the PD RGHC. That •OH are primarily responsible for COD 
reduction when using different AOPs, was already determined in other 
studies (Nakhtae et al., 2019). The removal of COD additionally con
firms that the oxidation potential of both cavitation setups is strong 
enough to mineralize a certain amount of organic compounds. 

The increase of specific particle surface area and reduction of pCOD 
and pTOC was determined in both experiments (Table 3). The particle 
disintegration effect is mainly attributed to shear forces and shock waves 
that occur in the presence of cavitation clouds and in the gap flow be
tween stator and rotor pins. By reducing the average particle size, par
ticulate organic matter is solubilized and thus afterwards more easily 
oxidized by •OH formed during the collapse of cavitational bubbles 

(samples A0-A2). Since the biodegradability (BOD5/COD ratio) of the 
samples remained basically the same after cavitation, not only easily 
degradable compounds were removed but also recalcitrant ones. 

Results in Table 3 show that pH and conductivity of the samples did 
not change significantly during the experiments while there was an in
crease of DO concentration and temperature. The temperature increase 
is the consequence of mechanical energy dissipation and the DO con
centration increase can be attributed to the mixing of liquid and sus
pended air bubbles in the cavitation chamber. The biggest increase of 
both values was observed during the first 30 passes. 

NH4-N, NO3-N and NO2-N and non-filtered and soluble TN (total 
nitrogen) were also analyzed during the experiment. Zupanc and co- 
workers have shown in their study that chemical oxidation of NH4-N 
to NO3-N during cavitation can occur when H2O2 is added [2], which 
was not observed during this study. Since there was no observable effect 
on any of the investigated nitrogen species during the experiments, the 
results are not included in the manuscript. 

3.4. Estimation of energy efficiency 

Based on determined COD reduction, effectiveness and energy effi
ciency of our SD and PD RGHC can now be compared against other 
hydrodynamic cavitation studies where similarly complex influents 
were processed on different cavitation devices (Table 4). One can see 
that for present PD RGHC design, energy consumption is significantly 
higher in the first setup (exp. A1-A2, 101.4 kWh/kg COD after 30 liquid 
passes) compared to only 48.3 kWh/kg COD after 30 passes in the sec
ond setup (exp. B1-B2). After another 30 passes, the energy consumption 
for the total duration of respective experiments is increased to 116.7 
kWh/kg for exp. A2 and 76 kWh/kg for exp. B2. 

Quantitative measures for COD removal capacity and efficiency in 
Table 4:  

- COD removal efficiency: CR =
(CODi − CODi+t)

(CODi)
[%],  

- COD removal capacity: CM =
(CR− CODi)∙V

t

[
gCOD

h

]

,  

- energy consumption per volume of treated influent: ECV = P∙t
V

[
kWh
m3

]

,  

- specific energy consumption per mass of removed COD: EEM =

P∙t
CR∙CODi∙V

[
kWh

kgCOD

]

. 

Table 2 
WW particle size and percentile according to the treatment conditions.  

Parameter A0 A1 A2 B0 B1 B2 

D(4,3) (µm)  147.8  38.2  38.5  13.1  13.5  11.4 
mode (µm)  14.3  13.4  15.2  15.2  13.4  13.8 
Median (µm)  15.3  12.4  12.7  11.1  9.0  8.5 
specific surface area (cm2/cm3)  8.67 103  1.02 104  1.11 104  1.13 104  1.44 104  1.53 104 

span  47.5  11.2  11.1  2.1  2.6  2.6 
d10 (µm)  3.0  2.6  2.1  2.3  1.6  1.5 
d50 (µm)  15.3  12.4  12.7  11.1  9.0  8.5 
d90 (µm)  726.9  141.2  142.6  26.2  24.6  23.5  

Table 3 
WWTP and other parameters of untreated and treated WW samples.  

Exp. WWTP parameter other parameters  

COD sCOD pCOD TOC DOC pTOC BOD5 pH σ DO T  
mg/L  µs/cm mg/L ◦C 

A0 648 147 501 192 60 132 323  8.2 1047 4.5 14 
A1 581 126 455 174 51 123 280  7.4 1027 5.7 27 
A2 532 117 415 159 43 116 245  7.8 1122 –• 27 
B0 635 144 491 175 49 125 325  7.3 1030 3.3 17 
B1 499 141 358 134 52 82 245  8.3 1036 6.2 23 
B2 464 133 331 134 47 87 225  8.2 994 5.5 28 

s……soluble, p……particulate; COD = s(COD) + p(COD), •…malfunction of the equipment. 
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In comparison to the SD RGHC (2290 rpm, 4.4 L/s), the PD RGHC 
(2700 rpm, 8.6 L/s) can be observed to have superior energy efficiency 
(24% lower energy consumption per kg of removed COD after 30 passes) 
and as much as 4.1-times (310%) higher COD removal capacity in g/h, 
while also achieving a slightly higher percentage of COD removal 
(21.4% vs. 20% after 30 passes). Therefore, the novel PD RGHC design 
exhibits a clear advantage over the older SD version of the RGHC. The 
reason why PD geometry is more favorable for higher COD-destruction 
than the SD geometry, most likely lies in local flow conditions in the 
vicinity of rotor/stator protrusions (i.e. teeth and pins). As indicated by 
hydrodynamic characteristic diagrams (Fig. 5), SD yields significantly 
lower pressure head than PD at the same liquid flow rate, apparently due 
to higher shear and vortex-related hydraulic losses in the rotor/stator 
interaction region. Fewer bubbles collapsing less rapidly due to lower 
absolute pressure of surrounding liquid could affect pyrolysis and pro
duction of •OH radicals [9], thus inhibiting COD removal in the case of 
SD RGHC. The importance of pressure rebound is further corroborated 
by reduced COD removal capacity (CM) and increased specific energy 
consumption (EEM) when SD and PD RGHC are more aggressively 
throttled on the suction side (Table 4, SD 2700 RPM and PD exp. A1-A2). 
This can be explained by a relatively mild cavitation, with bubble 
collapse intensity dampened by a more compressible bubble cloud flow 
[39] as opposed to more vigorous bubble collapses in a less throttled 
system with a lower void fraction of vapor. 

Another observation that arises from Table 4 is that in comparison 
with fixed geometry cavitators from other studies (namely, orifice and 
venturi reactors), the PD RGHC was capable of about 2 orders of 
magnitude higher COD removal capacity (CM) at comparable or even 
lower specific energy consumption (EEM). Venturi and orifice devices 
are known to suffer from a relatively narrow operating range and poor 
upwards scalability [9,10]. 

However, the energy consumption of PD RGHC is still relatively high 
compared to conventional biological treatment. AOPs may nonetheless 
be applied to enhance the conventional biological treatment scheme in 
the following manner: 1.) by incorporating them as a pre-treatment step 
to biological treatment or 2.) by using them to pre-treat heavily 
burdened WW received by the WWTPs. As seen in Table 1, pretreatment 
of WW under conditions B1 would remove 21.4% COD in 47 min 
consuming 6.56 kWh per m3 of influent (energy cost of only ~ 1 USD/ 
m3). 

By combining an appropriate AOP with the biological treatment, 
better results could be achieved in shorter time, reducing overall oper
ational costs of WWTPs. Since biological treatment usually takes at least 
24 h, demands aeration and produces a lot of waste sludge (i.e. one of 
the main unwanted products of conventional biological treatment), 
decreasing all three is desired by any WWTP. Our results clearly 
demonstrate that cavitation generated with pinned discs has good me
chanical and chemical efficiency. By reducing the average particle size, 
achieving certain degree of chemical oxidation together with mixing of 

dissolved O2 into the WW sample, subsequent aerobic digestion could be 
facilitated. We estimate that this cavitation setup could be efficiently 
used in smaller WWTPs without primary settlers treating only organic 
WW. By using it as a pre-treatment step the cost for aeration and the 
production of waste sludge in such installation would be reduced. The 
latter would be especially beneficial since the prices for its removal and 
treatment are growing constantly (in the last years from 70 €/ton to over 
200€/ton of waste sludge). 

4. Conclusions 

In this study, the cavitation performance of a novel pinned disc 
RGHC for wastewater treatment was evaluated on pilot-scale by criteria 
of hydrodynamic, mechanical, and chemical effects. Experimental re
sults imply the following conclusions:  

1. Pinned disc RGHC can produce significantly more intense cavitation 
at the same rotor speeds and flow rates than the serrated disc RGHC 
variant, both in terms of vapor volume fraction and pressure fluc
tuations (amplitude and standard deviation thereof), while also 
consuming less energy per liquid pass. However, the pinned disc 
RGHC is not suitable for a high degree of suction side throttling due 
to the occurrence of intermittent supercavitation. Both pinned and 
serrated disc cavitation generators also perform poorly on COD 
removal when excessively throttled on the suction side. 

2. Rotor-stator interaction of serrated discs produces pressure fluctua
tions with a peak close to the teeth passing frequency and a similar 
waveform across a wide range of operating conditions, suggesting 
predominant effect of shear forces and flow resonance as the domi
nant mechanism of pressure fluctuations. In the case of pinned disc 
geometry, the main mechanism is by collapse of cavitation bubbles 
and clouds typically occurring at frequencies much lower than the 
passing frequency of cylinders, thus indicating more violent col
lapses of cavitation structures.  

3. Cavitation of WW influent by slightly throttled PD RGHC is highly 
effective for mechanical decomposition of solid particles (average 
particle diameter reduced from 148 µm to 38 µm) and has a good 
oxidation potential (COD, TOC, and BOD reduced up to 27, 23 and 
30% in 60 cavitation passes, respectively). Compared to SD RGHC, 
the best achieved capacity and energy efficiency of the PD RGHC was 
significantly higher (by as much as 310% and 182%, respectively). 
While some lab scale orifice and venturi reactors were able to ach
ieve nearly as good energy efficiency, the possibility of scale-up is 
limited (unlike the PD RGHC, where WW processing capacity was by 
2 orders of magnitude higher). Although unable to completely 
remove COD/BOD by HC alone, the PD RGHC could be incorporated 
as a pre-treatment step to biological treatment or be used for separate 
treatment of heavily burdened industrial WW received by WWTPs. 

Table 4 
Comparison of WW treatment effectiveness and energy consumption for different hydrodynamic cavitation setups.  

Sample type HC type CODi (mg/L) pH CR V (L) t (min) Np CM (gCOD/ h) ECV (kWh/m3) EEM (kWh/kgCOD) Ref 

refinery WW effluent orifice 3 bar 142 6–10 37% 6.8 50 50  0.4  4.2  78.5 [18]  
venturi 5 bar 64 6–10 52% 13.3 50 50  0.5  5.5  166.4  

Kitchen WW effluent orifice 4 bar 694 3.0 27% 10 120 75  0.9  10.7  57.1 [16]   
694 7.0 9% 10 120 75  0.3  10.7  181.4  

real industrial effluent venturi 4 bar 2496 4.0 6% 4 120 141  0.1  11.7  73.5 [20]   
1248 4.0 8% 4 120 141  0.3  11.7  119.1  

laundry WW venturi 4 bar 678 9.0 25% 5 90 84  0.6  30.0  179.1 [17] 
communal WW influent SD 2290 RPM 316 7.8 20% 800 90 30  33.8  8.6  136.3 [34]  

SD 2700 RPM 344 7.9 13% 800 90 30  23.9  14.1  314.5  
Communal WW influent PD exp. A1 648 8.2 10% 800 58 30  55.2  6.8  101.4 –  

PD exp. A2 648 8.2 18% 800 116 60  48.0  13.5  116.7  
(current study) PD exp. B1 635 7.3 21% 800 47 30  138.8  6.6  48.3   

PD exp. B2 635 7.3 27% 800 93 60  88.2  13.0  76.0  

CODi
…. initial COD. 
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Since the amount of research on the rotor–stator type of cavitating 
devices has so far been modest, there is a large potential for improve
ment of the present technology by increasing the effectiveness of cavi
tation and by reducing the energy consumption required to generate the 
cavitation. At this point, we can provide the following recommendations 
for further work in this field of research:  

a) In future designs of RGHC devices, liquid pressure, flow rate and 
cavitation intensity should be primarily regulated by the rotational 
speed of the rotor. On the other hand, flow throttling by valves 
should be avoided, especially on the suction side of the pump as it 
seems to reduce the effectiveness of cavitation for generation of free 
radicals. On smaller capacity lab-scale designs, we recommend using 
pressurized/vacuum liquid vessels (i.e. not opened to the atmo
sphere) so that liquid pressure can be controlled independently of the 
flow rate.  

b) Due to complexity of hydrodynamic phenomena associated with the 
rotor–stator interaction, local pressure and velocity measurements 
should be conducted in this region for the purpose of cavitator design 
optimization. Also, high-speed imaging of the cavitating flow should 
be conducted whenever possible, along with qualitative and quan
titative visual assessment of cavitation intensity.  

c) Special attention should be dedicated to influent selection and 
characterization. Performance of different RGHC designs can only be 
compared for influents with similar composition, pH value and initial 
COD/BOD value. The frequency of cavitated influent sampling 
should be sufficient to determine the time after which COD/BOD 
decreases so slowly that further cavitation is not economically 
justified. Also, the methodology for comparison of COD removal 
efficiency should be based on energy consumption per kilogram of 
removed COD rather than per m3 of influent, as this allows for a more 
straightforward result comparability with other studies.  

d) Although our present RGHC design has proven to be superior to fixed 
geometry devices such as orifice and venturi reactors (both in terms 
of capacity and specific energy consumption), there are still sub
stantial possibilities for further design improvements. For instance, 
an optimization of the rotor and stator protrusion shape (e.g. 
replacing cylinders with hydrofoils) may further reduce the energy 
consumption per kg of COD removal. 
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E. Heath, The removal of bisphenols and other contaminants of emerging concern 
by hydrodynamic cavitation: from lab-scale to pilot-scale, Sci. Total Environ. 743 
(2020) 140724, https://doi.org/10.1016/j.scitotenv.2020.140724. 
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