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Abstract  12 

In sufficient concentrations, the pathogenic bacteria L. pneumophila can cause a respiratory 13 

illness that is known as the  disease. Moreover, toxic Shiga strains of bacteria E. 14 

coli can cause life-threatening hemolytic-uremic syndrome. Because of the recent restrictions 15 

imposed on the usage of chlorine, outbreaks of these two bacterial species have become more 16 

common. In this study we have developed a novel rotation generator and its effectiveness against 17 

bacteria Legionella pneumophila and Escherichia coli was tested for various types of 18 

hydrodynamic cavitation (attached steady cavitation, developed unsteady cavitation and 19 

supercavitation). The results show that the supercavitation was the only effective form of 20 

cavitation. It enabled more than 3 logs reductions for both bacterial species and was also 21 

effective against a more persistent Gram positive bacteria, B. subtilis. The deactivation 22 

mechanism is at present unknown. It is proposed that when bacterial cells enter a supercavitation 23 
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cavity, an immediate pressure drop occurs and this results in bursting of the cellular membrane. 24 

The new rotation generator that induced supercavitation proved to be economically and 25 

microbiologically far more effective than the classical Venturi section (super)cavitation.  26 

 27 
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 30 

1 Introduction  31 

In developed countries, diseases caused by pathogenic bacteria are still a major cause of human 32 

death. Chlorination is the usual method applied, however it has several shortcomings, among 33 

them the formation of dangerous organochlorides and the need for careful control of chlorine 34 

dosing (Mezule et al., 2009). Therefore, there is a strong initiative to develop effective, safe, easy 35 

to perform and less labour-intensive methods. One of the more attractive methods is 36 

hydrodynamic cavitation (Dular et al., 2016).  37 

Cavitation is a physical phenomenon involving appearance of vapour bubbles in an initially 38 

homogeneous liquid due to the decrease of local pressure at an approximately constant 39 

temperature (Franc and Michel, 2004). The application of acoustic cavitation for the inactivation 40 

of bacteria has been extensively studied (Hulsmans et al., 2010) and although this method proved 41 

to be efficient, it is energy demanding and cannot be adopted for large scale industrial volumes 42 

(Gogate and Pandit, 2004). On the other hand, hydrodynamic cavitation can be more easily 43 

scaled up for potential industrial applications. It is formed when inception, growth and collapse 44 

of vapour bubbles are the result of an increase in fluid velocity and a simultaneous decrease in 45 



3 
 

static pressure. Depending on the inlet fluid velocities, three forms of hydrodynamic cavitation 46 

can develop: attached steady cavitation, developed unsteady cavitation and supercavitation. In 47 

the case of attached steady cavitation, the vapour phase does not significantly affect the liquid 48 

flow. This is no longer true for developed unsteady cavitation as the large volume of vapour 49 

drastically changes the liquid flow (Franc, 2006). Developed unsteady cavitation is characterised 50 

by cavitation clouds shedding, accompanied by the generation of various physical (pressure 51 

pulses, shear forces, high temperatures) and chemical effects (OH- production) that can be 52 

employed for the removal of pathogenic microorganisms (Riesz and Kondo, 1992; von Eiff et 53 

al., 2000). Supercavitation occurs at very low pressures and/or high velocities where a large and 54 

stable vapour cavity develops (Stinebring et al., 2001). Within this single vapour cavity larger 55 

disturbances in pressure and temperature are uncommon and consequently it could be expected 56 

that supercavitation does not cause any substantial damage to bacterial cells (Dommerich et al., 57 

2012). Nonetheless, arc et al. (2016) observed that after 60 min of treatment in Venturi 58 

constriction, supercavitation removed 98.6 % of bacteria L. pneumophila, while developed 59 

unsteady cavitation removed only 28.0 % of the viable count.  Although a reduction of 98.6 % by 60 

supercavitaiton is promising (that is a 1.8 logs reduction of the initial concentration of 5.0 61 

Log10CFUmL-1 to a final concentration of 3.2 Log10CFUmL-1), this reduction is still lower than 2 62 

logs and is therefore inappropriate for the use in waste water treatments. Only stronger 63 

treatments that can reduce the viable count to around 2.0 Log10CFUmL-1 can be successfully 64 

used to prevent infections, such as cholera, typhoid fever and shigellosis (Exner et al., 2003; 65 

Gärtner, 1915). Therefore, more efficient designs need to be developed that can replace the 66 

simple orifice plates (Franke et al., 2011) or Venturi type constrictions (Zupanc et al., 2013), 67 

which have considerable losses in pressure due to the severely restricted water flow. 68 
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Consequently, several new and innovative designs have been developed. Kumar and Pandit 69 

(1999) presented a design based on a high-speed homogenizer consisting of an impeller inside a 70 

cage-like stator with numerous slots which generates cavitation. It can generate cavitation of low 71 

intensity for the disruption of yeast cells (Kumar and Pandit, 1999). Moreover, Badve et al. 72 

(2013) presented a design that is based on a rotor and stator. The rotor is constructed of a solid 73 

cylinder with indentations on its surface within which strong shear forces are generated. It was 74 

successfully applied for wastewater treatment in wood finishing industry. Finally, a rotation 75 

generator was developed by  (2013) which is based on two facing rotors with 76 

special radial grooves where each one is spinning in the opposite direction. The geometry of the 77 

radial grooves is designed to form repeating pressure drops and rises. The generator has an 78 

advantage of low pressure losses, which makes it energy efficient and was successfully applied 79 

for waste-activated sludge disintegration . 80 

In our work we have cavitated two bacterial species L. pneumophila and Escherichia coli using a 81 

typical Venturi constriction and a rotation generator that is based on the previous design made by 82 

 (2013). In contrast to the previous design it is equipped with a rotor that has a 83 

new geometry for generating supercavitation (Dular et al., 2017). Microorganisms L. 84 

pneumophila and E. coli were chosen because of their potential to cause respiratory and 85 

gastrointestinal diseases in humans, respectively. Bacteria L. pneumophila (the cause of 86 

is a serious threat in warm water distributing systems, such as in 87 

hospitals, hotels or larger installations and prevention protocols are expensive and ineffective 88 

(Liu et al., 1998; Miller, 2012; Rota et al., 2004; Schulze-Röbbecke et al., 1987). Furthermore, 89 

toxic isolates of E. coli (Shiga strains) can cause life-threatening disease such as hemolytic-90 

uremic syndrome (HUS) (Karmali, 1989) and recent outbreaks with high mortality rates are 91 
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becoming a serious concern for public health (Olsen et al., 2002). Additionally, because E. coli is 92 

easy to use and quantify, it is routinely used as a faecal bioindicator for water samples (USEPA, 93 

1986). Finally, the most potent cavitation treatment was also tested on bacteria B. subtilis, a 94 

Gram positive bacterium that has a thicker peptidoglycan cell wall and is thus more resistant to 95 

mechanical  stress (Hayhurst et al., 2008).   96 

 97 

2 Experimental set-up and hydrodynamic conditions  98 

2.1 Venturi type cavitation device 99 

The hydrodynamic cavitation test rig shown in Fig. 1, is made of a 3 L reservoir, heat exchanger 100 

(to maintain the water temperature below 30°C), pump and a symmetrical Venturi section (Fig. 101 

1, left).  102 

 103 

The shape of the Venturi section enables us to establish various cavitation types (i.e. attached 104 

steady cavitation, developed unsteady cavitation and supercavitation). The width of the section is 105 

5 mm and at the throat the cross-section is 1 × 5 mm. The divergence angle of 10° was chosen on 106 

the basis of previously established facts that unsteady cavitation forms optimally at this value 107 

(Dular et al., 2012). The secondary divergence angle of 30° downstream was chosen to enable 108 

the appearance of stabile supercavitation which needs more room to form. The section was 109 

constructed of acrylic glass, which also enabled the observation of cavitation. Moreover, to 110 

change the extent of cavitation, the flow velocity (rotational frequency of the pump) or the 111 

system pressure were adjusted. The system pressure was adjusted in the partially filled reservoir 112 

connected to a vacuum pump (a range of 0.1 bar to 6 bar).  113 

 114 
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2.2 Rotation generator of hydrodynamic cavitation 115 

The rotation generator is based on the centrifugal pump design which has a modified rotor and a 116 

stator added in its housing. It was first constructed by  (2013). The rotation 117 

generator is made of an electric motor that propels the modified rotor. According to the axial 118 

direction of the pump, the stator's position is opposite to the modified rotor.  119 

The stator and the surrounding housing are made of a transparent acrylic glass which enabled us 120 

to observe and photograph the cavitation process. This housed unit (with rotor and stator) forms 121 

the so-called cavitation treatment chamber. The structure of rotational generator still preserves its 122 

original flow-through pumping function, which makes its installation into the water pipe system 123 

simple with no additional pumping required.  124 

In our experimental design, the rotation generator is installed in a model water system shown in 125 

Fig. 2. The model system is assembled from a 2 L reservoir, piping, heat exchanger, flow and 126 

pressure meters, and from the rotation generator. The piping and connections are made of 127 

standard household water system materials (ISO, 2003). 128 

 129 

The modified rotor has a specially designed and patented geometry (Dular et al., 2017). The 130 

surface of the rotor consists of two symmetrical teeth, which are 14.8 mm wide, 4.15 mm high 131 

and their length stretches from 14.7 mm on the edges to 12.5 mm in the centre. Their shape has 132 

the same geometry as a symmetrical Venturi's lower or upper section (Fig. 3). The divergence 133 

angle of the teeth's cross section is 10° and the secondary divergence angle is 30° (Fig. 3). A 134 

lower or upper section of a typical symmetrical Venturi constriction has the same divergence 135 

angles (Fig. 1, right). These two teeth are based on a previously patented disk design (Sirok et 136 

al., 2016) that can generate large pressure pulsations and can be used to study the erosion of 137 
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different kinds of material. The surface of the added stator in our rotation generator is completely 138 

flat and the gaps between the tips of the teeth of the rotor and the stator's surface were set to be 1 139 

mm. The space between the rotating tooth and the smooth surface of the stator resembles a 140 

Venturi constriction. The rotor's geometry forces the liquid to flow in a tangential and in a radial 141 

direction. Consequently, the tangential velocity of the liquid causes the liquid to circle in the 142 

treatment chamber while the radial velocity of the liquid causes further suction. 143 

When the liquid in the treatment chamber is going through the tip of a tooth it is forced to 144 

accelerate and this causes a local drop in pressure.  When the pressure falls below the 145 

evaporation pressure the liquid evaporates or cavitates. Moreover, there is enough room between 146 

the two teeth on the rotor that a large and stable supercavitation cavity can be formed there.  147 

 148 

2.3 Hydrodynamics of hydrodynamic cavitation setup 149 

Measurements of the system pressure (p), in the reservoir, were conducted upstream of the 150 

Venturi section using the Hygrosens DRTR-AL-10 V-R16B pressure probe (uncertainty of 151 

±0.2%). Moreover, the evolution of the pressure that originates from hydrodynamic cavitation 152 

was measured using a hydrophone. These pressure fluctuations were measured in the treatment 153 

chamber or inside the Venturi section with a hydrophone Reson TC4013 with usable frequency 154 

range 1 Hz to 170 kHz and receiving sensitivity of -211 ± 3 dB re 1 V/µ Pa.  155 

 156 

The flow rate was measured using the Buerkert SE32 flow meter (uncertainty of ±1%). 157 

The temperature of the water sample was monitored by a PT100 A type resistance thermometer 158 

(uncertainty of ±0.2 K). On average, the pre- and post- treatment temperatures were 23.0 °C and 159 

30.5 °C, respectively. The optimal growth temperature range for bacteria E. coli (Doyle and 160 
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Schoeni, 1984), L. pneumophila (Wadowsky et al., 1985) and B. subtilis (Curran and Evans, 161 

1945) is around 35 °C  37 °C. Therefore, the temperatures that were measured in our 162 

experiments had no negative effect on the viability of these bacterial species. 163 

 164 

The Venturi type constriction, as well as rotation generator rotor and stator cover were made of 165 

transparent acrylic glass. This enabled us to film the cavitation clouds using a high-speed camera 166 

Photron SA-Z. 167 

 168 

The cavitation number (  using the following equation:  169 

 170 

          (1) 171 

 172 

where PV is the vapour pressure of water (3169 Pa at 25 oC); PL is the locally measured pressure 173 

(Pa); v  (1000 kg/m3 at 25 174 

oC) (Franc, 2006).  175 

 176 

 2.4 Microbiological measurements  177 

2.4.1 Strains and sample preparation 178 

L. pneumophila, subsp. pneumophila ATCC 33153 acquired from the Czech Collection of 179 

Microorganisms (CCM), E. coli strain MG 1655, DE3 resistant to kanamycin, and B. subtilis 180 

strain PS216 were used in the study. E. coli, L. pneumophila and B. subtilis were cultured at 37 181 

°C on Luria broth agar plates (LB; 1.5 % agar), on buffered charcoal yeast extract agar plates 182 

(BCYE) and on LB agar plates (LB; 2.0 % agar), respectively. LB agar medium was composed 183 
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of 20 g/L of Luria agar broth (15 g/L (1.5 %) or 20 g/L (2.0 % for B. subtilis) of agar, 10g/L of 184 

tryptone, 10g/L of NaCl and 5g/L of yeast extract, Sigma-Aldrich), and when the medium was 185 

used for E. coli sulphate (KM) 186 

(Sigma-Aldrich). BCYE agar was composed of yeast extract 10 g/L (Difco), charcoal activated 187 

-ketoglutarate monopotassium salt 1.0 g/L 188 

(Sigma), ferric pyrophosphate 250 mg/l (Sigma), L-cysteine hydrochloride 400 mg/l (Sigma), 189 

and agar 13 g/L (Difco) with pH set to 6.9 ± 0.2.  190 

 191 

For the hydrodynamic cavitation experiments one colony of either E. coli, L. pneumophila or B. 192 

subtilis were transferred into an Erlenmeyer flask containing 100 mL of appropriate liquid 193 

medium (the above-mentioned culture media with the omission of agar) and were incubated 194 

overnight in the dark, at 37 °C, 200 rpm. Next, the L. pneumophila test sample was prepared by 195 

diluting the overnight culture in saline solution (0.9 % NaCl) to a concentration of around 1.1 x 196 

106 CFU/mL and was stored on ice in a Styrofoam box to prevent temperature or UV rays to 197 

affect the concentration of L. pneumophila. Just before the experiment, the test sample was 198 

further diluted in tap water to a final concentration of 1.0 105 CFU/mL. When the overnight 199 

culture of E. coli reached an OD650 (optical density at 650 nm) of around 1.8, it was diluted 5 200 

times and was stored on ice in a Styrofoam box. Just before the experiment, it was further diluted 201 

10 times to a final concentration of around 1.0 108 CFU/mL. When B. subtilis was used, an 202 

overnight culture with OD650 1.7 was diluted 5 times and was again stored on ice. Before the 203 

cavitation run, the culture was further diluted 100 times to a final concentration of around 1.0 105 204 

CFU/mL.  205 
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The sample volume for the Venturi setup, for all bacterial species, was 4 L and for the rotation 206 

generator it was 2 L. 207 

 208 

2.4.2 Sampling and quantification 209 

During sampling, 40 ml of water were released from the device through the sampling valve and 210 

poured back into the cavitation device through the entry valve. This ensured that a trapped dead 211 

volume inside the sampling pipe that was not cycled through the cavitation device was not 212 

analysed. Next, 10 mL of the sample was taken and was stored in 50 mL tubes on ice in a 213 

Styrofoam box. The impact of hydrodynamic cavitation on the destruction of bacteria was 214 

monitored by colony counts. For this, samples of 100 µL were plated on LB agar medium (1.5 % 215 

E. coli), or on LB agar medium (2.0 % agar) 216 

without antibiotics (for B. subtilis) or on BCYE medium (for L. pneumophila) using the 217 

successive dilution method in saline solution. Colonies were counted after an overnight 218 

incubation at 37 °C and results were expressed in log10CFU/mL. All values reported in this paper 219 

are the mean of at least two independent biological treatments and three replicates for each 220 

treatment. The average values and standard errors are given.  221 

 222 

To evaluate the impact of cavitation on the overall growth reduction, a specific decay rate 223 

constant (µ) was calculated as follows:  224 

 225 

          (2) 226 

 227 
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Specific decay rate (1/h) is the slope of the microbial growth curve and is negative when cells 228 

start dying (Maier, 2009). X0 is colony count per millilitre at the beginning of treatment; Xf is 229 

colony count per millilitre at the end of treatment; t0 is time at the beginning of treatment and tf is 230 

time at the end of treatment. 231 

 232 

Safety precautions for working with E. coli and L. pneumophila and their quantification were in 233 

accordance with the (ISO, 1998). B. subtilis is a non-pathogenic microorganism and is used in 234 

probiotics.  235 

 236 

To ensure that the hydrodynamic device (Venturi or rotational generator) was free of 237 

microorganisms, before and after each hydrodynamic cavitation experiment, the device was 238 

cleaned using a washing protocol. This consisted of one rinse with tap water (running the 239 

hydrodynamic cavitation device filled with tap water for 5 min), next 15 min of running the 240 

device with 5 % (v/v) sodium dodecyl sulphate (sigma, USA), and finally with six successive 241 

device volume rinses with tap water (each lasting 5 min). The rinse water was disposed after an 242 

overnight exposure to active chlorine.   243 

 244 

3 Results 245 

3.1 Analysis of cavitation conditions  246 

3.1.1 The Venturi section setup 247 

To establish the attached steady cavitation, the upstream absolute pressure was maintained at 6 248 

bar and the flow velocity at the throat of the Venturi section was 27.6 249 

was 1.57; calculated according to  (2016)) (Table 1). In these conditions, a 4 L water 250 



12 
 

sample took 0.5 min to complete one pass through the Venturi section (flow rate Q of 8.2 L/min). 251 

The developed hydrodynamic cavitation was established at 5 bar and 27.6 m/s (cavitation 252 

number was 1.31). Supercavitation was established at 0.2 bar and 6.7 m/s (flow rate of 2 L/min; 253 

cavitation number of 0.78) and one sample pass (4 L) was completed in 2 min. 254 

 255 

The flow conditions in the Venturi constriction are presented in Fig. 4. The image sequences 256 

(images from 1 to 5) were recorded by a high-speed camera and are approximately 6 ms long. On 257 

the images, water flows from the left to the right side of the Venturi section. The attached steady 258 

cavitation sequence is shown in the left panel, developed cavitation is given in the middle, and 259 

supercavitation is represented in the right panel sequence.  260 

 261 

The diagrams at the bottom of Fig. 4 show the evolution of the pressure measured using a 262 

hydrophone inside the Venturi section. As expected we see larger fluctuations in the case of 263 

developed cavitation, while the initial cavitation and the supercavitating flows do not cause 264 

significant pressure perturbations. 265 

 266 

The attached steady cavitation filled up the whole flow cross-section and extended 267 

approximately 10 mm along the Venturi section (Fig. 4, left sequence). No separations of 268 

cavitation clouds were visible; hence no larger pressure fluctuations were expected at these 269 

conditions. In the case of developed cavitation (Fig. 4, middle sequence) the dynamics of bubble 270 

formation was more pronounced. One can see an attached part of the cavitation cloud which 271 

extends from the throat of the Venturi section to approximately 20 mm downstream of the 272 

section. At the end of the attached cavity large bubbles and bubble clusters were shed. These 273 
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were carried by the flow into a region of higher-pressure where they violently collapsed. When 274 

supercavitation was observed (the right sequence in Fig. 4), the Venturi section was completely 275 

filled with one large and stable vapour cavity with a number of small bubbles forming at the 276 

upper part of this cavity.  277 

 Table 1: Hydrodynamic cavitation characteristics of initial cavitation, developed cavitation and 278 

supercavitation.  279 

 280 

3.1.2 Rotational cavitation generator 281 

Figure 5 shows the operational characteristics of the rotation generator at its maximal rotation 282 

frequency of 9025 min-1. The image sequences were recorded by a high-speed camera and follow 283 

a series of five 0.2 ms long time steps. The rotor is moving in a counter clockwise direction. On 284 

the left side of Figure 5 there is a diagram that shows the dependence of flow rate to the head (H) 285 

of the pump and on the right side of the figure, these conditions were photographed. At flow rate 286 

of 5 L/min and at head of 7.6 m (point A, panel A), the generator is operating in non-cavitating 287 

conditions. According to the images, the initial cavitation is formed when the flow rate reaches 4 288 

L/min (head pump of 8 m) (point B, panel B). The images clearly show small and attached 289 

cavities that begin from the tips of both teeth and stretch no more than 9 mm in length. When the 290 

flow rate is lowered to 1.8 L/min (head of 9.8 m), the cavitation becomes developed and 291 

shedding and collapsing of cavitation clouds can be seen (point C, panel C). Bubbles are formed 292 

at the tip of the tooth and are shed around 20 mm behind the tip. Finally, if the flow rate is only 293 

0.2 L/min (H of 10 m), supercavitation develops and one large and stable vapour cavity fills the 294 

entire volume behind the tooth of the rotor (panel D).  295 
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For the attached steady cavitation, developed cavitation and for supercavitation a single sample 296 

pass (2 L) was completed in 0.5 min, 1.1 min and in 10 min, respectively. 297 

 298 

3.2 Influence of cavitation on the destruction of bacteria 299 

3.2.1 Venturi section setup 300 

The effect of cavitation, developed in the Venturi constriction, on the destruction of bacteria E. 301 

coli and L. pneumophila is presented in Fig. 6. After the first 27 cavitation passes through the 302 

section attached steady cavitation/initial cavitation did not significantly impact the colony count 303 

of E. coli (Fig. 6A). Similar observations were made when the initial cavitation was tested on the 304 

bacteria L. pneumophila (Fig. 6B). Moreover, the impact of developed cavitation on these two 305 

species of bacteria was also insignificant (Fig. 6).  306 

 307 

However, when supercavitation was studied, the destruction was statistically significant for both 308 

species. For bacteria E. coli the viable count linearly decreased and was reduced to 7.3 309 

Log10CFUmL-1 after 60 cavitation passes (Fig. 6A). After 60 passes the initial E. coli 310 

concentration of 7.9 Log10CFUmL-1 was reduced for 0.6 logs (a reduction of 75.40 %). 311 

 312 

For bacteria L. pneumophila, the viable count was lowered to 4.6 Log10CFUmL-1 during the first 313 

10 supercavitation passes. After that, the reduction of its viable count increased and after 30 314 

cavitation passes the viable count was down to 2.7 Log10CFUmL-1 (Fig. 6B). According to these 315 

measurements, a reduction of 2.1 logs was achieved after 30 cavitation passes (99.30 % 316 

reduction of the initial concentration of 4.92 Log10CFUmL-1).  317 

 318 
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3.2.2 Rotational cavitation generator 319 

The effect of the new rotation generator on the destruction of bacteria E. coli, L. pneumophila 320 

and B. subtilis is presented in Fig. 7. Similarly, to the Venturi setup, the initial cavitation and the 321 

developed cavitation that were formed inside the rotation generator did not significantly 322 

influence the viable count of bacteria E. coli (Fig. 7A). On the other hand, the supercavitation 323 

treatment was very effective, and the colony count of E. coli was reduced to 4.8 Log10CFUmL-1 324 

after 15 cavitation passes (Fig.7A). According to the initial E. coli concentration of 8.1 325 

Log10CFUmL-1, a reduction of 3.3 logs was achieved (99.95 % reduction) (Table 2).   326 

 327 

Because the attached steady and the developed cavitation types in the rotation generator were not 328 

effective for the eradication of bacteria E. coli, similarly to the Venturi system, we assumed that 329 

the attached steady and the developed cavitation, generated inside the rotation generator, would 330 

also have no impact on the bacteria L. pneumophila. Therefore, for the rotation generator 331 

experiments, we have decided that L. pneumophila and B. subtilis will only be treated by 332 

supercavitation.  333 

 334 

In Fig. 7B the destruction of bacteria L. pneumophila using supercavitation is presented.   335 

After the first 5 min of the experiment, inside the rotation generator, the viable count decreased 336 

rapidly and after 6 cavitation passes (60 min of operation) it fell to 2.2 Log10CFUmL-1. 337 

Therefore, the initial L. pneumophila concentration of 5.8 Log10CFUmL-1 was reduced by 3.6 338 

logs (a reduction of 99.98 %) (Table 2).   339 

 340 
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To test if supercavitation treatment is effective against Gram positive bacteria that have a thicker 341 

cell wall and are thus more physically stable to Gram negative bacteria, B. subtilis was 342 

supercavitated for 120 min using the rotation generator (Fig. 7B). After the first 3 cavitation 343 

passes (30 min of operation) only a slight reduction was observed, however later the 344 

effectiveness improved and after 6 cavitation passes (60 min of operation) the viable count was 345 

reduced to 3.9 Log10CFUmL-1 (a reduction of 95.69 %). A further drop in colony count was 346 

measured after 60 min of cavitation and towards the end of the experiment the viable count was 347 

down to only 1.4 Log10CFUmL-1. According to the initial B. subtilis concentration of 5.3 348 

Log10CFUmL-1, a strong reduction of 3.8 logs was achieved (a reduction of 99.98 %) after 12 349 

cavitation passes (120 min of operation) (Table 2).   350 

  351 

3.2.3 Economic evaluation  352 

In terms of economic feasibility, one can refer to the work of Bolton et al. (2001), who 353 

 energy per order of reduction (EEO  of 354 

electric energy that is required to bring the bacterial count down by one order of magnitude. The 355 

EEO value in kWh/m3/order can be calculated as follows: 356 

 357 

          (3) 358 

 359 

where P is the rated power (kW) of the system, Q is the volume flow rate (m3/h) and log10CFU is 360 

the logarithmic reduction in colony count. During the experiments, the cavitation generator used 361 

approximately 280 W of power, while the pump that drove the flow through Venturi section 362 

required roughly 1 kW (regardless of the operating point). Higher EEO values correspond to lower 363 



17 
 

removal efficiencies. Table 3 shows the average EEO values and approximate costs for each 364 

cavitation type. 365 

 366 

4 Discussion 367 

In this work, we first studied the development of 3 different types of cavitation that were 368 

generated inside the Venturi setup or inside the rotation generator. When using different flow 369 

velocities and/or different system pressures, Venturi setup generated the attached steady 370 

cavitation, the developed cavitation or the supercavitation as demonstrated with a high-speed 371 

camera. The steady cavitation was attached and cloud separation was not visible. The developed 372 

cavitation was dynamic and consisted of bubble shedding and of bubble collapse. Finally, a 373 

constant and large supercavitation cavity that filled up the whole Venturi section and smaller 374 

bubbles above this cavity were observed. The visual data were also backed up with hydrophone 375 

pressure measurements that showed larger pressure fluctuations only in the case of the developed 376 

cavitation (Figure 4). 377 

 378 

The typical characteristics of the three mentioned types of hydrodynamic cavitation were also 379 

observed in the rotation cavitation generator. Behind the tip of the tooth of the spinning rotor, the 380 

attached steady cavitation formed small cavities, whereas the developed cavitation was 381 

accompanied by bubble cloud shedding. For supercavitation, the entire section behind the tooth's 382 

tip was engulfed within a single vapour cavity.    383 

 384 

The three types of cavitation were tested for their antimicrobial potential. For the Venturi section 385 

setup, the attached steady and the developed cavitations did not significantly reduce the viable 386 
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counts of bacteria E. coli and L. pneumophila. However, when supercavitation was applied, the 387 

E. coli and the L. pneumophila viable counts were reduced by 0.6 logs (a 75.40 % reduction after 388 

60 passes; µ = -0.69)) and by 2.1 logs (a 99.30 % reduction after 30 passes; µ = -5.07), 389 

respectively (Table 2).  390 

 391 

As supercavitation is not associated with the generation of pressure pulses, high shear forces, 392 

high local temperatures or OH- reactive radicals, it is generally recognized as non-aggressive 393 

(Dommerich et al., 2012). Consequently, this method is not considered to be effective against 394 

bacteria or against other microorganisms. Although the results of this study are surprising, they 395 

are consistent with the findings of  (2016) where supercavitation was far more efficient 396 

than the developed cavitation. 397 

 398 

The reason for the potency of supercavitation could lie in cavity structure. As the flow reaches 399 

the constriction section of the Venturi, it enters the large supercavitation cavity. In the transition 400 

from the liquid to the vapour phase, the pressure drop is almost instantaneous (an instantaneous 401 

evaporation occurs). According to model, the bacterial cells are most probably damaged when 402 

they enter the large supercavitation cavity and rapidly expose themselves to a very low pressure 403 

inside the cavity . This instantaneous pressure decrease, may disrupt the 404 

bacteria (Dommerich et al., 2012). If the flow rate and the size of the Venturi section are 405 

considered, the transition from the liquid to the vapour phase occurs in an order of just a few 406 

milliseconds. This transition is probably quick enough to cause the irreversible cell damage. 407 

Moreover, the sudden pressure increase at the end of the large supercavitation cavity, could also 408 

add to the bacterial disruption.  409 
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 410 

Similar physical mechanism for bacteria disruption was also envisaged in nitrogen 411 

decompression reservoirs (Hemmingsen & Hemmingsen 1978; Gottlieb & Adachi 2000). Here 412 

large quantities of nitrogen are dissolved in a water sample and the water sample is then tightly 413 

sealed within the reservoir. As soon as the reservoir is opened, the sudden difference in pressure 414 

results in the formation of forces that can disrupt cell membranes. Moreover, the proposed 415 

mechanism is also supported by the functional principle of a French pressure cell press (French, 416 

2007). In a French press, the pressure is suddenly released through a valve into the surrounding 417 

area and the sudden pressure drop rapidly depressurizes the bacteria. These devices are routinely 418 

used in biological experimentation to disrupt the plasma membrane of cells, however, they are 419 

only suitable for small volume batch mode applications (up to 30 mL). 420 

 421 

The exact mechanism of supercavitation by which the bacterial cells are disrupted during the 422 

sudden pressure decrease is currently unknown. Nevertheless, the sole pressure shock (that is 423 

generated during the rapid pressure drop in the transition area between liquid and vapour) could 424 

cause a burst in the cell membrane. It was shown by Ganzenmüller et al. (2011) that the lipid 425 

bilayer membrane can be irreversibly damaged when the shock waves travel through its surface.  426 

 427 

Furthermore, when the rotation generator was applied, the initial and developed cavitations again 428 

proved to be ineffective. On the other hand, supercavitation that was developed inside the 429 

rotation generator reached reductions of 3.3 logs (99.95 % reduction after 15 cavitation passes 430 

(150 min); µ = -3.04), 3.6 logs (99.98 % reduction after 6 cavitation passes (60 min); µ = -8.29) 431 
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and 3.8 logs (99.98 % reduction after 12 cavitation passes (120 min); µ = -4.49) for bacteria E. 432 

coli, L. pneumophila and B. subtilis, respectively (Table 2).  433 

 434 

For similar supercavitation treatment times, the disruption of bacteria E. coli was 4.2 times more 435 

efficient in the rotation generator (2.5 logs reduction) in comparison to the Venturi setup (0.6 436 

logs reduction). Moreover, a 1.7 times greater efficiency of the rotation generator was also 437 

observed for the bacteria L. pneumophila (a 2.1 logs reduction in the Venturi setup and a 3.6 logs 438 

reduction in the rotation generator). Furthermore, when we compare the efficiencies of the two 439 

devices after 15 supercavitation passes, the superiority of the rotation generator for bacteria E. 440 

coli is undeniable (21.4 times greater efficiency). Additionally, after 6 supercavitation passes, a 441 

15.9 times greater efficiency of the rotation generator is achieved for bacteria L. pneumophila. 442 

 443 

Therefore, our experimental results show that, we have designed and manufactured a new 444 

rotational hydrodynamic cavitation device that is far more efficient in comparison to the Venturi 445 

cavitation device. 446 

The greater efficiency of the rotation generator could be its ability to generate greater shear 447 

forces which are caused by the rotation of the teeth of the rotor and the rotation of liquid that is 448 

located between the rotor and the stator (tangential velocity of the liquid causes the liquid to 449 

circle) . Furthermore, when compared 450 

with the usual orifice plates or with the Venturi sections, the rotation generator is more energy 451 

efficient, because it has significantly lower losses of pressure (Franke et al., 2011; Zupanc et al., 452 

2013). Additionally, because an orifice plate consists of small holes, there is a high risk of 453 

permanent obstruction development. Finally, the rotor of the rotation generator is designed in a 454 
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way that causes further suction of liquid (generated by the liquids radial velocities) and is 455 

therefore independent of any additional pumping.  456 

 457 

From the economic evaluation we can see that the rotation generator which operates in the 458 

supercavitating regime surpasses all other devices for water treatment (Table 3). Also, in 459 

comparison to conventional techniques, such as introduction of thermal shocks, the presented 460 

method is much better in terms of power consumption. A typical thermal shock requires 461 

approximately 30 kWh/m3/order . 462 

 463 

Because a small number of supercavitation passes is needed to achieve 3.6 logs reduction rates of 464 

bacteria L. pneumophila, the rotation generator seems ideal for continuous water installations and 465 

for larger industrial applications. Furthermore, it enables the treatment of entire volumes of 466 

water, which is especially important for the areas that are susceptible to L. pneumophila 467 

contaminations.  468 

 469 

5 Conclusions 470 

In this work we present a new rotation cavitation generator with a newly designed rotor that 471 

efficiently eliminates Gram negative (L. pneumophila, E. coli) as well as Gram positive (B. 472 

subtilis) bacteria. The main mode of antibacterial action is not the developed cavitation, which is 473 

known to be aggressive for bacteria. On the contrary, the highest antibacterial effect was 474 

observed with supercavitation where a mixture of supercavitation and high shear forces disrupts 475 

bacterial cells within the treated volumes. We believe that a 3.6 logs reduction of the bacteria L. 476 
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pneumophila in the rotational cavitation generator is a great improvement over the usual Venturi 477 

type setups.  478 

 479 
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Figure Captions 587 

 588 

Fig.1: Scheme of the test-rig (left) and the Venturi section (right).  589 

 590 

Fig. 2: Scheme of a model water system and the rotating cavitation generator (left). The main 591 

parts of the rotation generator are: electromotor (1), rotor blade (2), front (3) and back housing 592 

(4) (Dular et al., 2017).   593 

 594 

Fig. 3: Geometry of the rotor of the rotation cavitation generator (Dular et al., 2017). 595 

 596 

Fig. 4: Cavitation types in the Venturi type cavitation device, attached steady cavitation (left), 597 

developed cavitation (middle) and supercavitation (right)). The bottom diagrams show the 598 

pressure evolution measured inside the Venturi section. 599 

 600 

Fig. 5: Hydrodynamic characteristic of the generator and the appearances of cavitation at 601 

different operating conditions.  602 

 603 

Fig. 6: Destruction of bacteria E. coli (A) and L. pneumophila (B) by attached steady cavitation, 604 

developed cavitation and supercavitation in a Venturi type section.  605 

  606 

Fig. 7: The influence of hydrodynamic cavitation generated inside the rotation generator on 607 

different species of bacteria. (A): Removal of bacteria E. coli, using the initial, the developed 608 
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cavitation and the supercavitation; (B): Removal of bacteria E. coli, L. pneumophila and B. 609 

subtilis using supercavitation. 610 

  611 
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Table Captions 612 

 613 

Tab. 1: Hydrodynamic cavitation characteristics of initial cavitation, developed cavitation and 614 

supercavitation.  615 

 616 

Tab. 2: The effect of supercavitation, generated in the Venturi section setup and in the rotation 617 

generator, on the destruction of Gram negative and Gram positive bacteria. 618 

 619 

Tab. 3: Electrical efficiency of each investigated cavitation type. 620 



 

Local pressure (PL) Characteristic flow velocity (v)
(Pa) (m/s)

Initial cavitation 600000 27.6 1.57
Developed cavitation 500000 27.6 1.31
Supercavitation 20000 6.7 0.78

 



Log 10 X 0 Log 10 X f Number of tf Reduction rate (from t0 to tf)

(Log10CFUmL-1) (Log10CFUmL-1) cavitation passes  (h) (%) (1/h)

Venturi section setup

E. coli 7.9 7.3 60 2 0.6 75.40 -0.69

L. pneumophilla 4.9 2.7 30 1 2.1 99.30 -5.07

Rotation generator

E. coli 8.1 4.8 15 2.5 3.3 99.95 -3.04

B. substilis 5.3 1.4 12 2 3.8 99.98 -4.49

L. pneumophilla 5.8 2.2 6 1 3.6 99.98 -8.29

Abbervations: X 0  is CFUmL-1 at the beginning of treatement; X f  is CFUmL-1 at the end of treatement; t 0  is time at 

the beginning of treatement (always 0 h) and tf  is time at the end of treatement.

Log reduction

 



EEO

     (kWh/m3/order)

E. coli L. pneumophila E. coli L. pneumophila B. subtilis

Initial cavitation 20.83 18.75 9.33 / /
Developed cavitation 43.75 38.19 8.17 / /
Supercavitation 6.94 0.99 0.04 0.01 0.02

Venturi Rotation generator

 
















