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0  INTRODUCTION

Washing machines are among most common devices 
worldwide and at the same time one of biggest 
consumers of household energy [1]. One can assume 
that already a minor improvement in a laundry process 
or a washing machine production will have a globally 
non-negligible effect. 

Many advances in laundry technology and 
washing machines design are already reported in the 
literature. Teschler suggests the use of a variable-
speed inverter electromotor [2]. Ivarsson et al. 
proposed sensors for fill and rinse control [3], which 
would reduce water and detergent consumption. 
Most of the energy in washing machine is used for 
water heating, therefore Persson investigated the 
use of hot-water circulation loop [4]. Drinking water 
consumption could be significantly reduced with 
use of recycled water [5] or rainwater [6] and lastly, 
improved detergent composition would make laundry 
less of an environmental threat, while maintaining 
washing performance [7].

Surprisingly, preparation of wash bath (aqueous 
detergent solution) is completely neglected by 

researchers. Our team aims to intensify the preparation 
of wash bath by utilizing cavitation and to our 
knowledge, this is the first research where cavitation 
is used for detergent solutions preparation. 

The use of cavitation is drawing great attention 
of researchers from various fields. Cavitation is a 
physical phenomenon characterized by formation, 
growth and subsequent collapse of bubbles in a bulk 
liquid. The collapses of bubbles create local “hot 
spots”, releasing extreme amounts of energy [8]. If the 
bubble collapse occurs symmetrically, pressure shock 
waves are created, which propagate microscopic 
turbulence – a phenomenon known as microstreaming 
[9]. Moreover, when cavitation bubble is in a proximity 
of a solid surface, asymmetric bubble implosion takes 
place, which results in a formation of microjets [10]. 
These violent circumstances are being widely utilised 
to clean solid surfaces in different industries and 
medical and scientific laboratories for over 40 years 
[11] and [12]. On the other hand, the use of cavitation 
in textile engineering gained scientific attention only 
in recent years. Nevertheless, cavitation shows great 
potential for textile finishing and textile washing 
purposes. Vouters et al. [13] report, that with the use 
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of cavitation, water consumption can be reduced by 
20 % and energy consumption for 30 % with a rise of 
the quality of products by the same textile finishing 
treatment. In work of Gogate [14] one can additionally 
find an in-depth overview of other applications of 
cavitation phenomena for process intensification and 
reactor designs. 

Cavitation is also recognised as an efficient 
method to prepare solutions and emulsions for various 
purposes. Depending on the application, either 
chemical effects (such as temperature and pressure hot 
spots, free radical formation) or mechanical effects 
(such as high shear stress and turbulence, microjets 
and microstreaming) are harnessed [15]. Kentish et 
al. [16] used cavitation to prepare range of food grade 
emulsions, Sivakumar et al. [17] proposed cavitation 
as green technology for preparation of poorly water-
soluble drugs in pharmacy and Hasanbeigi and Price 
[18] investigated how use of cavitation can optimise 
costs and reduce pollution in production of dyeing 
solutions in textile industry. Additionally, Patil 
and Pandit [19] showed that cavitation is energy 
efficient method to produce nano-suspensions 
and Sharma et al. [20] was investigating operating 
parameters of cavitation setup on the intensification of 
hydrogenation reactions.

This paper is focused on basic research that aims 
to improve the efficiency of commercial washing 
machines by utilizing cavitation. More precisely, we 
have investigated the use of cavitation for aqueous 
detergent solution preparation in washing machines. 
Washing machines currently available on the market 
prepare the washing dissolution in the drum. Water 
from the supply network enters the machine and is 
led through the detergent tray to carry the detergent 
into the drum. There the detergent is mixed with 
clothes and the dissolution starts due to the rotation 
of the drum. The dissolution process consists of two 
steps: i) the interaction between the solute and the 
solvent molecules at the solid–liquid interface and 
ii) the diffusion of the solute molecules away from 
the interface to the bulk [21]. Since the dissolution is 
sequential it can take up to 10 minutes or even more, 
to prepare an adequate aqueous detergent solution in 
a washing machine. We assume this process would 
be accelerated if the detergent would be washed 
into a special bath, where it would be exposed to 
cavitation before it enters the drum. This could be a 
major improvement of washing machines operation 
by shortening laundry duration and potentially saving 
energy. Our goal was to determine to what extent 
hydrodynamic cavitation contributes to the dissolution 
time.

1  EXPERIMENTAL

The experiments were conducted at the University 
of Ljubljana in the Laboratory for Water and 
Turbine Machines. For this purpose, special rotary 
hydrodynamic cavitation generator (RHCG) has 
been designed. The detergent dissolution rates were 
experimentally evaluated, for both cavitation and non-
cavitation flow regime, on a model washing machine. 
In addition, standardised tests with a magnetic stirrer 
were performed as a reference.

1.1  Set-Up and Materials

The experimental set-up (Fig. 1) was designed in a 
way to simulate an actual washing machine. Together 
with the rotary hydrodynamic cavitation generator, 
the experimental set-up consisted of a closed pressure 
tank, connection pipes and pressure (ABB 266 ast), 
flow (Bio-Tech: FCH-C-Ms-N) and temperature 
sensors (Fluke 51 II). Ports seen in Fig. 1 on the top 
of pressure vessel are used to fill the set-up with water 
and detergent. When operating, the mixture exits the 
vessel at the bottom, then it is led through RHCG, 
where it is exposed to cavitation. RHCG also serves 
as a pump. Water and detergent than flow through 
control valve and back to the pressure vessel. The 
RHCG was driven with a single-phase electromotor, 
which is already present in the most of the washing 
machines.

Two sets of experiments have been conducted – 
one with cavitation present and one in non-cavitating 
flow regime (this was achieved by increasing the 
system pressure while the rotational frequency and 

Fig. 1.  Experimental set-up 
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the flow rate were not altered). The dissolution rate 
experiments have been performed in alignment to 
the standard IEC 60456: Clothes washing machines 
for household use – Methods for measuring the 
performance. The tank was filled with 2 litres of water 
at 23.5 °C. 11 grams of standard IEC-A detergent 
purchased from WFK Institute, Germany, was added 
to water and left to be treated by the generator for a 
specified time. The RHCG rotational speed was set 
to 7000 rpm, which established a flow rate of 11.3 l/
min. In the cavitation regime, the tank was open to 
atmospheric pressure (101 kPa). In an actual washing 
machine with implemented RHCG, this regime would 
correspond to the washing machine operation. The 
non-cavitating flow regime was achieved by closing 
the tank air valves and raising the static pressure 
(in the tank) to 253 kPa. Operating conditions are 
collected in Table 1. We used same method as Biluš 
et al. [22] for cavitation monitoring.  A high-speed 
camera (Fastec HiSpec4 2G mono) was used in order 
to monitor cavitation presence. To evaluate cavitation 
intensity, pressure oscillations were recorded using 
hydrophone Reson TC4014. After treating the sample 
for the specified time (between 10 and 300 seconds – 
from approximately 1 to 30 sample passages through 
the RHCG), the detergent solution was poured through 
the textile filter, so that the undissolved detergent 
remained on the filter. Filter textile (100 % cotton, 
swiss pique knit, yarn count 17 tex, double threaded) 
complied with the IEC 60456 standard requirements. 

After the experiments, the filters were left to dry 
at ambient air for 24 h. The filters were weighed on the 
precision scale (Tehtnica Exacta EB 3600), prior and 
after the experiment and the percentage of detergent 
residues were recorded. 

We achieved the following uncertainties of the 
measured values: ±1 % for the flow rate, ±0.5 % 
for the system pressure and ±0.8 % for the medium 
temperature. Mass of the detergent was measured to 
±0.01 g and dynamic pressure oscillations to ±2.6 %.

1.2  Test Section – Rotary Hydrodynamic Cavitation 
Generator (RHCG)

The design of the rotary hydrodynamic cavitation 
generator follows the basic principles of high shear 
mixing devices [23], adjusted so that it also generates 
cavitation. The RHCG is an assembly of rotor and 
stator discs (Fig. 2) with special geometry inside 
the closed chamber. Both the rotor and the stator 
diameters have diameter 50 mm. They have 12 
radial indentations, 3 mm deep (u) and 4 mm wide. 
Unindented area of the rotor disc has been machined 

in a way that the surfaces are angled at 8° (α), giving 
them a sharp edge. The stator surface has not been 
modified. The distance between the rotor and the 
stator was set to 1 mm (g). The whole assembly is 
illustrated in Fig. 3 and the details are given in Table 
1.

Fig. 2.  a) Rotor and b) the stator of cavitation generator

Water and the detergent enter the RHCG in 
the axial direction through the stator. The RHCG 
operation causes periodically repeating pressure 
drops inside the chamber, due to relative movement 
of the two shear layers that form between the rotor 
and the stator. These conditions are favourable for 
hydrodynamic cavitation, hence before exiting in the 
radial direction, the mixture passes cavitation zones. 
Due to the rotation of the rotor, also centrifugal force is 
exerted on the fluid, which maintains the flow through 
the reactor. Because of that design, the cavitation 
generator can also replace a water recirculation pump 
in a washing machine.

Although acoustic cavitation is used in most of 
the aforementioned researches [13], [17], [18], [20], our 
device generates hydrodynamic cavitation. Its main 
advantages over acoustic cavitation are better potential 
for industrial and commercial scale applications, 
robust operation as well as improved energy efficiency 
[19] and [24] to [26]. In particular, the shear-induced 
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cavitation generated with our device has proven to 
be even more effective than hydrodynamic cavitation 
generated on Venturi section, as it was showed by 
Zupanc et al. [27].

Fig. 3.  Scheme of the cavitation generator assembly;  
water and detergent enter the RHCG in the axial direction through 

the stator; before exiting in the radial direction, the mixture  
passes cavitation zones

Table 1.  Operating conditions and cavitation generator geometry 
details

Operating parameters Cavitating regime Non-cavitating regime

p [kPa] 101 253

g [mm] 1

u [mm] 3

α [°] 8

f0 [min–1] 7000

2  RESULTS

24 experiments in the RHCG were performed in 
order to determine the detergent dissolution rate - at 
cavitating (p = 1.01 bar) and non-cavitating (p = 2.53 
bar) flow regimes, both at the rotating frequency 
of 7000 rpm ( f0). The lengths of exposure of the 
detergent to the RHCG were 10 s, 40 s, 70 s, 130 s and 
300 s (this corresponds to approximately 1, 4, 7, 12 
and 30 sample passages through the RHCG).

2.1  Cavitation Monitoring

Fig. 4 represents the sequences of images captured 
with the high-speed camera. In Fig. 4a, the RHCG 
front view is presented with indicated (the dashed 
rectangle) the high-speed camera observation window. 
Fig. 4b shows images of the cavitating regime with 

Fig. 4.  a) Top image shows RHCG frontal view with marked camera 
observation window; b) cavitating regime and c) the non-cavitating 

operation of the RHCG
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the non-cavitating regime. This means that detergent 
is exposed to much higher stresses when cavitation is 
generated in RHCG.

2.2  Detergent Dissolution Rate

The results are shown in Fig. 6. Triangles mark results 
obtained under the cavitating regime and diamonds 
to the tests under the non-cavitating regime. For 
comparison also dissolution rates using magnetic 
stirrer were performed (circles in Fig. 6): the tests 
complied with the IEC-A detergent solubility test 
acquired from IEC 60456 standard. Power trend lines 
are added for easier interpretation.

As expected, the dissolution rate is significantly 
improved when the RHCG is used in comparison to 
the magnetic stirrer. For the case when the solution is 
prepared with the magnetic stirrer, more than 35 % of 
the detergent remains undissolved after 300 seconds 
of operation. In the same time, with using the RHCG 
in the non-cavitating regime, only about 15 % of the 
detergent remains undissolved. The amount of the 
undissolved detergent after 300 seconds of the RHCG 
operation in cavitation regime is less than 5 %. 

The improved dissolution rate when using the 
RHCG can be attributed to intensified mixing. Similar 
to other rotating reactors used for mixing purposes 
[23] and [28] the RHCG operation establishes high 

the system pressure 101 kPa. Fig. 4c was recorded at 
elevated pressure (253 kPa) and shows no presence of 
cavitation bubbles. The time difference between two 
frames is 0.1 ms.

At atmospheric pressure, cavitation, which is seen 
as white clouds, can be clearly distinguished from the 
black painted rotor. We can notice, that cavitation 
is generated in two regions: the attached cavitation 
on the sharp edge of the rotor and the cavitation in 
stator indentations. This means that the most of the 
fluid flow is uniformly exposed to cavitation. When 
the system pressure is raised to 253 kPa (Fig. 4b), no 
cavitation is present. The high-speed camera images 
confirm, that we have successfully established the 
two flow regimes (cavitating and non-cavitating one), 
by only changing the system pressure (the rotating 
frequency, the fluid temperature, the geometry and the 
flow rate were not altered) - this is important as we are 
not allowed to alter the rotating frequency of the rotor, 
to achieve comparable measurements.

The intensity of cavitation was evaluated by 
means of pressure oscillations. Bigger pressure 
amplitudes at bubble collapses represent higher 
cavitational intensity, [12], [15] and [22]. Fig. 5 shows 
pressure evolution recorded with the hydrophone, 
which was mounted exactly between the rotor and the 
stator. One can see that both amplitudes and gradients 
are higher for the cavitating regime in comparison to 

Fig. 5.  Pressure evolution in case of the a) cavitating regime  and b) the non-cavitating regime
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local turbulence levels inside the reactor chamber and 
enhances the solid-liquid mass transfer. This improves 
both steps of the dissolution process: the interactions 
between the solute (detergent) and the solvent (water) 
at the solid-liquid interface (first step), and especially 
the diffusion of the detergent to the bulk water 
(second step). Comparison of the results of the RHCG 
in cavitating and non-cavitating regimes furthermore 
indicates that cavitation has a substantial impact on 
the dissolution process. For objective assessment, 
ANOVA analysis of variance of the experiments 
was performed. The test confirms, that statistically 
significant difference with confidence level higher 
than 96 % exists between the cavitating and the non-
cavitating regime (α < 0.04).

Effect of cavitation on the dissolution process 
can be attributed to the violent collapses of cavitation 
bubbles. As evident from comparison of pressure 
evolution in Fig. 5, pressure pulsations in the 
cavitation regime increase for factor 2 in comparison to 
operation with no cavitation present. Henceforth high 
pressure pulsations and microjets due to cavitation 
[29] additionally increase the local turbulence and the 
detergent-water interaction and raising the dissolution 
rate. The difference in the amount of dissolved 
detergent is clearly demonstrated in Fig. 7. Images 
show two textile filters with detergent residues. The 

filter on the left belongs to the test where the detergent 
was exposed to the cavitation regime for 40 seconds, 
and the filter on the right corresponds to the test after 
the exposure to the non-cavitating regime for the same 
period of time (40 seconds). 

Fig. 7.  The detergent residues on the textile filters for: a) the 
cavitation regime with 1.0 g of the detergent remained on the 

filter  and b) the non-cavitation regime with 3.2 g of the detergent 
remained on the filter 

The difference in dissolution rates is especially 
evident in the initial stages of experiments. With 
the cavitation regime, approximately 80 % of the 
detergent is dissolved within the first few seconds of 
the RHCG operation. When the RHCG operates at the 
same rotation frequency but without cavitation, 150 
seconds are required to dissolve the same amount of 

Fig. 6.  The measurements of the detergent dissolution rate; significant difference in the amount of undissolved detergent is observed 
between operation in cavitating regime versus non-cavitating and furthermore the measurements with magnetic stirrer according to  

IEC 60456 standard
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the detergent. The dissolution rates decrease with the 
passing time for both flow regimes. The trend can be 
described by a power law. A similar trend can also be 
recognised for dispersion kinetics of other dispersing 
machines such as a dissolver, a high-pressure 
homogenizer or a stirred media mill [30]. This is 
because the probability of successful solute-solvent 
interactions in the reactor is gradually decreasing.

3  CONCLUSIONS AND DISCUSSION

Our work indicates, that the rotary hydrodynamic 
cavitation generator substantially improves the 
preparation of the detergent washing dissolution 
and thus the washing machine performance. 
Implementation of such a device would shorten the 
washing program in general. In addition, the RHCG 
could tackle other identified issues related to detergent 
solution, such as: i) improved mixture homogeneity, 
which would result in improved washing effect and in 
decrease water consumption, ii) improved detergent 
solution rinsing, due to break up of detergent 
agglomerates - Sauter et al. [31] used cavitation for 
de-agglomeration of nanoparticles and Parivnzadeh 
et al. [32] studied cavitation assisted cotton processing 
with softener. They argued, that the reason for 
enhanced treatment is cavitation de-agglomeration 
of softener. We predict that cavitation has a similar 
effect to detergent agglomerates and therefore a lower 
volume of water is required to rinse smaller detergent 
particles.

Furthermore we assume that the implementation 
of the RHCG would have negligible if not beneficial 
effect on the energy consumption of the washing 
machines because: i) cavitation would assist the 
dissolution process and reduce the operating time for 
roughly 10 minutes, ii) the RHCG also operates as a 
pump and would replace the existing water circulation 
pump and iii) most of the energy required to generate 
cavitation is eventually transformed into heat, which, 
in case of washing machine, could be balanced by the 
reduction of the power consumption of electric water 
heaters. 

In addition to the detergent solution preparation, 
the RHCG or similar cavitation generators, could 
enhance other aspects of a washing machine 
operation. One example is a washing performance. 
Several research groups worldwide are studying 
ultrasonic textile cleaning. Leading mechanism of 
ultrasonic cleaning is in fact acoustically generated 
cavitation. Gallego-Juarez et al. [33] developed semi-
industrial system for textile washing in liquid layers, 
where Gotoh et al. [34] and Uzun and Patel [35] used 

ultrasonic cavitation bath. They achieved comparable 
or better washing results than the horizontal-axis 
washing machine, causing less damage to the textile.

Another important subject related to current 
development trends of laundering is microbial 
deactivation. High washing temperatures and 
aggressive detergents from the past are nowadays 
replaced by milder conditions: low temperatures and 
biodegradable detergents. Studies show, that various 
bacteria and fungi species are capable of surviving 
inside washing machines [36] and [37] under such 
circumstances. This could present a health risk [36], 
or development of malodour [37]. Researchers will be 
forced to find solutions for those problems. One more 
time harnessing cavitation may bring desired results. 
Use of cavitation for pathogen deactivation [38] and 
[39] and wastewater treatment is well developed [26] 
and [27]. 

Lastly, cavitation may have a potential to mitigate 
limescale. Limescale can cause serious issues to 
washing machine heat exchangers. Already a thin 
layer of scale reduces a heat exchanger efficiency and 
can lead to component failure. Review paper of Heath 
et al. [40] shows that cavitation/scale interaction is 
complex, but a lot of effort is invested in its research.

In previous paragraphs, we pointed out what 
aspects of washing machines may be improved with 
cavitation in addition to wash bath preparation. 
Extensive research is still needed in order to determine 
if also RHCG, or any other small scale cavitation 
generator, can achieve such results. However, use 
of cavitation may be the answer for sustainable and 
effective laundry.
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