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Abstract

This overview is intended to shed light on the current state of knowledge on highly efficient
cavitation reactors, which are used in industry yet often remain undisclosed. The development of
ultrasound (US) and hydrodynamic cavitation (HC) reactors requires a thorough understanding and
precise engineering to ensure the efficacy of cavitation processes in larger industrial settings.
Successful scaling-up must maintain a high energy density and ensure a homogeneous distribution
of cavitation. Industrial reactor designs for both US and HC are typically optimized for continuous
flow operations, though some configurations operate in a loop system. This review provides a concise
examination of various reactor setups, with examples of relevant chemical and environmental
applications, focusing on energy consumption and scalability challenges. Despite the similarities in
the effects of acoustic and hydrodynamic cavitation, US and HC are best regarded as complementary
technologies in industrial applications. This work presents our direct experience in designing novel
cavitation reactors for specific applications, incorporating recent advances from the literature and
insights from industry. Notably, the synergistic effects of hybrid technologies are gaining attention,
particularly the integration of HC with cold plasma, which is emerging as one of the most effective
techniques for treating polluted water. These technologies play a crucial role in modern process
engineering, and continued advancements in their design and understanding will further expand
their industrial applications in chemical processing.

Keywords.: hydrodynamic cavitation; reactor design; flow-through reactor; sonochemistry; process
intensification

1. Introduction

In 2006 the transfer of cavitational chemistry from research labs to large-scale applications was
still a work in progress with few synthetic reports [1]. Even two decades later the discipline could not
be regarded as mature, because if in one side ultrasonic activation was clearly generated by
cavitational phenomena, the strict relationship to the equipment used strongly affected the
reproducibility of the experiments [2].

Proper control of cavitation in larger reactors is critical to maintaining efficiency and preventing
undesirable effects such as excessive heating and corrosion. Tailored designs are often required to
meet the specific needs of different applications.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the last few years, relevant reports have highlighted recent advances in sonochemistry, in
particular sonocatalysis to carry out reactions under milder conditions while potentially improving
selectivity and efficiency thanks to the positive interaction between solid catalysts and ultrasound [3].
The modelling of the acoustic cavitation field has evolved significantly and the main advances have
been discussed by Tiong et al. [4]; however, further investigations are still ongoing to optimise
sonochemical reactor designs and applications. New insights into acoustic cavitation modelling will
facilitate the design and scalability of sonochemical systems. Analogue studies and surveys have
shown the broad applicability of hydrodynamic cavitation in the selection of a suitable HC reactor
design [5]. Process temperature, HC inlet pressure and cavitation number are crucial parameters,
especially for the degradation of recalcitrant pollutants and the disinfection of harmful
microorganisms. HC is becoming the best alternative technology due to its versatility and large-scale
processability. The industrial use of HC was discussed by Meneguzzo and Zabini, who reported the
production of almond milk and beer in a single operation with clear advantages [6]. Ciriminna et al.
pointed out the need for commercial HC reactors for extraction processes [7]. Industrial sonochemical
reactors were first developed in the 1960s by Saracco and Arzano, who described an optimised system
for the hydrogenation of unsaturated oils. Their work showed that the reactor geometry has a
significant influence on the reaction kinetics [8]. In the 1990s, great progress was made in the
industrialisation of sonochemistry with the development of loop reactors (Harwell reactor),
cylindrical tubular reactors and modular, series-connected units (Branson reactor) [9]. Large-scale
reactors must be equipped with several ultrasonic transducers [10] designed as multistage systems
consisting of several smaller ultrasonic units connected in series [11].

The scaling-up of sonochemical batch reactors suffers from the limited penetration depth of
ultrasonic waves into the liquid. For this reason, several industrial applications have been developed
in flow-through reactors. Scaling laws are used to establish the relationship between reactor size and
the power necessary to achieve and sustain cavitation [12].Maintaining appropriate power density
across larger reactors is vital to achieving the desired cavitation effects [13].The design and geometry
of cavitation reactors must be optimized for larger scales. This includes considerations such as the
shape of the reactor chamber, the arrangement of cavitating elements (e.g., ultrasonic horns or
transducers), overall flow dynamics [14] and the eventual combination of different frequencies [15].

The primary industrial applications of cavitation technology include water treatment where it
enhances pollutant degradation and microbial inactivation, emulsification which improves the
stability and uniformity of emulsions, heterogeneous catalysis by effectively cleaning and
regenerating catalyst surfaces to maintain efficiency, and sonocrystallisation which promotes
controlled nucleation and crystal growth, leading to improved product quality and yield.

Solid/liquid extraction is typically a batch process, and a new paradigm is a flow-through
procedure with a multi-horn or multi-transducer flow reactor[16,17], also for semi-industrial biomass
delignification [18]. Scaling up also introduces challenges in selecting reactor materials, which must
withstand increased stresses and pressures associated with larger volumes and higher power levels.
Material compatibility with the cavitation process, resistance to erosion, and durability become
critical factors. Larger reactors may generate more heat due to higher power inputs, necessitating the
incorporation of efficient heat dissipation mechanisms to prevent overheating and maintain optimal
operating conditions. The successful experience in the extraction of extra-virgin olive oil assisted by
ultrasound showed that commercial square-shaped tubular reactors were not suitable because the
irregular waves transmission with consequent heat generation. Differently a correct reactor design
with a round shape drastically minimizes heat generation [19]. Energy efficiency at larger scales is
another key concern in achieving the goal of process intensification [20]. In terms of energy
consumption, HC is generally more favourable than ultrasound. The latter can be based on a horn-
type system or a multiple transducer. Acoustic cavitation with horns struggles to efficiently convert
acoustic energy throughout a large fluid volume because the intensity of cavitation decreases
exponentially with distance from the tip of the horn, becoming negligible at relatively short distances.
In contrast, while using multiple transducers results in lower operating intensities for the same power
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dissipation levels, the new generation of reactors described in paragraph 5 allows for highly efficient
flow-through chemical processes. Recent literature confirms the advantages of flow-through
cavitation reactors [21]. Starting from studies on sono-microreactors, the development of mesoscale
and pilot scale systems could be successfully applied in the production of nanoparticles and also the
degradation of pollutants in wastewater. Strategies to optimize energy transfer, minimize losses, and
enhance overall reactor performance remain active areas of research and development. A notable
example of a flow-through industrial application of ultrasound is sonocrystallization, which ensures
faster nucleation kinetics, reduces crystallization time, and promotes uniform crystal morphologies
with controlled particle size distribution. In particular, the crystallization of active pharmaceutical
ingredients (APIs) helps prevent undesired polymorphs and ensures consistency in pharmaceutical
formulations [22]. The engineering development of new industrial plants incorporating cavitation
reactors is often led by manufacturers, who rarely rely on dedicated academic studies for support.
Large-scale reactor development is primarily industry-driven, with academic research mainly
focused on fundamental aspects. The equipment must be robust enough to withstand long operating
hours, minimizing corrosion phenomena while ensuring ease of maintenance. In the following
paragraphs, we describe various types of cavitation reactors that can be scaled up for pilot- or large-
scale applications.

2. Hydrodynamic Cavitation

Hydrodynamic cavitation reactors (HCRs) are continuous-flow devices designed to generate
cavitation. Unlike acoustic cavitation, which relies on low-frequency ultrasound to create a low static
pressure region in the medium, in HC, the velocity of the fluid is altered to create low static pressure
regions. HCRs have been widely used in various applications, including wastewater treatment,
biodiesel synthesis, and water disinfection, among others [23]. Based on the operating characteristics
of the device, HCRs can be broadly classified into two types: 1) devices with moving parts and 2)
devices without moving parts [23]. Besides the geometric parameters, material properties and
operating conditions also play significant roles in affecting cavitation in HCRs. The schematic of
different devices is shown in Figure 1.Cavitation in HCRs is characterized by a dimensionless
parameter known as the cavitation number (C,), which is defined in the following Equation 1

_P—A
Cv - v/0.5*p*1]2 M

P, — Pressure downstream of the device

P, — Vapour pressure of the liquid at the bulk-liquid temperature

p — Density of the fluid at the bulk temperature

v - Velocity of the fluid at the device inlet

A C, <1 is considered optimal for the generation of cavitation. Lower values of C,, resultin
increased cavitation intensity.
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a. Schematic drawing of Orifice cavitation reactor
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b. Schematic drawing of Venturi cavitation reactor
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d. Schematic drawing of rotational HC reactor

Figure 1. Schematic of different hydrodynamic cavitation reactors, a. Orifice, b. Venturi, c¢. Vortex Diode, d.
Rotational HC reactor.

The design and operational parameters of devices without moving parts, such as orifices,
venturi, vortex diodes, and venturi orifices with swirlers, will be discussed in detail.

2.1. Devices Without Moving Parts

2.1.1. Orifice Devices

Orifice devices consist of a plate with dimensions different from those of the inlet flow channel.
As fluid flows through the orifice plate, its velocity increases, resulting in a reduction in local static
pressure, which subsequently induces cavitation [24]. The performance of these reactors is influenced
by their geometrical characteristics, namely size, shape, and number of holes in the orifice (Figure 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Reducing the size of the holes increases fluid velocity, thereby increasing cavitation intensity. Hole
shapes, such as rectangular or elliptical, can also contribute to the cavitation. In the case of multiple-
hole orifices, a large number of small holes is more effective than an orifice with a single hole[23], as
shown in textile dye degradation [25]. The orifice reactors have a growing industrial application for
wastewater treatment and the degradation of organic pollutants [26].

Flow in

o -
Q’ 7 (o

out

- ORIFICES - VENTURI - VORTEX

Figure 2. Device types: orifices, venturi and vortex configurations.

Relevant factors are o and 3 (Equations 2 and 3), that are discussed in detail below.
o= Total perimeter of the holes in orifice/ )
- Total flow area in the orifice

This parameter is influenced by the size, shape, and number of holes in the orifice. Reducing the
size of the holes increases fluid velocity, thereby increasing cavitation intensity. Hole shapes, such as
rectangular or elliptical, can also contribute to higher a values [23].

For multiple hole orifices, a large number of small holes is more effective than a single hole
orifice. Higher o values slow the recovery of downstream pressure within the device, resulting in a
reduction in collapse pressure.

_Throat area of orifice/ 3
£= Cross sectional area of pipe ©)

As the value of (3 increases, the higher throat velocity in the fluid leads to an increase in the
collapse pressure of cavities, resulting in more intense cavitation.

« is directly proportional to the number of holes in the orifice and inversely proportional to the
size of the holes in the multiple hole orifice plate. § values influence the diameter of the orifice hole
with respect to the cross-sectional area of the pipe [27]. The factors a and {3, which depends on the
number of holes and diameter of holes directly affects the number of cavities generated and intensity
of cavity collapse respectively. Increasing the a increases the number of cavity generation sites and
in contrast decreasing the 3, increases the velocity and thereby reduces the cavitation number given
by (Equationl) increasing cavitation.

The optimal values of a and f must be determined based on specific application. While an
increase in & generates a greater number of cavities, it also leads to a decrease in the intensity of cavity
collapse. Conversely, an increase in § increases the collapse pressure of the cavities but reduces the
number of cavities generated [28]. The selection of @ and f values should align with the application’s
requirements, whether it demands more intense cavity collapse with fewer cavities or a larger
number of cavities with less intense collapse.

Other operational parameters, such as temperature and inlet pressure, significantly influence the
cavitational yield. Increasing the inlet pressure enhances the intensity of cavitation up to a critical
cavitation number. However, higher inlet pressure also raises the recovered downstream pressure,
intensifying cavity collapse but reducing the number of cavities generated [28]. To optimise
cavitational performance, an appropriate inlet pressure must be maintained to maximise cavity
collapse without drastically lowering the number of cavities generated.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1.2. Venturi Devices

Venturi devices consist of a convergent section, a throat, and a divergent section. Unlike an
orifice device, the velocity and pressure change gradually in a venturi device (Figure 2). This gradual
change in velocity and pressure allows the cavities to grow to a significant size and enables the
bubbles to remain in the low-pressure region for a longer duration [27]. Similar to orifice devices,
venturi devices are also affected by geometrical factors such as y (Equation 4) and the divergence
angle of the divergent section, as well as operating parameters like temperature and inlet pressure.

y = Throat height/Diameter
/Throat Length @

Cavitation number increases with a longer throat length and decreases with a larger throat
diameter. An increase in throat length increases friction, leading to the formation of inactive bubbles
that dissolve into the surrounding liquid without collapsing. The value of v affects the residence time
of the cavities, which determines the maximum size the cavities can reach, and, consequently,
influences the cavitation intensity. Numerical studies have shown that an optimal y value of 1:1 yields
the best performance.

If the cross-sectional area is considered constant, a larger throat perimeter increases the number
of cavities generated. Throat geometries such as rectangular, slit, and elliptical provide better
cavitation performance than circular throats. The cavitation number increases with a longer throat
length and decreases with a larger throat diameter. An increase in throat length increases friction,
leading to the formation of inactive bubbles that dissolve into the surrounding liquid without
collapsing [28]. The divergence angle is critical in the recovery of pressure downstream of the venturi
device, influencing both the collapse pressure and cavitation yield. Higher divergence angles increase
the cavitation number and reduce collapse intensity. Numerical studies have shown that a divergence
angle of 5.5¢is optimal [29]. Reducing the outlet divergence angle is an effective way to generate more
microbubbles and increase cavitation yield by raising the collapse pressure of the bubbles.

Other operational parameters, such as temperature and inlet pressure, significantly influence the
cavitation yield. Increasing the inlet pressure enhances the intensity of cavitation up to a critical
cavitation number. However, higher inlet pressure also raises the recovered downstream pressure,
intensifying cavity collapse but reducing the number of cavities generated [29]. To optimise cavitation
performance, an appropriate inlet pressure must be maintained to maximise cavity collapse without
drastically lowering the number of cavities generated. An increase in temperature raises the vapour
pressure, causing cavitation to initiate earlier. It also reduces gas solubility, affecting the number of
nuclei available for cavitation. Higher temperatures, however, lead to a decrease in collapse pressure,
thereby reducing cavitation intensity. These reactors have proved to be useful in the removal of API
molecules such as Sulfamerazine on a pilot scale, and it is concluded that design parameters play a
crucial role in comparing different internal structures [30]. Emulsification of oil-in-water was
performed using the slit venturi reactor, which shows a higher size reduction of the oil phase in
comparison to circular venturi per pass [31]. The sterilization effect of cavitation was studied using a
venturi reactor, and geometrical parameters were optimised to increase the killing rate of E. coli [32].

2.1.3. Vortex Diode

A vortex diode is a disc-shaped device with cylindrical axial and tangential ports (Figure 2). The
axial port comprises a diffuser section, an expander, and a straight section. Both the axial and
tangential ports have the same divergence angle. When fluid flows in the reverse direction, from the
tangential port to the axial port, it generates a vortex, increasing fluid velocity and causing a
significant pressure drop, which leads to cavitation [33]. The performance of the vortex diode is
evaluated using a parameter known as diodicity (D) given by Eq. (5). The design of the vortex diode
is affected by several factors, including diode geometry, size, aspect ratio, nozzle configuration, and
the Reynolds number. Devices with higher diodicity provide better performance (5).

D = AP, /AP ®)

AP,- Reverse flow pressure drop

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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APs- Forward flow pressure drop
Diodicity is affected by the flow rate of the fluid in the vortex diode, which is characterised by
the dimensionless Reynolds number (Re), and for a vortex diode it is given by Eq. (6).

Re="P *”n*d"/ﬂ 6)
0— Density of the fluid
vn - Velocity of the fluid in nozzle
dn — Diameter of the inlet nozzle
- Dynamic viscosity of the fluid
The aspect ratio (;,) of the vortex diode is given by Eq. (7):
a, =%/ h )

(%
dv- Diameter of the chamber

h.- Height of the chamber

The aspect ratio affects the strength of the vortex formed in the diode chamber. In the absence
of wall friction, increases in the aspect ratio led to higher diodicity. The optimal aspect ratio varies
with Reynolds number [34]; for the highest Reynolds number flow in the diode, the optimum aspect
ratio was found to be 6. However, the increase in diodicity with respect to Reynolds number seems
to plateau after a certain value. The divergence angle of the tangential and axial ports to the diode
plays a crucial role in vortex strength. Increasing the divergence angle from 5° to 7 © enhances the
diodicity of the diode [29]. Nozzles with an inlet diameter equal to the height of the diode, attached
to both the tangential and axial portions, result in higher diodicity. Moreover, the radius of curvature
of the expander section of the nozzle influences diodicity. A larger radius of curvature increases the
pressure drop for forward flow, which in turn reduces the diodicity of the diode [33]. The throat
diameter of the device can be adjusted while keeping the device diameter constant. This modification
shows that the maximum tangential velocity increases with an increase in throat diameter up to a
scaling factor of 4, after which it levels off. The frequency of fluctuation decreases with scale, which
impacts the cavity dynamics. Vortex diode devices have the potential for removal of antibiotics,
organic pollutants and also in sterilization of water. The vortex diode is used for disinfecting both
gram positive and gram negative and shows greater efficacy in comparison to an orifice device. The
pilot scale study for removal of ciprofloxacin and metformin using the device showed that along with
hydrodynamic cavitation incorporating oxidising agents such as hydrogen peroxide showed a
significant effect on the removal of the contaminants owing to the complex structure of the molecule
[35,36]. Vortex diodes show better performance in degradation of API pollutant Naproxen in
comparison to the orifice device [37].

2.1.4. Venturi and Orifice with Swirler

Venturi and orifice devices are equipped with a swirler in the flow path to shift the cavitation
zone away from the wall and into the core of the fluid flow. The presence of the swirler influences
cavitation inception, pressure drop, and the flow characteristics. The parameters affected by the
swirler lead to changes in turbulent fluctuations, which in turn affect cavity dynamics. The
performance of the venturi and orifice devices with a swirler is influenced by the swirl ratio and
Reynolds number [38]. The Swirl ratio is defined by Eq. (8):

G= ufdmax /ﬁ ®)

uemax-Maximum tangential velocity

ut -Mass average velocity at throat

The pressure drop increases with velocity. However, the pressure drop for an orifice and venturi
device with a swirler is lower than that in the same devices without a swirler. Cavitation inception
occurs at a lower pressure drop for orifice and venturi devices with a swirler compared to those
without one [38]. The difference in pressure drop at cavitation inception is 10 kPa for the orifice and
5 kPa for the venturi, both with and without a swirler, respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The presence of a swirler in orifice and venturi devices significantly affects flow characteristics.
In an orifice without a swirler, the cavitation zone remains near the throat, and only after a certain
higher pressure drop do cavity clouds break into fine bubbles [38]. However, in an orifice device with
a swirler, the cavitating vapour region in the throat collapses and forms cavity clouds downstream
of the device. In a venturi device without a swirler, vapour clouds form at the edge of the throat and
move along the diffuser, where they break into smaller vapour clouds. These smaller clouds then
move back toward the throat, restarting the process. In contrast, in a venturi device with a swirler,
the vapour clouds extend along the axis of the diffuser, and the swirl tends to dampen the axial
advance and retreat of the cavity bubbles.

For venturi and orifice devices with a swirler, the pressure drop is lower than that of the same
devices without a swirler, up to a swirl ratio (S) of 2. However, for a swirl ratio greater than 2, both
devices with a swirler show an increase in pressure drop compared to those without a swirler [38].
Devices with a swirler demonstrate a monotonic increase in pressure drop at a swirl ratio of 8 or
higher, leading to increased turbulent fluctuations, which, in turn, affect cavity dynamics.

2.2. Devices with Moving Parts

Rotational hydrodynamic cavitation reactors (RHCRs) are a class of reactors that increase
tangential velocity by accelerating the fluid and forcing it to flow through varying cross-sections to
create the pressure differentials necessary for cavitation. RHCRs can be classified as rotor-rotor or
rotor-stator devices, depending on the mechanics of the device. The key factors affecting the
performance of RHCRs include flow rate, rotational speed, pressure within the device, and the design
of the rotor. In RHCRs, increases in rotational speed led to higher tangential fluid velocity, resulting
in higher turbulence intensity and increased cavitation intensity. To achieve maximum cavitation
intensity, the axial gap between the plates should be minimised [39]. Additionally, increases in
temperature enhance cavitation intensity up to a certain point [40]. Serrated rotary disc HC
generators are rotor-rotor devices in which the design of the disc is crucial for efficient cavity
generation. Compared to discs with grooves that are at right angles to each other, discs with grooves
inclined at an 8 angle offer better performance [41]. In this design, the groove functions as a venturi,
aiding in the distribution of the cavitation cloud.

A pinned disc HC generator is a rotor-stator device where cavitation is generated by a sudden
pressure drop and its subsequent recovery downstream of cylindrical pins caused by flow
acceleration and separation. Reducing the inlet pressure by adjusting the flow rate increases the
cavitation volume fraction but reduces the overall cavitation effect. Advanced rotating HC
generators, which are rotor-stator devices, consist of rotating discs with dimples on the disc edges.
The pressure amplitude increases as the distance between the plates is reduced. Both vortex
cavitation and sheet cavitation have been observed in the system; sheet cavitation occurs in the space
between the rotor and stator, while vortex cavitation is predominantly observed in the Cavitation
Generation Unit (CGU) [42]. Since both vortex intensity and flow separation occur during the
interaction process, the shape, geometrical factors, and arrangement of the CGU should be optimised
for improved performance.

Rotor/stator HC units are widely used in industrial applications, particularly for oxidative
polymerization and emulsification of oils. These processes benefit from the generator’s low energy
consumption, making them highly scalable. The production of fat liquors from waste frying oils is a
process with significant industrial impact across various applications [43]. Even more commonly,
rotor/stator generators are used in biodiesel production [44] and in the pretreatment of the organic
fraction of municipal solid waste to enhance anaerobic digestion [45].

Challenges for scale up of hydrodynamic cavitation reactors can be summarised as follows. The
geometrical parameters play a crucial role in scale up of hydrodynamic cavitation reactors in
comparison to the process parameters. Process parameters are system dependent, and it is affected
by several factors like temperature, inlet pressure, initial cavity radius. The geometrical and process
parameters are optimised for scale up depending on the application (Table 1).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Reactor types and the effect of parameters on cavitation.

Reactor Type  Parameters Effect of parameters on cavitation
1.Minimum L/D values of 2 is preferred below which it affects
pressure recovery and final collapse conditions.

1. L/D (Thickness to 2.Higher values of {3, increases the collapse pressure of cavities.
diameter of orifice) Lower values reduce the Cv improving the effect of cavitation and
. 2.8 are counter balancing.
fice Plat
Orifice Plate 3.a 3. a values directly affect the shape and number of holes in the
4.ID of the pipe orifice reactors which in turn affect the cavity dynamics.

4.Increasing the ID of the pipe directly affects the velocity of the
fluid, which affects the cavitation efficiency.

ly

1. y affects the residence time and growth of cavities in the system
2.Convergence and

Venturi Tube . 2.The cavitation region within the tube and cavity dynamics
divergence angle of . . . . .
. depends on the converging and diverging section of venturi
venturi tube
1.Diodicity depends on the Reynolds number of the fluid
improving the efficiency of the device.
1.Diodicity 2.Increasing throat diameter affects the tangential velocity up to a
2.Throat diameter scaling factor of 4 and levels off.
Vortex Diode 3.1?1vergence ang?e of 3..Inc.re.asmg tbe divergence angle from 5 to 7° enhances the
axial and tangential port diodicity of diode.
4 Nozzle dimension 4.Nozzle with ID equal to height of the diode results in higher
5.Radius of curvature diodicity.
5.Increasing the radius of curvature increases forward pressure
drop reducing the diodicity of device.
1.The t tial fluid velocity d ds on the rotational d
1.Rotational Speed he tangential fluid ve ocity depends on the rotational spee
. which determines the flow regime in the device
. 2.Distance between the . o . .
Rotational 2.The effectiveness of cavitation directly depends on the distance
rotor and stator
reactors between the plates

3.Design of rotor blades . o . .
& 3.The design on the plate acts as a cavitation generating unit

which governs the effectiveness of cavitation

In hydrodynamic cavitation reactors, the cavity collapse pressure is strongly influenced by
reactor design parameters [46]. For orifice systems, (3 plays a critical role, as changing f3
independently alters other geometrical factors such as the L/D ratio, which in turn affects cavitation
inception and flow characteristics [47]. Moreover, 3 directly impacts the cavitation number, which
must be minimized to achieve cavitation effects comparable to those observed in smaller-scale
systems [48].

In venturi reactors, the parameter y plays a crucial role in scale-up, as altering it independently
changes the converging and diverging angles of the venturi tube [49]. An increase in y raises frictional
losses, reducing cavitation efficiency, while modifications in the divergence angle directly influence
pressure recovery, thereby significantly impacting cavity dynamics [27].

In a vortex diode, variation in throat diameter significantly influences flow characteristics, with
the maximum tangential velocity increasing only up to about twice the smallest throat diameter,
beyond which it plateaus [34]. This change in cross-sectional area not only governs the maximum
velocity attainable but also impacts the formation and behaviour of the vapor core in the axial port
[34]. Furthermore, scaling up alters the eddy frequency within the device, while dimensional
modifications directly affect the overall design considerations required to achieve maximum
efficiency.

In a rotational cavitation device, the diameter and design of the rotating element govern the
maximum tangential velocity and local velocity profile, which in turn influence vapor formation [50].
The blade spacing and rotational speed set the limits on fluid throughput and reactor pressure,
thereby controlling both the processable volume and the intensity of cavity collapse
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Process parameters like inlet pressure, temperature, initial cavity radius, pH, and additive
concentration are system-specific and cannot be generalized, requiring optimization on a case-by-
case basis to achieve optimum results as detailed in the previous sections.

Scale-up of cavitation systems is inherently nonlinear due to the complexity of the multiphase
phenomena, and no single parameter can be adjusted independently to ensure success. Comparable
efficiency is often achievable only within certain scale-up ratios, beyond which performance declines
[34].

To address this, tools such as computational fluid dynamics and simulations are essential for
understanding system intricacies, while a hybrid approach combining numbering-up with scale-up
offers a practical route to larger scales without compromising efficiency [51].

3. Ultrasonic Reactors for Semi-Industrial Applications: Flow-Through Units

Recently Tiwari and associates reported challenges and strategies for scaling up ultrasonic
rectors [52] showing that the ultrasonic energy transferred to the bulk is crucial in most processes.
Parameters such as US power (W), US intensity (W/cm?), and acoustic energy density (W/mL)
quantify the dissipated ultrasonic energy in the system.

The main concepts and parameters to consider when scaling up ultrasonic reactors are
summarised in the table below.

Table 2. Relevant parameters to be considered for scaling up.

Parameters Definition and Features Processing considerations
T density sonic power per unit volume (W/L) be kept constant during scale-up to
rve cavitation intensity and
ducibility of effects
'or geometry 2 and dimensions affect wave propagation,  zones and uneven energy fields increase

ation distribution, and energy dissipation ~ reactor size

lency frequency (20-40 kHz) favours intense e or multi-frequency selection
ation and physical effects. Higher frequency
kHz) yields milder cavitation, more suited
riemical effects

sducer arrangement  taling-up requires multiple transducers or  ioning and coupling method efficiency are
modular/multi-stage reactor design crucial
stic field uniformity  rrect transducer distribution, and acoustic Hotspots and inactive zones
impedance of materials elimination/minimisation
3y efficiency ot all input power is converted into useful  toring calorimetric efficiency and acoustic
cavitation (over the threshold) intensity is necessary
serature and pressure  Strongly affect cavitation thresholds :ck optimal cavitation temperature of the
medium

«cal properties of the  sity, surface tension, gas solubility, dissolved the aspects determine bubble dynamics

um gases

regime 'w rate, mixing, and residence time must be Right pump selection is crucial
>timised to ensure homogeneous exposure

rial compatibility eactor walls and transducer surfaces must  lection among titanium, stainless steel,
hstand erosion, fatigue, and chemical attack Hastelloy or PTFE coating

ation safety ligh-power ultrasound may generate heat,  strial systems require efficient cooling and

vibrations, and noise acoustic shielding

Industrial ultrasonic reactors are generally processing flow-through units, equipped with
multiple high-power transducers (2040 kHz) to ensure uniform cavitation in liquid media. The
intense shear forces generated by collapsing cavitation bubbles enhance mass transfer, emulsification,
and various chemical and physical transformations. Power output can range from 1 kW to over 50
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kW, depending on the application from hundreds to thousands of litres per hour. These reactors are
widely used in chemical, pharmaceutical, food, and environmental industries.

One simple strategy to easily scale up ultrasonic processes is to add several tubular units in
series. Figure 3 shows four ultrasonic flow reactors (internal volume of 330 mL) working at 22.0 kHz
equipped with independent ultrasonic generators (maximum power 1000 W).

Figure 3. Four ultrasonic units mounted in vertical.

Large-scale ultrasonic reactors are designed for high-throughput applications, offering
enhanced process efficiency and scalability. The key features include: high power density across the
sonication chamber and modular designs for parallel operation of multiple reactors to increase
processing capacity. Modern industrial ultrasonic plants are equipped with real-time monitoring
sensors for temperature, pressure, and power input, as well as automated control systems with
programmable logic controllers (PLCs) for process stability. The integrated process monitoring and
automation also includes data logging capabilities for traceability and quality control.

These reactors can be integrated into production lines and paired with various types of pumps
and equipment. When operating under elevated pressures, specific designs ensure compliance with
stringent safety standards, ensuring the effective transmission of acoustic oscillations into reactors
with relatively thick walls. Increasing reactor volume can be achieved by extending the length or
increasing the diameter. Extending the reactor is simple but increases the processing time, with
limited impact on productivity due to the limitations imposed by the speed of cavitation bubble
formation. On the other hand, increasing reactor diameter presents more challenges. As the diameter
increases, the natural frequency of radial vibrations decreases, necessitating a shift to bending modes.
This transition introduces technical difficulties that must be addressed to ensure successful
implementation. In summary, the design of industrial-scale flow-through sonochemical reactors
requires a careful balance between enhancing productivity, ensuring safety, and managing the
complexities associated with changes in reactor dimensions, particularly in handling cavitation
dynamics and mode transitions. Both tubes are made of the same material, titanium alloy 6AI-4V,
and operate at the same frequency of 22 kHz, which corresponds to the specific natural frequency of
the tube in both cases.

As observed, the shape of the tube’s natural vibrations at the standard frequency of 22 kHz
becomes significantly more complex for tubes with larger diameters compared to thinner tubes. This
complexity necessitates adjustments to the location and method of connecting the transducer to the
waveguide. When standard longitudinal or radial placement methods are incompatible with the
bending mode, the transducer design must be modified to account for the bending vibrations.
Additionally, the speed of sound in the medium being processed must be considered, as waves from
opposite walls should not cancel each other out. In cases where submersible emitters cannot be used,
for example, when the treated media is supercritical CO, the oscillations from external ultrasonic
emitters must be transmitted into a thick-walled tube. To maximize transmission efficiency, the
emitters should be placed at the displacement maxima of the reactor. For this, it is essential to model
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the displacement distribution in the reactor at the chosen frequency, which should be selected based
on the reactor’s natural frequencies. This technology was experimented with on a lab scale, showing
the remarkable industrial potential of ultrasound-assisted cold pasteurization in liquid or
supercritical COz [53].

Figure 4 shows the system’s oscillation model. In this case, as presented in the figure, three
electroacoustic transducers are placed within a thick-walled tubular reactor. The model was
developed using the finite-element method in COMSOL Multiphysics.

Surace: Tl Sphcement ) an

ity 2653 e vou

Figure 4. Model of oscillations and a photo of an industrial tubular reactor system equipped with circular

electroacoustic emitters. The unit operates at high pressure with SC-CO..

The system developed is designed to ensure that the resonant frequency of the emitters matches
the natural frequency of the selected tubular reactor. In this case, the system operates at a working
frequency of 22.6 kHz. Based on the concept described above, a reactor has been designed specifically
for the treatment of supercritical CO:flow. This reactor can also be utilised to process a closed volume
of CO:z under high pressure, making it highly suitable for applications such as extraction, surface
cleaning and pasteurization.

4. Magnetostrictive Flow-Through Reactors for High-Temperature Liquid
Processing

It is well known that piezoelectric transducers are more efficient than magnetostrictive ones.
However, in certain situations, piezoelectric elements are unsuitable, such as in harsh environments
where the system must withstand shock loading or operate at high temperatures. The advantages of
magnetostrictive transducers are better mechanical properties, the technical simplicity of the cooling
system and higher power. In addition, magnetostrictive transducers have a wider frequency band.
With this consideration, a flow-through reactor has been designed for industrial uses. Oscillations
are transmitted into the tubular reactor by two magnetostrictive transducers placed on the opposite
sides of the reactor, forming a cross configuration. The magnetostrictive transducers are equipped
with a water-based cooling system, allowing the device to be integrated into industrial production
lines. If necessary, similar systems can be equipped with additional external cooling to meet specific
operational requirements. To maximise efficiency, the resonant frequencies of the transducers and
the waveguides were matched. We applied units that could achieve an amplitude exceeding 25 pm
[54]. The schematic of the device is shown in Figure 5.
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Figure 5. Construction of a tubular flow-through reactor powered by two magnetostrictive transducers: 1 —
Magnetostrictive transducers; 2 - Waveguides for translating longitudinal oscillations into radial oscillations; 3
— Tubular reactor; 4 — Electrical connections of the transducers; 5 — Cooling system inlets and outlets for the

transducers; 6 — Rubber rings to prevent acoustic contact between the system and external elements.

5. Hybrid Flow-Through Reactor for Initiating a Discharge Inside a Cavitation
Zone

Technological advancements, particularly in environmental protection, are increasingly focused
on integrating traditional methods to achieve synergistic effects. For example, promising new
technologies for treating contaminated water combine oxidation-based physical and chemical
processes. These include methods utilising the simultaneous action of UV radiation and oxidizers,
such as ozone and hydrogen peroxide, as well as various combinations of ozonation and cavitation.
Among the techniques for purifying aqueous solutions from organic pollutants, plasma-catalytic
processes are particularly noteworthy. It has been observed that when a discharge is generated within
a cavitation zone, it exhibits characteristics similar to those of a discharge in a gas [55]. The
dimensions and characteristics of this cavitation zone can be controlled by adjusting the design of the
emitters as well as the inlet and outlet pressures. By strategically placing electrodes within this zone,
a dynamic volumetric discharge can be initiated, resulting in several effects on the treated liquid,
including mechanical turbulence, cavitation hot spots, intense UV radiation, radical generation and
plasma-catalytic effects (Figure 6). This type of reactor has been successfully used in the degradation
of recalcitrant organic pollutants [56,57].
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Figure 6. Schematic representation of the hybrid HC-Plasma reactor and relevant components: 1. Reactor 2. Tank

3. Control panel 4. Chiller unit 5. Pump.

The comparison with other cavitation technologies could demonstrate the much higher
efficiency of the HC-Plasma reactor in the degradation of organic pollutants [58]. The industrial
interest to exploit the tremendous oxidative power of this hybrid technology prompted us to scale
up the reactor from 15 L/min to 50-60 L/min (Figure 7). The cross-sectional area of the big reactor tube
is 230 mm? (vs the 50 mma? of the small reactor).
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Figure 7. Schematic representation of the semi-industrial HC-plasma prototype.

6. Ultrasonic Reactors for Nanoparticle Coating of Textiles

Another relevant example of industrial application are the ultrasonic reactors designed for
coating fibres and textiles with nanoparticles suspended in a liquid must minimize the volume, and
the textile must be uniformly treated on both sides. The textile is guided around cylindrical emitters
in such a way that both sides of the textile pass over two emitters. These emitters generate an
ultrasonic field in the liquid, a model of which is shown in Figure 4.

As shown in Figure 8, there are several nodes in the acoustic field. To address this, the horizontal
position of the emitters on one side of the fabric was adjusted so that the pressure maxima of one
emitter aligned with the pressure node generated by the other emitter.

This reactor was used for the production of textiles with antibacterial properties [59]. They were
tested in a tropical climate and showed significant advantages compared to their non-coated
counterparts [60].

Surface: Sound pressure level (dB)
Total displacement (um)

emitters

freq(7)=19800

Figure 8. Multi-emitters flow-through ultrasonic reactor for textiles coating with metal oxide nanoparticles.

7. Conclusions and Perspectives

The present overview of recent literature, combined with our experience with various semi-
industrial applications of cavitation reactors, is intended to highlight the features required and
opportunities for the design of large-scale cavitation processes.

Hydrodynamic cavitation is advancing towards industrialisation in wastewater treatment, food
processing, and fuels. Rotational and vortex-type devices are often noted for their scale-up potential,
energy efficiency, and suitability for continuous operation [61]. Hybrid advanced oxidation processes
are the main approach for wastewater treatment. HC is combined with H202, Os, Fenton and
photocatalysis with several pilot and semi-industrial demonstrations [62].

Developments in acoustic cavitation reactors focus on emulsification, crystallisation, and food
processing [63], with emphasis on reactor metrics and scale-up criteria appropriate for industrial
adoption. Since years US is exploited in cleaning, material testing, enhancing chemical reactions and
extractions, as well as nanoparticles dispersion in functional fabrics.

Continuous biodiesel production using hydrodynamic cavitation reactors has been reported,
achieving specification-compliant FAME yields and reduced specific energy consumption,
demonstrating practical industrial relevance [64]. In a complementary way HC rotor/stator units have
been exploited for biomass pretreatments in biogas production [65,66].

All these technologies play an essential role in process intensification, contributing to improved
efficiency, product quality, and sustainability in several industrial sectors [67]. Given current trends,
a broader adoption of cavitation technologies in manufacturing processes appears highly promising.
An excellent comparison of acoustic and hydrodynamic cavitation on of crystallization, was recently
discussed by Flores and associates [68]. Excellent energy distribution throughout the reactor along
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with high processing capacity was observed in flow reactors with several transducers (ie.,
Prosonitron reactor). While for HC-assisted crystallization, there is a possibility of exploring different
reactor types, such as rotational HC reactors. The scale-up was supported by computational
simulations and laboratory scale experiments.

Based on our experience the hybridisation of cavitation reactors will lifts performances. The
combination with other energy sources such as microwaves or plasma will skyrocket the potential of
continuous-flow cavitational processes.
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