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ABSTRACT

Hydrodynamic cavitation is considered to be a promising technology for process intensification, due to its
high energy efficiency, cost-effective operation, ability to induce chemical reactions, and scale-up possi-
bilities. In the past decade, advancements have been made in the fundamental understanding of hydro-
dynamic cavitation and its main variables, which provide a basis for applications of hydrodynamic
cavitation in radical-induced chemical reaction processes. Here, we provide an extensive review of these
research efforts, including the fundamentals of hydrodynamic cavitation, the design of cavitation reac-
tors, cavitation-induced reaction enhancement, and relevant industrial applications. Two types of hydro-
dynamic cavitation reactors—namely, stationary and rotational—are compared. The design parameters of
a hydrodynamic cavitation reactor and reactor performance at the laboratory and pilot scales are dis-
cussed, and recommendations are made regarding optimal operation and geometric conditions. The com-
mercial cavitation reactors that are currently on the market are reviewed here for the first time. The
unique features of hydrodynamic cavitation have been widely applied to various chemical reactions, such
as oxidization reactions and wastewater treatment, and to physical processes, such as emulsion genera-
tion and component extraction. The roles of radicals and gas bubble implosion are also thoroughly

discussed.

© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The phenomenon of cavitation was first observed and studied
by Reynolds and Parsons, who examined a failure trial of a British
warship in 1885. They suggested that the propeller blade was dam-
aged as a result of an implosion of water vapor bubbles and named
the phenomenon *“cavitation.” This phenomenon is characterized
by the formation, growth, and collapse of bubbles. In the case of
the warship, the collapse of cavitating bubbles was accompanied
by a large amount of local energy, which caused the damage [1].
Lord Rayleigh then established the theoretical foundation for cav-
itation studies. Thereafter, researchers have performed extensive
studies to fundamentally understand the formation of cavitation
and the hydrodynamic behavior of cavitation bubbles. Most of
these studies focused on how to avoid cavitation, due to its detri-
mental effects. However, a further understanding of cavitation
encouraged researchers to explore possible approaches for making
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use of the energy released by cavitation. To date, cavitation phe-
nomena have been studied in many industrial processes, including
wastewater treatment [2], the food and beverage industry [3], and
biomedical applications [4].

The methodology used to generate cavitation is frequently used
to define the type of cavitation. Four main types of cavitation are
commonly defined: hydrodynamic, acoustic, optic, and particle
cavitation. The latter two types of cavitation were discovered
recently. Optic cavitation is generated by high-energy light, such
as a laser. When a liquid medium is irradiated with a light, the light
energy is absorbed and heats up the local liquid. If the local liquid
temperature goes beyond its boiling temperature, vapor cavities/
bubbles form, grow, and then collapse, in what is known as optic
cavitation. Elementary particles such as protons, neutrinos, and
photons can also be used to break down a liquid medium to pro-
duce cavitation, in what is often known as particle cavitation [5].
Both optic and particle cavitation are the consequence of a local
deposition of energy [6]. They are frequently employed in labora-
tory environments for fundamental studies on cavitation, since sin-
gle cavities or specially required cavities can be generated in this
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way |7]. Acoustic and hydrodynamic cavitation, on the other hand,
were first studied and widely applied in both academia and indus-
try, due to the ease of operating and generating the required inten-
sities for cavitation conditions. Like the discovery of cavitation in
hydraulic systems, acoustic cavitation came to researchers’ atten-
tion due to incidents involving an underwater sound projector in
the 1920s, when an unexpectedly shorter distance of sound trans-
mission and the frequent destruction of sound transducers were
observed [8]. Ultrasound with a frequency ranging from 20 kHz
to 1MHz propagates through a liquid medium, generating
mechanical vibration and negative local pressures, which result
in acoustic cavitation. The chemical effects of acoustic cavitation
were quickly recognized by chemists. This research has become
so prevalent that the entire field of “sonochemistry” is dedicated
to describing research on understanding the effect of ultrasound
in forming acoustic cavitation in liquids. However, the short wave-
length of ultrasound severely limits its transmission distance. This
inherent aspect of ultrasound results in the critical drawback of
low scalability, which hinders the application of acoustic cavitation
in large-scale commercial operations.

Hydrodynamic cavitation can be generated via pressure fluctu-
ations induced by varying the flow velocities of a liquid medium. It
is achieved either by the passage of liquid through a constriction in
a system, such as an orifice or venturi, or by the rotation of an
object within a liquid. Hydrodynamic cavitation bubbles have pat-
terns of behavior similar to those of acoustic cavitation bubbles [5].
Based on a numerical simulation, Moholkar et al. [9] suggested that
the intensity of sound waves in the case of acoustic cavitation and
the recovery pressure downstream in the case of hydrodynamic
cavitation are similar to each other; the frequency of the ultra-
sound and the pressure recovery rate are analogous to each other
as well. However, acoustic cavitation tends to generate highly
intense cavity collapse, while hydrodynamic cavitation can create
a large quantity of cavities with relatively low intensity [10]. With
similar cavitational outcomes to acoustic cavitation, hydrodynamic
cavitation features key advantages, including easy scale-up, low
capital cost, and high efficiency. Therefore, hydrodynamic cavita-
tion is a promising alternative to acoustic cavitation [5] and has
been applied in various commercial settings for process intensifi-
cation [11]. There has been an exponential increase in research
efforts in hydrodynamic cavitation since 2000 (Fig. 1). Among
these publications, five different categories can be observed: theo-
retical/experimental studies, the utilization/production of biomass,
wastewater treatment, process intensification/reaction optimiza-
tion, and medical/nanotechnology.

There are many excellent review articles that cover the hydro-
dynamics of cavitation bubbles, as well as the application of
cavitation in wastewater treatment, biochemical engineering,
renewable energy, the food industry, and so forth [3]. In addition
to presenting recent research developments in hydrodynamic
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cavitation, the present article reviews hydrodynamic cavitation
reactors (HCRs; including commercial cavitating reactors),
radical-induced chemical processes, and scaled-up processes for
the first time.

2. Mechanism of hydrodynamic cavitation

Cavitation bubbles (i.e., cavities) generally appear as the local
pressure decreases to below the liquid vapor pressure. Bernoulli’s
principle provides a guideline for achieving pressure reduction in
a flow system. Variations in the liquid velocity and pressure distri-
bution in a flow field are described in Eq. (1). A constriction is fre-
quently used in the passage of a fluid to increase the fluid velocity,
which in turn induces a pressure reduction at the constriction.
Venturi tubes and spray nozzles are common examples.

(1)

where p is the density of the fluid, p; and p, denote the pressures at
two points (usually, upstream and downstream, respectively) in a
flowing system, and v; and ¢, are their corresponding fluid veloci-
ties, as shown in Fig. 2. The liquid velocity in the tube increases
at the expense of pressure. At the throat of the system, the liquid
reaches its highest velocity (7,) where the pressure (p,) drops to
its lowest value.

Vapor bubbles are assumed to form when the local pressure
drops below the vapor pressure of the liquid at the given temper-
ature [12]. If p, becomes lower than the vapor pressure of the lig-
uid, vapor bubbles may appear. At a point downstream of the
constriction, a sudden pressure recovery occurs simultaneously
with the collapse of the bubbles, where a significant amount of
energy is released [1]. The lower the throat pressure, the more sev-
ere the cavitation, and the more intense the energy discharged. It is
crucial to predict the inception of cavitation since it not only plays
an important role in the explanation of cavitation physics but also
helps in studying the flow patterns during the hydrodynamic cav-
itation process and in designing cavitation devices.

1 1
P +5 PV =Py +5 P05

2.1. Inception of cavitation

Cavitation inception defines the initiation of a cavitation phe-
nomenon. Either for avoiding the formation of cavitation or for
making good use of cavitation, cavitation inception is a key param-
eter in predicting the hydrodynamics of a liquid flow. It is a com-
plex subject that depends on a wide range of factors, including
seeding nuclei, fluid velocity and physical properties, and system
pressure. Although extensive research efforts have been made, cav-
itation inception is still far from being completely understood at
the present time. Thoma [13] was the first to suggest an index of
cavitation (o) to describe cavitation:
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Fig. 1. Publications on hydrodynamic cavitation from 1940 to 2021.
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PV,

Fig. 2. A graphic illustration of hydrodynamic cavitation.

Ds —Pv

g = Ap

(2)

where ps is the suction pressure of the pump, py is the vapor pres-
sure of the liquid corresponding to its temperature, and Ap is the
pressure rise obtained from suction to discharge at the best effi-
ciency point of the pump.

This parameter was first suggested for use with pumps but had
the disadvantage that variations in parameters occur from pump to
pump. In an investigation of an open liquid flowing over a sub-
merged object, Plesset [14] proposed a cavitation parameter, K,
to qualitatively correlate flow patterns. When K is small, the cavi-
tating flow pattern can be established.

K=Po—P (3)

2PV
where p, is the static pressure, and v, is the uniform flow velocity at
a distance from the body.

The cavitation parameter, which is now known as “cavitation
number” in the current literature, is an important parameter in
characterizing cavitation flow. In an open water system, every flow
has a cavitation number, and increasing the fluid velocity results in
a decrease in the cavitation number. Cavitation inception is charac-
terized by a cavitation cloud. According to Eq. (3), for a specific liq-
uid, both static pressure and liquid velocity are parameters that
influence the cavitation number. This dimensionless number has
also been applied to closed systems such as orifices and venturi,
where the pressures and liquid velocities need to be specified (a
detailed discussion is provided below). A lower value of cavitation
number results in a higher probability of cavitation occurrence or
in an increase in the magnitude of cavitation [15]. Bagal and
Gogate [16] claimed that cavitation occurs when the cavitation
number is dropped to about 1, and that the best cavitation perfor-
mance is obtained at a cavitation number ranging from 0.1 to 1.0.
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Cavitation inception is a complex phenomenon and is associ-
ated with many characteristics, among which cavitation nuclei is
the most important. Cavitation nuclei can be considered as weak
spots in a liquid, which may contain a mixture of vapor and non-
condensable gases. They facilitate the development of cavitation
by reducing the minimum required tensile strength of the liquid.
(A detailed discussion is provided in the following section.) The
dynamics of bubbles are complex and are associated with a variety
of factors, including surface tension, viscous effects, and non-
condensable content.

Not surprisingly, it is impossible for cavitation number to
account for all the complexities; thus, it alone is insufficient to
determine the conditions for cavitation inception, because it is
highly dependent on other physical properties. Sarc et al. [12]
observed that cavitation inception can be affected by several fac-
tors, such as constriction geometry, medium temperature, and
the density and sizes of cavitation nuclei. Yan and Thorpe [17]
reported a similar observation—namely, that the cavitation num-
ber is highly associated with the geometry. They further stated that
the cavitation inception number varies between 1.7 and 2.4 for an
orifice-to-pipe diameter ratio ranging from 0.4 to 0.8. Cioncolini
et al. [18] suggested that micro-orifices could have much a lower
cavitation number at the inception. Table 1 [17-21] summarizes
the cavitation inception numbers reported in the literature. It can
be seen that the cavitation number marking the inception of cavi-
tation can greatly vary from well below 1 to more than 3, depend-
ing on the operational conditions, geometry, nuclei, and so forth.
Thus far, accurate prediction of cavitation inception is still a diffi-
cult task. Current understanding of the inception of cavitation still
heavily relies on experimental observation.

Eq. (3) was first developed to determine a cavitation number
based on the tests performed in an open water system, which pri-
marily characterized the cavitating flow occurring in open systems,
such as hydrofoils. This dimensionless parameter has also been
widely applied to orifices or venturis of closed systems where (par-
tial) choking of the flow is expected to occur. Confusion arose when
Eq. (3) was applied to a closed system. On the one hand, cavitation
number itself is insufficient to illustrate the detailed situation
inside a hydraulic system, as it is highly dependent on the system’s
own properties, such as operating conditions, designed structures,
and so forth. On the other hand, there are a few pressures and
velocities at various locations that are relevant to the constriction
in an orifice/venturis system. Sarc et al. [12] conducted a test and
calculated the cavitation number using various combinations of
the pressure and velocities. For the same trials, by applying the
pressures and velocities measured at different locations of the

Table 1
Cavitation numbers for the inception of cavitation.
Parameters used Cavitating device  Device details Cavitation number Ref.
Downstream Multiple orifice Orifice diameter of 3 mm, pipe Cavitation inception number varies between 1.7 and 2.4 for orifice to pipe  [17]
pressure, diameter of 3.78 cm diameter ratio from 0.4 to 0.8
orifice velocity
Downstream Multiple orifice Orifices with diameter of 0.15 and 0.30  Cavitation inception number varies around 0.3, 0.7, and 1.1 for three orifices [18]
pressure, mm and thickness of 1.04, 1.06, and
orifice velocity 1.93 mm
Outlet static Modeling - Cavitation inception number varies from 0.36 to 1.00 [19]
pressure, inlet
flow velocity
Outlet static Venturi tube Throat diameter of 10 mm, convergent Development tendency of cavity occurs at cavitation number around 0.51,  [20]
pressure, angle of 45°, divergent angle of 12° cavitation inception number of 0.99, cavitation number independent of inlet
throat velocity pressures
Reference Microfluidic Hydraulic diameters of 75.0, 66.6, and  Different upstream pressures up to 900 psi (6.2 MPa) are applied, cavitation [21]
pressure, devices with 50.0 um and length of 2 mm, number ranges between 2.025 and 0.720, cavitation inception ranges
reference rough surfaces roughness of 5 um between 0.925 and 3.266
velocity
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testing system, they found that the value of the cavitation number
varied roughly between 1.2 and 168.0. In the literature, inconsis-
tences have also been observed. Some research groups have directly
applied the downstream pressure and velocity (that is at a distance
from the cavitation spot) to estimate the cavitation number. Instead
of the downstream pressure and velocity, other research groups
have employed the pressure and velocity at the constriction in order
to take the choking of the flow into account. Ambient pressure,
upstream pressure, and velocity have also been reported as being
used in the determination of cavitation number. Table 2 [22-30]
provides a summary of cavitation numbers obtained by employing
different pressures and velocities. The selection of pressure and
velocity can greatly influence the numerical estimation of the
cavitation number and further affects the determination of
cavitation inception. Thus, the definition of cavitation number
needs to be refined when it is applied to a closed system. Further
research on the theoretical understanding and characterization of
cavitation in closed systems, including reactors, is in high demand.

2.2. Cavitation nuclei

Liquid vaporization tends to occur at free surfaces, such as gas
bubbles and solid particles, which are known to be the source of
cavitation formation and are called “cavitation nuclei.” Nucleation
is the accumulation of gas molecules to form micron-sized bubbles.
For a pure liquid that is free of preexisting nuclei, its nucleation can
only be realized through separation of the liquid molecules, at
which point new phases are created. This is termed homogeneous
nucleation. Using pure deionized water at 20 °C as an example,
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water (seawater) and in tap water due to the presence of gas bub-
bles. The tensile strength of such waters is typically well below
1 bar (0.1 MPa) [32]. This finding indicated that nuclei play a key
role in the formation of cavitation.

When inhomogeneities preexist in liquid to serve as nuclei,
heterogeneous nucleation takes place. In practice, heterogeneous
nucleation most likely dominates the formation of cavitation.
Two distinct types of nuclei have been studied in the literature:
free-stream nuclei, which freely float in liquid media; and surface
nuclei, which are attached to a surface or a wall (Fig. 3) [33]. Sur-
face nuclei are also known as Harvey nuclei, and can only be
formed when two criteria are met: (D The surface to which the
nuclei are attached should be hydrophobic. Nuclei on hydrophilic
surfaces are unstable unless they are covered by organic skins.
@ Gaps with conical shapes acting as an active site for gas nucle-
ation should exist [33]. Harvey nuclei frequently exist in porous
particles and are attached to jagged particles when particles are
floated in liquid. When the pressure falls below the threshold pres-
sure, rapid growth of surface nuclei is observed. It is said that the
onset of cavitation is mainly associated with free-stream nuclei,
and surface nuclei only play a minor role [33].

Free-stream nuclei are non-condensable gas bubbles entrapped
in liquid. Due to the concentration gradient of the gaseous compo-
nents in the liquid media, mass is expected to diffuse from the bub-
ble surface to the bulk liquid. The equilibrium of a gas bubble in
liquid is limited by the quasi-static stable balance of the far-field
pressure and the Laplace pressure with the gas and vapor pressures
inside the bubble.

cavitation cannot be initiated until the local tensile strength is as (4)
low as —60 MPa [31]. However, cavitation is well observed in open
Table 2
Determination of cavitation number using various pressures and velocities.
Parameters used Cavitating device Device details Findings Ref.
Downstream Multiple orifice Orifices with diameter varies from 2 to 22 mm, Cavitation number ranges from 0.09 to 0.99, optimum [22]
pressure, orifice pipe diameter of 26.64 mm cavitation number is 0.13
velocity
Downstream Venturi tube Orifice diameter of 2 mm, outlet angle of 6.4° Cavitation number ranges from 0.09 to 0.45, with fluid [23]
pressure, orifice velocity from 46.62 to 20.78 m-s™"
velocity
Downstream Venturi tube Throat diameter of 1.2 mm, tube diameter of 3.6  Pressure ranges from 0.1 to 0.6 MPa, with peak cavitation [24]
pressure, orifice mm number of 0.4
velocity
Downstream Multiple orifice and Orifices with diameter of 2 and 3 mm, throat Cavitation number ranges from 0.11 to 0.57 with operating [25]
pressure, orifice  venturi tube diameter of 2 mm pressure from 5 to 15 bar, optimum cavitation number in
velocity the range of 0.17-0.20
Downstream Re-entrant jet - Cavitation number varies from 0.7 to 1.2 [26]
pressure, jet
velocity
Ambient pressure,  Sharp-edged orifices Orifice diameter of 2 mm, pressure between 0.02 Cavitation number obtained from 0.4 to 2.0 [27]

average orifice and 1.50 MPa

velocity

Upstream pressure,

flow velocity

Inlet pressure,
impeller
velocity

Characteristic
pressure,
characteristic
velocity

Two-dimensional
hydrofoil with circular
leading edge

Impeller

NACA 16-020 foil

50.0 mm wide, 107.9 mm long, and 16.0 mm
thick symmetric hydrofoil with circular leading
edge and parallel walls

Cavitation number ranges from 2.0 to 2.5 [28]
Cavitation number ranges from 0.0138 to 0.2112 [29]
Cavitation number ranges between 0.69 and 2.02 for water [30]

quality tests, 0.40-0.96 for velocity scale tests

NACA: National Advisory Committee for Aeronautics.

1 bar=10° Pa.
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Stabilisation with skins that
impede diffusion (organic
material or surfactants).

Skin

Equilibrium
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Surface nuclei in hydrophobic
crevices stabilised by surface
tension. Rapid growth of
surface nuclei when pressure
falls below threshold pressure.

Hydrophobic

Overcome of nucleation energy
barrier and nucleation within
the liquid bulk or at surfaces
due to thermal motion of gas
molecules. Need of high
supersaturations.

o O

TN T

¢>100
(c)

)\

Non-equilibrium

Bubble production in super-
saturated liquid as time
periodic process.

Hydrophilic or
m @ hydrophobic

J

<c

g¢=(clc,)-1<10
(d)

Fig. 3. Graphical illustration of two different types of nuclei. (a) Free bubbles; (b) Harvey nuclei; (c) classical nucleation; (d) diffusion-driven nucleation. cy: local saturation
concentration at the surface nucleus; c..: the concentration of gas in the liquid; {: the supersaturation of the liquid; m: the mass flux of gas that diffuses into the surface

nucleus; U: typical velocity. Reproduced from Ref. [33].

where S is the surface tension and d is a function of bubble diame-
ter; p. and p are the size-dependent critical pressure and ambient
pressure, respectively [34]. This equation indicates that gas bubbles
become unstable when the pressure drops below the critical pres-
sure p.. Although microbubbles are likely to be thermodynamically
unstable due to gas diffusion, it is a fact that microbubble nuclei and
their long-term stability are frequently observed in both natural
and laboratory environments. Thus, the nuclei must be stabilized
one way or another [35]. Khoo et al. [34] have claimed that the crit-
ical pressure, p, is well below vapor pressure when microbubbles
are smaller than a 100 um diameter. When gas bubbles were
reduced to a few microns, Khoo et al. [34] found that the required
pc was dropped to several atmospheres of tension, and they con-
firmed that microbubbles could stably exist in water. Hsiao and
Chahine [36] applied a Reynolds-averaged Navier-Stokes (RANS)
solver to simulate bubble nuclei populations and confirmed the
important role of gas diffusion in the dynamics of microbubbles.
The average bubble size almost doubles, from 60 to 100 pm, when
gas diffusion is considered. By introducing free gas bubbles that
serve as cavitation nuclei, Tandiono et al. [37] obtained intense cav-
itation events even before the liquid flow dropped below its vapor
pressure. These phenomena were recorded using a high-speed cam-
era. The imploding cavitation bubbles were triggered by free gas
bubbles introduced into the liquid moving toward the constriction.
The microbubbles observed were in the range of hundreds of
microns.

Bubble nuclei concentrations and critical pressures have been
observed to be inversely correlated with system pressure but to
increase with an increase in the saturation level of the dissolved
gas. Russell et al. [38] demonstrated that the population and size
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distribution of nuclei are strongly associated with the pressure of
the test section. Increasing pressure leads to a reduction in the
number of bubble nuclei. A similar result was observed by Pascal
et al. [39], who used acoustic measurement technology. When
the system pressure was in a negative pressure range, it was
observed that a reduction of pressure led to a decreased number
density of large nuclei (nucleus radius (R) >10 pm) and an
increased number density of small nuclei (R <10 pm) [40].

The effects of gas saturation were reported by Shah et al. [8],
who claimed that increasing gas solubility promoted the number
of cavitation nuclei and lowered the cavitation threshold. Similar
results were obtained by Hemmingsen [41], who further stated
that the impact on cavitational effects became less important when
the gas solubility was very high. Venning et al. [42] confirmed the
above statements by using a cavitation susceptibility meter (CSM)
measurement. The nuclei size distributions were studied in an air-
water system in cavitation tunnels under laboratory conditions.
The researchers noticed that the quantity of bubble nuclei remark-
ably increased with the concentration of dissolved gas when the
water was oversaturated. However, the impact was significantly
weakened when the water was not saturated with dissolved gas.
This result suggests that gaseous diffusion plays a role in
microbubble population dynamics.

In contrast to the microbubbles discussed above, “nanobubbles”
are bubbles with a diameter of less than 1 pm. As mentioned in the
last section, a gas bubble is stabilized based on the pressure bal-
ance inside and outside of the bubble. The Epstein-Plesset theory
predicts that the pressures can be balanced in a saturated liquid
under very narrow circumstances so that nanobubbles are unlikely
to survive for any significant amount of time under uncontrolled
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circumstances. The lifetime of nanobubbles (radius <1000 nm), as
predicted by the Epstein-Plesset theory, is less than 0.02 s; thus,
bubbles should dissolve and disappear quickly. The skin stabiliza-
tion theory proposed by Fox and Herzfeld [35] provides a basis for
the development of stabilized nanobubbles. The theory states that
an organic skin (generated by a surfactant or other organic chem-
icals) covering a bubble surface terminates or slows down the gas
diffusion between gas bubbles and liquid media, and thereby slows
bubble collapse. An early direct observation of bulk nanobubbles
(less than 1 um) was reported by Johnson and Cooke [43]. Atten-
tion has been given to nanobubbles with the development of
nanotechnology. A variety of techniques have been applied to
generate stable nanobubbles, whose physical properties and
concentrations have been carefully studied. By depressurizing
pre-air-saturated deionized water, Calgaroto et al. [44] generated
highly loaded nanobubbles that remained stable for 2 weeks.
Etchepare et al. [45] used a centrifugal multiphase pump (CMP)
and a cavitation zone to generate concentrated nanosized air bub-
bles in aqueous solutions. This work demonstrated the likelihood
of highly stable nanobubbles being present in aqueous solutions.
Aside from air, gases such as N,, CH,, and Ar have also been used
to produce nanobubbles in water. Such bubbles are extremely
dense, with a density as high as 10'> bubbles per milliliter, and
long lived, lasting for up to 2 weeks [46]. Fig. 4 [46] shows a
scanning electron micrograph of nanobubbles with an average size
of 50 nm in an aqueous solution. Stable nanobubbles were also
observed in organic solvents [47].

On the current market, there are commercially available devices
that can generate stable nanobubbles. Azevedo et al. [48] reported
that a high concentration of nanobubbles (6.4 x 108 bubbles per
milliliter) was generated by the patented sparger CavTube, which
creates nanobubbles via an abrupt contraction and expansion of
a water-and-air mixture. Fig. 5 [48] shows an image of air
nanobubbles in dilute methylene blue distilled water, recorded
using an optical microscope with backlight and an objective mag-
nification of 1000 times.

Nanobubbles have attracted a great deal of wide-ranging inter-
est in the fields of science and technology. Flotation is widely used
in the mining industry, and nanobubbles have been extensively
studied in the separation of fine particles. Nanobubbles tend to
attach to fine powders, resulting in particle aggregation and allow-
ing fines to be recovered in the froth flotation process [49].
Nanobubbles also have numerous potential applications in the
food industry, ranging from beverages and baked products to fro-

Fig. 4. Nitrogen nanobubbles in an aqueous solution. Reproduced from Ref. [46]
with permission.
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Fig. 5. An image of nanosized air bubbles in water. Reproduced from Ref. [48] with
permission.

zen food [50]. For example, introducing nanobubbles to a food sys-
tem can effectively enhance the freezing rate and reduce the total
freezing time, since nanobubbles provide huge amounts of nuclei
for the formation of ice crystals. The effective application of
nanobubbles has also been studied in the agricultural sector.
Michailidi et al. [51] reported that nanobubbles can enhance plant
growth. Tomato plants were watered using tap water and water
saturated with nanobubbles of air, oxygen gas, and nitrogen gas,
respectively. The researchers found that the tomato weight
increased by 25.5%, 32.7%, and 58% for air-, oxygen-, and
nitrogen-enhanced nanobubble water, in comparison with tap
water. In recent decades, nanobubbles have also been studied as
an effective tool in biomedical applications [52]. Zhou et al. [53]
reported a novel technique to synthesize stable protein-shelled
nanobubbles for diagnostics and nuclei acid delivery. Nanobubbles
ranging in size from 400 to 700 nm can enhance the loading capac-
ity of oligonucleotides by up to 1.6 x 10> DNA molecules per
nanobubble. Other potential applications of nanobubbles include
wastewater treatment, water purification, and surface cleaning
[51,54].

This documented evidence has confirmed that nanobubbles
(either of air or of other types of gases) can survive in water and
organic solutions for a significant period of time without an
organic ‘“skin”—phenomena that are difficult to interpret using
either the Epstein-Plesset theory or that of Fox and Herzfeld. A
number of explanations have been proposed. For example, gas sat-
uration and interactions between highly concentrated nanobub-
bles have been considered. This explanation is limited to
extremely high concentrations of gas bubbles [55]. The dynamic
equilibrium model [56] explains the stability of nanobubbles
attached on solid particles but becomes invalid for systems that
contain no solid particles. To date, the explanations that have been
proposed may be rational only for individual situations. A widely
acceptable theory has not been identified for the interpretation
and prediction of the long-term stability of nanobubbles under dif-
ferent conditions [57].

2.3. Cavitation-influencing factors

2.3.1. Temperature

Fluid temperature is a determining factor that influences nuclei
formation and cavitation events in many cases, including chemical
reactions, hot fluid injection, and cryogenic cavitation. Theoreti-
cally, temperature functions distinctly in a cavitating flow. On
the one hand, increasing the temperature at the same ambient
pressure promotes liquid vaporization, resulting in a greater apti-
tude to cavitate; on the other hand, it demotes the cavitation phe-
nomena because of reduced vapor pressures within the gas
bubbles. The latent heat of evaporation of the liquid lowers the
temperature around the bubbles and therefore decreases the vapor
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pressure within the bubbles. It is worth noting that increasing the
temperature generally reduces gas solubility in a liquid medium, so
the number of cavitation nuclei, which is the crucial factor in cav-
itation initiation, is reduced. This leads to a higher threshold for
cavitation initiation. Extensive research on the effects of tempera-
ture on cavitation were performed in the last century, and it has
been widely accepted that increasing the temperature increases
the cavitation number, delays cavitation inception, and lowers cav-
itation intensity [58]. Recent studies have confirmed the negative
impact of the thermal effect on cavitation nuclei. Niemczewski
[59] observed that the cavitation intensity increased with decreas-
ing temperature in water that was chemically deoxidized and
weakened as the temperature rises. Similar results were reported
by Torre et al. [60], who claimed that thermal effects are inversely
associated with cavitation intensity. This conclusion was derived
from the degradation performance being worsened with tempera-
ture. Li et al. [61] used dissolved oxygen and nitrogen as cavitation
nuclei to study the tensile strength of water and concluded that a
higher gas concentration results in a higher cavitation probability.
The fact that the solubility of both oxygen and nitrogen decreases
significantly at elevated temperatures is responsible for a lower
cavitation probability. De Giorgi et al. [62] observed that tempera-
ture has a mixed effect. In the 293-333 K range, increasing the
temperature led to a higher cavitation number; however, beyond
this range, further increasing the temperature to 348 K resulted
in a decrease in the cavitation number, provoking the start of
cavitation.

2.3.2. Pressure

Pressure is an important variable that can influence the incep-
tion of cavitation. Since vapor pressure and downstream pressure
are frequently used to calculate the cavitation number of a flow,
investigating the inlet pressure may be worthwhile. Despite its
simplicity in measurement and in control, attention was not given

0

5 10 15 20 25mm

Engineering 19 (2022) 180-198

to the influence of inlet pressure on cavitation until the last two
decades. Soyama [24] studied the influence of upstream and down-
stream pressures on cavitation intensity using a venturi tube with
water as the liquid medium. He observed that, when the down-
stream pressure was kept constant, the cavitation region increased
monotonously with increasing upstream pressure, as visualized in
Fig. 6 [24]. When the upstream pressure was kept constant, cavita-
tion developed, and the intensity increased quickly with decreas-
ing downstream pressure.

Joshi and Gogate [63] demonstrated that dichlorvos hydrody-
namic cavitation degraded faster when the inlet pressure was
increased. Their results indicated that increasing the inlet pressure
led to an increase in both the downstream pressure and the rate of
pressure recovery. Kumar and Pandit [64] reported severe turbu-
lent downstream flow and violent cavity collapse at higher inlet
pressures, which they attributed to the large pressure drop across
the orifice induced by high inlet pressure. When studying a regu-
lating valve, Liu et al. [65] found that both the cavitation zone
and the intensity increased with inlet pressure. The enhanced cav-
itation phenomena caused by higher inlet pressure have been fur-
ther investigated by means of numerical simulation [66]. If the
inlet pressure fluctuates following a sine wave, the cavitation pro-
cess and flow structure fluctuate accordingly. The amplitude and
frequency of the fluctuation have a great influence on the cavita-
tion. There is an optimal frequency suppressing the occurrence of
cavitation. However, inlet pressure corresponds to system pres-
sure. Increased system pressure can have a negative effect on the
generation and intensity of cavitation.

2.3.3. Physical properties of a liquid medium

The physical properties of a liquid medium include volatility
and viscosity. There have been contradictory reports on the effects
of the volatility of a liquid medium. Tasdemir et al. [67] observed
that volatile solvents can be efficiently removed from wastewater
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p, =0.40 MPa

Fig. 6. Cavitation varies with upstream and downstream pressures. Aspects changing with (a) downstream pressure p, (p; = 0.6 MPa) and (b) upstream pressure p; (p,=0.1

MPa). Reproduced from Ref. [24].
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(98.4%) by an HCR, even in the absence of aeration. The evaporated
vapor in a liquid medium usually acts as nuclei to enhance cavita-
tion [34]. On the other hand, easy evaporation of highly volatile liq-
uid may result in difficulty in preventing the vapor from escaping
the liquid phase, so that a smaller number of cavities can be main-
tained in the liquid phase [68]. Bebchuk et al. [69] studied the
metal erosion caused by the impact of cavitation and concluded
that cavitation could be promoted only when the liquid vapor pres-
sure ranged from 35 to 80 mmHg (4.66-10.66 kPa) for liquids such
as water and ethanol. This finding suggests that an optimal vapor
pressure—and thus an optimal volatility of a liquid—exists for pro-
moting cavitation.

Liquid viscosity can influence the formation and collapse of cav-
itation bubbles. Although liquids with higher viscosity, such as oils
or monomers, are common in various industrial applications,
research on the effects of viscosity on the cavitation process
remains scarce, especially in terms of experimental studies on cav-
itation. Surprisingly, almost all relevant work has only been con-
ducted at the theoretical level [70]. These results suggest that a
liquid must overcome its internal forces to produce cavities, so that
any increase in these forces will lead to an increase in the energy
required to initiate cavitation. Experimental observations have
confirmed this suggestion [71,72]. A more viscous liquid requires
more energy to entrap air bubbles as nuclei; therefore, high viscos-
ity tends to retard the evolutionary process of cavitation bubbles.
The effects exerted by liquid viscosity on cavitation are not as sig-
nificant as those exerted by temperature and pressure. Arndt [73]
stated that the variation in cavity collapse pressure is not signifi-
cant with increasing viscosity. Later, Nazari-Mahroo et al. [74] con-
firmed that the bulk viscosity has a minor effect on the cavitation
dynamics, based on the study of a single cavitation bubble. How-
ever, the relationship between viscosity and cavitation intensity
is still unclear due to the lack of experimental studies.

3. Cavitation-induced reaction enhancement

Bubble collapse in the process of cavitation releases a large
amount of energy, accompanied by extremely high local tempera-
tures and pressures [75]. The recorded spectrum of sonolumines-
cence suggests a temperature of 5000 K due to bubble collapse
[76]. Qin and Alehossein [77] suggested that the maximum tem-
perature could be dramatically increased with the size of bubbles.
These extreme local conditions also generate chemically active free
radicals (OH., H.), ultraviolet (UV) radiation, strong local turbu-
lence, microjets, and shock waves of a few thousand atmospheric
pressures—special features that are anticipated to significantly
enhance mass and heat transfer, as well as chemical reactions.
Hydrodynamic cavitation has been applied to various chemical
and biochemical processes and environmental applications.

3.1. Cavitation-enhanced heat transfer

It is well known that the collapsing bubbles in hydrodynamic
cavitation generate hot spots and violent turbulence. These phe-
nomena have encouraged researchers to explore the applications
of cavitating flow by directly harvesting the thermal energy and/
or enhancing the rate of heat transfer. Russian scientists have made
efforts to develop hydraulic heat generators to directly collect the
heat generated by hydrodynamic cavitation. Zaporozhets et al. [ 78]
reported experimental results on the vortex and cavitation nonuni-
form flows occurring in a hydraulic heat generator and demon-
strated that the heating efficiency decreases with increasing
liquid temperature due to the growing saturation vapor pressure.
A cavitation heat generator model was later tested by Little [79],
who reported the achievement of 80% efficiency. Pyun et al. [80]
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continued the study of cavitation-based heaters and reported a
cavitation heat generator in which cavitation bubbles were pro-
duced by rotating a disk at high velocity. The generation of heat
energy and thermal efficiency were evaluated against several vari-
ables, including inlet pressure, rotational velocity, and inlet veloc-
ity. The researchers reported a heat efficiency of up to 94%. Later,
the same research group applied a similar device to disinfect water
[81]. Their results showed that 48.15 MJ-h~! of heat could be gen-
erated, and a thermal efficiency of 82.18% was achieved. The gen-
erated heat was directly used to heat water up to 61.9 °C so that
Escherichia coli (E. coli) in the water was successfully destroyed.

Aside from making use of the heat generated by cavitation bub-
bles, a considerable amount of research has been done to under-
stand the role of collapsing bubbles in enhancing the rate of heat
transfer [82]. Special attention has been given to the effects of
acoustic cavitation on heat transfer. Relatively few studies have
focused on hydrodynamic cavitation-enhanced heat transfer.
Given the limited documentation, the effects of hydrodynamic cav-
itation on heat transfer mechanisms have primarily been studied
in microchannel systems. It has been found that the turbulence
flow and microjets caused by cavitation play a key role in enhanc-
ing the rate of heat transfer, both within the system and from the
wall to the system. Schneider et al. [83] experimentally studied the
forced convection heat transfer induced by hydrodynamic cavita-
tion in silicon channels, with deionized water as the liquid med-
ium. They concluded that convective heat transfer was the
dominant heat transfer mechanism. The intensity of cavitation is
a positive factor in influencing the rate of heat transfer. The maxi-
mum heat transfer coefficient has been observed to increase by
67% due to the presence of the cavitation phenomenon. As deion-
ized water was replaced by refrigerant fluid R-123, an increase in
the rate of heat transfer of as high as 84% was achieved [84,85].
Cavitation-promoted heat transfer was further observed by
another research using R-134a refrigerant fluid as the flow med-
ium [86]. It was demonstrated that a heat transfer coefficient as
high as 100 kW-(m?-K)~! was achieved as the micro-orifice-
induced hydrodynamic cavitation was presented in the proposed
heat exchanger. This result doubled the highest value recorded in
previously published studies [87]. Although most research in the
literature has employed narrow orifices to induce hydrodynamic
cavitation, some studies reported using a converging-diverging
nozzle to induce hydrodynamic cavitation. Again, with R-134a
refrigerant fluid as the flow medium, a heat transfer coefficient
of up to 285 kW-(m?-K) ! was observed in the proposed system
[88].

In addition to experimental investigations, numerical studies
such as computational fluid dynamics (CFD) have been carried
out to understand the behavior of cavitation bubble collapse
and its effect on heat transfer. Applying the volume of fluid
(VOF) model and FLUENT commercial software, Liu et al. [89]
studied the dynamic behavior of the cavitation bubble profile
while considering wall effects in a microchannel system. Wall
effects can be significant in a microchannel system due to the
small scale. The simulated results indicated that heat transfer
can be either enhanced or decreased depending on the energy
of the generated microjets and the position of the cavitation
bubbles with respect to the wall of the microchannel. An
optimum initial bubble radius was identified for maximum heat
transfer enhancement. To maximize the effects of cavitation on
heat transfer, it is preferable for the bubbles to be positioned in
the center between two parallel walls. The same research group
recently proposed a three-dimensional (3D) numerical model to
predict the interaction between two cavitating bubbles in a
heated tube and its effect on heat transfer [90]. They confirmed
that the microjets generated during bubble collapse play a key
role in enhancing heat transfer.
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3.2. Cavitation-enhanced mass transfer

As mentioned in the Section 2.1 of inception of cavitation, many
physical and chemical effects are generated along with cavitation,
and the mechanical effects produced during the process will
reduce the resistance to mass transfer, as cavitational effects
enhance the contact between gases and liquids by increasing the
interfacial area. Cavitation also results in the generation of local
turbulence and liquid micro-circulation within the medium,
enhancing transport process rates [91-93]. To determine how
hydrodynamic cavitation improves mass transport, many experi-
ments have been done and several common evaluation standards
have been used, including reaction rates, process yield, and local
mass transfer coefficient.

Bubbles will be generated when the orifice pressure is reduced
to a point lower than the liquid vapor pressure, and the mass trans-
port is enhanced by these bubbles. The presence of microbubbles
not only extends the surface area of interaction significantly but
also creates a concentration gradient within mixed liquids and
therefore maximizes the process output. Plesset and Prosperetti
[94] stated that mass diffusion mostly takes place at the bubble-
liquid interface, and it plays an important role in the behavior of
gas bubbles, as the behavior can eventually determine the exis-
tence or absence of bubbles in a liquid. As for the bubble itself,
mass diffusion and the radius of the bubble are related due to
the following effects:

o Concentration effect. When a bubble expands, the concen-
tration of the gas trapped within the bubble decreases and
gas diffuses into the bubble; likewise, when a bubble shrinks,
the concentration of the gas trapped inside increases, and the
gas diffuses from the interior of the bubble.

o Shell effect. Since the rate of diffusion of a gas to a liquid is
directly proportional to the concentration gradient of the dis-
solved gas, as the bubble contracts, the gas concentration
outside the bubble wall decreases; therefore, the rate of gas
diffusion away from the bubble is greater than equilibrium.
Similarly, when a bubble expands, the gas content near the
bubble wall is increased, and the diffusion rate toward the
inside is greater than normal. Such convection has the net
effect of improving the mass diffusion.

Cavitation bubble behavior has two main aspects: The first
aspect is the oscillation amplitude of the bubble, which is mirrored
by the magnitude of the resulting cavity collapse pressure. The sec-
ond is the duration of the bubble, which is expressed in the distance
traveled and thus the expansion of the cavitational impact zone
from its source. Those two aspects are both highly related to the
mass transfer that occurs during the hydrodynamic cavitation pro-
cess. Moreover, Peng et al. [95] found that, due to the lowered pres-
sure within the bubble, water vaporization occurs on the bubble
wall during the expansion process. On the other hand, in the course
of bubble collapse, the vapor may condense back into the liquid
phase and be released out of the bubble. Due to the unbalanced con-
centration within and outside the bubble, the amount of non-
condensable gases also varies because of mass transfer.

A great deal of research has been done to demonstrate the effec-
tiveness of cavitation on improving the mass diffusion processes.
Karamah et al. [96] used both acoustic and hydrodynamic cavita-
tion to enhance the ozone mass transfer coefficient, which is a
mathematical model proposed by Zhang et al. [97] and applied
classic unsteady state methods. They found that the coefficient
for hydrodynamic cavitation was around 1.6 times higher due to
the increase in the mass transfer area as a result of the formation
of bubbles; also, the enhancement obtained from mechanical
effects was lower than that from chemical effects. Kelkar et al.
[98] found that hydrodynamic cavitation was an efficient way
(>90% conversion) to intensify the esterification of acids for the

188

Engineering 19 (2022) 180-198

synthesis of biodiesel at ambient temperature and pressure. Milly
etal. [99] used an HCR to improve the mass transfer from bulk fluid
to the surface and proved successful in increasing the mass transfer
of transparent fluid to the UV irradiated surface. Chuah et al. [100]
also showed that the high turbulence generated by hydrodynamic
cavitation was effective in reducing the mass transfer resistance by
increasing the interfacial area. Braeutigam et al. [101] and Franke
et al. [102] investigated the effectiveness of a combination of
hydrodynamic and acoustic cavitation for the treatment of water
and found that the combined technology had a synergetic effect.
Arrojo et al. [103] stated that hydrodynamic cavitation serves as
a very low-frequency ultrasonic reactor, creating large bubbles, a
large pressure pulse, and OH radicals.

3.3. Physical effects

The mechanical effects of cavitation also enhance reactions in a
gas-liquid system. The extreme temperature, pressure, and turbu-
lence generated from the collision of cavitation bubbles leads to a
significant structural and mechanical change. Furthermore, mass
transfer not only exists between gas bubbles and the liquid bound-
ary surface; it also happens at the interface between two or more
liquid mediums. As millions of microscopic bubbles can be pro-
duced during the cavitation process, they generate powerful shock-
waves that can destruct materials when the bubbles collapse.
Therefore, Gogate [104] recommended hydrodynamic cavitation
as a way to intensify the mass transfer between liquids, since the
rate-determining step in many heterogeneous reactions is the
mass transfer at the interface.

Inside a cavity, the gases and vapors are trapped adiabatically,
creating extreme heat that increases the temperature of the sur-
roundings directly and produces a localized hot spot upon collapse.
Therefore, each cavity can be treated as a microreactor during the
collapse phase, since both the temperature and pressure will reach
the highest peak, and the entrapped organic molecules will ther-
mally be decomposed into smaller molecules within this region.
Although the temperature of this region is extremely high, the
region itself is so tiny that the heat dissipates rapidly; therefore,
the bulk of the liquid remains at a normal temperature.

At the same time, due to the oscillation of cavities and their sub-
sequent collapse, high-shear microjets and turbulence are created
in the interface region. The turbulence and mixing allow the parti-
cles to distribute uniformly and interact with each other suffi-
ciently, which leads to the formation of fine emulsions. The
available surface area is then greatly increased, enhancing the
reaction rates. Therefore, the speed of reaction at the bubble-liquid
interface is higher than that in the bulk liquid region. Furthermore,
emulsions created by cavitation are typically more stable, and
hardly any surfactant is required to maintain this stability. This
is extremely helpful, especially in the field of phase transfer reac-
tions [104].

3.4. Chemical effects

As mentioned in previous sections, extreme conditions can be
produced during the vapor collapse process. In addition, free radi-
cals (e.g., OH- and H-) are produced during the cavitation process
due to the dissociation of water molecules trapped in the cavitat-
ing bubbles. These radicals are mixed with the bulk fluid and can
either induce various chemical reactions or change the reaction
mechanism. The main reactions involved in this process are given
in Eqs. (5) and (6).

H,0 — H. + OH- (5)

OH: + OH- — H,0, (6)
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In recent decades, there has been growing interest in develop-
ing mathematical models to simulate cavitation phenomena and
to predict free radical formation and the factors affecting radical
formation [105-109]. Most of the documented modeling studies
were generated based on acoustic-induced cavitation, due to its
relatively easy generation of a controllable single bubble. Sochard
et al. [110] proposed a model to correlate the generation of free
radicals to bubble dynamics in an acoustic field, based on the
assumption that dissociation reactions can occur at thermody-
namic equilibrium at the maximum compression of bubbles. From
the proposed models, they derived an optimal bulk liquid temper-
ature for producing free radicals, which was verified by the exper-
imental results obtained from aqueous oxidation reactions.
Gireesan and Pandit [111] modeled the effects of carbon dioxide
(CO3) on cavitation via a diffusion-limited model coupled with
chemical reactions. An increase in CO, concentration was found
to inhibit the cavitation intensity. Both the collapse temperature
and the yield of hydroxyl radicals were reduced as the CO, concen-
tration increased in the gas bubbles. Fourest et al. [112] compared
the single-bubble dynamics results from the classic Keller-Miksis
model and finite-element simulations in a confined medium. The
difference in amplitude and period was found to be 3% and 1%,
respectively, for bubble dynamic, and the pressure transmitted
was shown to have less than 1% variation for both methods.

3.5. Cavitation enhancement in various processes

3.5.1. Cavitation in wastewater treatment process

The hydroxyl radicals (OH-) produced in hydrodynamic cavita-
tion process have been found to be the main reactive species
involved in oxidation reactions, due to their huge reduction poten-
tial (2.7 eV). These radicals diffuse into the working fluid and par-
ticipate in secondary oxidation reactions, which take place at the
gas-liquid interface and in the bulk liquid. Due to their nonselec-
tive and extremely reactive nature, hydroxyl radicals can easily
oxidize many susceptible organic molecules [113]. With this out-
standing effect, the radicals become an effective tool for industrial
wastewater treatment.

Badve et al. [114] used generated hydroxyl radicals to remove
organic impurities in wastewater; they found that the addition of
hydrogen peroxide enhanced the chemical oxygen demand (COD)
removal, as additional hydroxyl radicals were available for the oxi-
dation of wastewater. Similar results were reported by Saharan
et al. [23], who indicated that the main mechanism for the destruc-
tion of pollutants is the attack of OH- radicals; they observed
almost 100% decolorization and 60% reduction of total organic car-
bon (TOC). Joshi and Gogate [115] performed an experimental
study on the intensification of industrial wastewater treatment
using hydrodynamic cavitation combined with advanced oxida-
tion; they found that hydrodynamic cavitation combined with
Fenton and oxygen gas was the best approach. With the generation
of hydroxyl radicals, this process removed 63% of the COD in
wastewater within 180 min. Bandala and Rodriguez-Narvaez
[116] also tested the effectiveness of hydrodynamic cavitation on
the removal of water pollutants, using Congo Red and sul-
famethoxazole as model contaminants. Based on their results, they
suggested that the process is most likely thermally based rather
than radically based, as organic pollutants could be degraded even
when no hydroxyl radicals were produced.

The intensity of hydrodynamic cavitation can also be assessed
by quantifying the production of OH- radicals. Arrojo et al. [117]
used salicylic acid to evaluate hydrodynamic cavitation intensity,
as the fluorescent reaction product of salicylic acid is specific for
the determination of OH. radicals. Moreover, the analytical method
they proposed, which was based on high-performance liquid chro-
matography, was demonstrated to be highly selective and sensi-
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tive. The same method was used by Amin et al. [118], who
confirmed that salicylic acid dosimetry is an effective tool to quan-
tify hydroxyl radical generation in an HCR. However, Zupanc et al.
[119] reported some anomalies detected during cavitation when
using salicylic acid dosimetry to measure the production of hydro-
xyl radicals. They stated that cavitation appeared gentler, with less
intense collapses, when a high concentration of salicylic acid was
used, and the surface tension was found to be the most influential
physical characteristic.

3.5.2. Hydrodynamic-cavitation-induced decomposition/degradation
reactions

Aside from the generation of highly reactive species, extreme
conditions produced by hydrodynamic cavitation can intensify
chemical reactions. The tremendous implosion and shear forces
produced by the collapse of vapor bubbles provide sufficient
energy to break molecular bonds or thermally decompose organic
pollutants, which can fulfil the need to degrade macromolecules
and destroy microorganisms [120]. Rajoriya et al. [121] detected
the degradation mechanism of rhodamine 6G, which was caused
by the attack of OH- radicals. The researchers used hydrodynamic
cavitation with the addition of tert-butanol and found that OH-
radicals could be neutralized by tert-butanol to produce the less
reactive tert-butanol radical, which limited the degradation rate.
The results revealed that OH- radicals were the rate-limiting factor,
and that they are mainly responsible for the degradation efficiency.
Wang et al. [122] investigated the effects of combining hydrody-
namic cavitation with hydrogen peroxide for the decomposition
of rhodamine B in aqueous solution. The results showed that the
degradation rate was greatly enhanced by the addition of hydrogen
peroxide, due to its contribution to producing additional hydroxyl
radicals. Wang et al. [123] studied the degradation level of tetracy-
cline based on a combination of photocatalysis and hydrodynamic
cavitation. They stated that the degradation of tetracycline was
improved by about 1.5-3.7 times due to the increased generation
of reactive hydroxyl radicals. Li et al. [124] investigated the
removal of Microcystis aeruginosa using hydrodynamic cavitation;
they observed a positive correlation between free radical concen-
tration and algal reduction efficiency. Thus, algal reduction effi-
ciency reached its highest level (over 95%) with an increase in
hydroxyl radical concentration. Arrojo et al. [103] performed a
parametrical study of disinfection with hydrodynamic cavitation
and stated that disinfection was mainly caused by the mechanical
disruption of bacteria, and that hydroxyl radicals only played a
minor role.

3.5.3. Application of hydrodynamic cavitation in biodiesel production

Biodiesel is viewed as an excellent alternative to conventional
petroleum-based fuel, as it can be simply derived from the transes-
terification reaction of vegetable and non-edible oil or animal fat
with proper alcohol [125]. Therefore, biodiesel has received con-
siderable attention in the bio-based economy; however, its pro-
duction is generally limited by several factors, such as a long
reaction/production time and a low mass transfer rate between
alcohol and oil. In recent years, many researchers have used HCRs
to produce biodiesel, since such reactors can produce biodiesel
both efficiently and continuously [126].

Samani et al. [127] studied the enhancement of a rotor-stator
type HCR on the production of biodiesel and were the first group
to use safflower oil as the feed. They observed a 5.5% increase in
the yield when the reaction time was extended from 30 to 60s,
and a decreased yield of 2.8% when the catalyst concentration
was increased from 0.75% to 1.25%. The optimum yield of 88.62%
occurred at a 60 s reaction time, a 1% catalyst concentration, and
an alcohol-to-oil molar ratio of 8:1. Mohod et al. [128] demon-
strated the effectiveness of a high-speed homogenizer for the
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intensification of biodiesel production and compared the results
when using waste versus fresh cooking oil as the feed stock. The
optimum yield of biodiesel production was found to be 97% for
waste cooking oil as the feed stock and 92.3% for fresh oil, under
the optimum operating conditions of 120 min, a methanol-to-oil
molar ratio of 12:1, 3 wt% of KOH as the catalyst, and 50 °C. A sim-
ilar experiment was conducted by Innocenzi and Prisciandaro
[129], who indicated that the introduction of an HCR decreased
the energy consumption by about 40%, and that the use of waste
cooking oil as the starting material further decreased the cost from
820-830 to 290-300 EUR-t~!. Chuah et al. [130] performed a
kinetic study on the conversion of waste cooking oil into biodiesel.
They compared the results obtained for hydrodynamic cavitation
and mechanical stirring. For cavitation, the rate constant was
7.7-fold higher and the feedstock per product was 4.6-fold lower
in comparison with mechanical stirring. The activation energy for
cavitation and stirring were 89.7 and 92.7 kJ-mol~!, respectively.
Overall, hydrodynamic cavitation is a viable approach to intensify
biodiesel production with favorable economics.

3.5.4. Application of hydrodynamic cavitation in extraction/
emulsification

The mechanical effects of cavitation can enhance reactions
occurring at the gas-liquid and liquid-liquid interface. The
extreme temperature, pressure, and turbulence generated from
the collapse of cavitation bubbles leads to significant structural
and mechanical changes. Furthermore, as millions of oscillating
bubbles with high interfacial area and a high intensity of micro-
level turbulence are produced during the cavitation process, an
HCR is very effective in eliminating the mass transfer resistance
between phases. Therefore, HCRs have already been successfully
applied to the extraction of bioactive compounds [131] and antiox-
idant pollutants [132].

Preece et al. [133] used hydrodynamic cavitation to extract pro-
tein from soybean cells; they found that only 1 pass at 100 MPa
was sufficient to disrupt all soybean cells and achieve a maximum
protein yield of 90%. Lee and Han [134] tested the ability of hydro-
dynamic cavitation to disrupt microalgae cells and perform lipid
extraction. They obtained a maximum lipid yield of 45.5% from
cells using 0.89% sulfuric acid with a cavitation number of 1.17
and a reaction time of 25.05 min. They also concluded that hydro-
dynamic cavitation was more energy efficient than autoclaving and
ultrasonication in terms of specific energy input. Setyawan et al.
[135] studied the extraction of algae oil from microalgae using
hydrodynamic cavitation. They stated that the extraction process
was feasible and that it was influenced by the amount of specific
energy input, cavitation intensity, and temperature. The lowest
extraction energy required was found to be 16.743 MJ-kg~! lipid,
and the optimum cavitation number and temperature were 0.126
and 42 °C, respectively.

At the same time, due to the oscillation of cavities and its sub-
sequent collapse, high-shear microjet and turbulence are created
in the interface region. The turbulence and mixing allow the parti-
cles to distribute uniformly and interact with each other suffi-
ciently which leads to the formation of fine emulsions.
Furthermore, the emulsion generated requires hardly any surfac-
tant to maintain the stability and it is more stable compared to
the conventional methods [136] since localized high temperature
not only increases the reaction rate, but also the mass transfer rate
due to the increase miscibility of reactants.

Carpenter et al. [25] studied the production of highly stable oil
in a water emulsion using a hydrodynamic cavitation device. They
obtained nano-emulsions with a droplet size of 87 nm that were
found to be kinetically stable even under centrifugal and thermal
stress conditions. The optimum operating cavitation number
was 0.19 and the processing time was 90 min. Furthermore,
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hydrodynamic cavitation was found to be 11 times more energy
efficient than acoustic cavitation for the preparation of nano-
emulsions. A similar study was also performed by Zhang et al.
[137], who successfully prepared an emulsion with a droplet size
of 27 nm that exhibited admirable physical stability for 8 months.
They also found that the average droplet size of the emulsion
decreased with an increase of the inlet pressure, the number of
cavitation passes, and the surfactant concentration.

4. The hydrodynamic cavitation reactor

An HCR is designed to purposely initiate cavitation events in a
controlled environment and then to utilize the energy generated
by imploding cavitation bubbles to promote a variety of physical
processes or chemical transformations. These devices can be used
either as a stand-alone unit or in combination with other industrial
processes. Two main types of HCR are reported in the literature
and in today’s market: stationary and rotational HCRs, which are
reviewed in the following sections.

4.1. Stationary HCRs

Stationary HCRs employ venturis or orifices as the constrictive
part to increase the linear velocity of the working fluid, which leads
to a low-pressure region where cavitation events are induced. Due
to their simple geometry and ease of fabrication and operation, sta-
tionary HCRs have been extensively studied and widely used at the
laboratory scale to research the effectiveness and mechanism of
hydrodynamic cavitation technology. Because of the considerable
pressure drop of the working fluid caused by the contractive parts,
a powerful pump is often required, which may result in a substan-
tial cost.

Constriction is a critical part of a stationary HCR. Its geometry
has a direct impact on both the generation of cavities and the pres-
sure pulse produced in the process. Constriction also affects the
pressure distribution along the flow path and hence the cavitation
intensity. Moholkar and Pandit [ 138] performed a theoretical study
to understand the effect of constriction geometry on cavitation
intensity. Both venturis and orifice plates were studied and com-
pared. The researchers found that the radial bubble motion in a
venturi was due to the linear pressure recovery gradient, and that
the bubble motion in the orifice flow was a combination of stable
oscillatory motion and transient motion. Furthermore, the magni-
tude of the pressure drop across the orifice plate was much higher
than that in venturi tubes; as such, the cavitation intensity pro-
duced by the orifice plate had a much higher magnitude than that
produced by a venturi. This finding was confirmed by Ozonek
[139]. In addition, the constriction-related parameters of the cavi-
tating device have been found to significantly influence the incep-
tion and intensity of hydrodynamic cavitation. The design of
venturis and orifice plates are reviewed in the following sections.

4.1.1. Orifice plate cavitation reactor

An orifice plate is the most commonly used pressure-reducing
and flow-restricting device, and includes a borehole that is
designed to generate a specified pressurized flow. Due to the sud-
den change in pipe diameter, the intensity of the bubble collapse
produced at an orifice is significant. The generation of bubbles
occurs at the edge of the orifice. To increase the edges, multiple ori-
fice plates have been designed. Boundary layer separation occurs
during the passage of the liquid, and a huge amount of energy is
lost in the form of permanent pressure drop. The magnitude of
the pressure drop greatly influences the intensity of turbulence
downstream of the constriction, and the pressure drop mainly
depends on the geometry of the constriction and the flow
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conditions of the liquid. A typical pressure profile of an orifice plate
cavitating device is shown in Fig. 7 [140], where p; is the upstream
pressure, p, is the recovered downstream pressure, and p, is the
vapor pressure of the fluid.

The diameter of the constriction is one of the most important
factors in orifice design and can significantly affect the generation
of cavitation. An example is shown in Fig. 8 [141]. Yan and Thorpe
[17] studied both experimental and theoretical aspects of the flow
regime transitions induced by cavitation, where water passed
through orifices with different sizes. They observed that the cavita-
tion number exhibited an approximately linear increase with the
increase of the orifice diameter. Similar results were obtained by
other research groups [22,108,142-144]|. The collapse pressure
generated by a single cavity has also been found to increase with
increasing orifice diameter. Ai and Ding [145] studied the orifice
plate cavitation mechanism and its influencing factors using a
numerical model. They found that the cavitation induced by the
orifice plate was strongly related to the gas nucleus distribution
and the contraction ratio: The larger the contraction ratio, the
higher the intensity of cavitation.

The flow area is the total cross-sectional area for a liquid to flow
inside a cavitating device; it is also a factor that is associated with
cavitation intensity. Amin et al. [118] studied the optimization of
hydrodynamic cavitation using salicylic acid and stated that the
concentration of free radicals generated inversely correlated with
flow area. This result suggests that the intensity of cavitation
decreases with increasing flow area. In agreement with this state-
ment, a simulation by Simpson and Ranade [146] demonstrated
that an increase in the orifice’s flow area led to a lower fluid veloc-
ity at the constriction, which resulted in slower pressure recovery
downstream and an increase in the cavitation number. Ghayal
et al. [147] used « (the ratio of the total perimeter of holes to the
total flow area on the plate) as a criterion to measure cavitation
intensity. They reported that a plate with multiple holes and a
smaller hole size, and thus a higher « value, was effective in pro-
ducing a better cavitation effect. However, a contradictory result
was obtained by Huang et al. [148], who found that the degrada-
tion rate of chitosan was increased with a larger flow area, due
to the enlarged cavitation region.

As cavities can only be formed along the periphery of the holes,
a plate with multiple holes should be considered during the design
of an orifice-based cavitation reactor in order to produce higher
cavitation intensity. The quantity, size, and shape of these holes
must be considered. Compared with a single-hole plate, an orifice

Orifice

Vena contracta

Pressure

Distance along the orifice

Fig. 7. lllustration of an orifice plate with a pressure profile. p;: upstream pressure;
pa: recovered downstream pressure; p,: vapor pressure of the fluid. Reproduced
from Ref. [140].
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Fig. 8. Illustration of a different orifice design. Do: diameter of orifice; Dp: diameter
of plate. Reproduced from Ref. [141] with permission.

plate with multiple holes can generate more cavities due to the lar-
ger orifice perimeter. Due to its importance, orifice design has been
subjected to extensive research. Sivakumar and Pandit [149]
employed a multi-hole orifice cavitation reactor to degrade a rho-
damine B aqueous solution. They found that the efficiency of the
degradation significantly improved due to the smaller sized open-
ings. Rudolf et al. [150] experimentally investigated the effective-
ness of different orifice geometries. Compared with a single-hole
orifice, they found multi-hole orifices to have a much lower energy
dissipation; thus, they concluded that it is more effective to use
multi-hole orifices. Senthil Kumar et al. [151] used a multi-hole
HCR to decompose an aqueous KI solution; their results showed
that the iodine liberation rates were three times higher than acous-
tic cavitation under the same power dissipation rates. Similar
results were confirmed by Kalumuck and Chahine [152]. Instead
of an orifice with simple geometry, they created multiple zones
of hydrodynamic cavitation in a recirculatory pipe for the degrada-
tion of p-nitrophenol. Their study demonstrated that focusing on a
combination of the geometric design of the orifice and the operat-
ing conditions was an appropriate approach to optimize hydrody-
namic cavitation intensity with minimum energy consumption.
Bagade et al. [153] reviewed several flow characteristics and design
methodologies regarding multi-hole orifice plates using both theo-
retical and experimental analysis methods. They concluded that an
orifice plate with multiple holes is more effective than a single-
hole orifice in terms of intensity and desired transformation.

4.1.2. Venturi cavitation reactor

Venturi tubes have been extensively used and studied as a way
to produce microbubbles in cavitation processes. A venturi tube
typically consists of three sections: the converging inlet, throat,
and divergent cone. Unlike orifice plates, the fluid inside a venturi
contracts and expands smoothly; therefore, the fluid pressure and
velocity vary consistently. This gradual change in the fluid condi-
tions avoids a dramatic change in orifice pressure, which is benefi-
cial for the generation of microbubbles and their stability. Due to
its lower energy consumption and higher bubble generation abil-
ity, venturis surpass orifice plates in industrial applications [154].

Similar to an orifice plate cavitation reactor, the geometry of a
venturi in a venturi cavitation reactor can impact the overall per-
formance (Fig. 9) [155]. The outlet angle of the venturi has been
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found to be one of the main geometric parameters affecting the
operation characteristics. Bashir et al. [156] performed a theoreti-
cal analysis on four venturis with different outlet angles and stated
that the outlet angles of the divergence section control the rate of
cavity collapse. The optimum divergence angle was found to be
5.5°, as the cavitation number obtained at 5.5° was the lowest
among those four. Ulas [157] recommended using a 7° diverging
angle to minimize the pressure loss during cavitation processes.
Based on that, Ashrafizadeh and Ghassemi [158] investigated the
hydrodynamic cavitation performance with four different diffuser
angles of 5°, 7°, 10°, and 15°. Their results showed that increasing
the diffuser angle leads to a decrease in the critical pressure ratio
from 0.75 to around 0.6 and to a narrower cavitating region, which
is not favorable. Similar results were obtained by Brinkhorst et al.
[159], who found that a larger outlet angle lowered the cavitation
intensity, as a higher diffuser angle corresponded to earlier flow
separation, resulting in low bubble generation and collision effi-
ciency. Therefore, a larger outlet angle is usually not favorable
for stable cavitation. Li et al. [160] also suggested that lowering
the outlet angle is an efficient way to produce more microbubbles
and reduce the flow resistance during a cavitation process.

The throat is another essential component of a venturi, as the
bubbles are generated at the throat. The length of the throat is a
structural parameter that must be considered for its effectiveness
in generating cavitation. Ashrafizadeh and Ghassemi [158] studied
the impact of different throat lengths (1.0, 1.5, 2.0, and 2.5 mm) on
the generation of cavities. Their results showed that increasing the
throat length from 1.0 to 2.5 mm reduced the number of cavities
generated, but energy dissipation was surpassed due to friction.
Saharan et al. [154] studied the throat perimeter against the effec-
tiveness of the degradation of dyes using two different types of
venturis. Their result showed that a slit venturi yields a higher
degradation percentage than a circular venturi. Similar results
were obtained by Bashir et al. [156], whose CFD analysis suggested
that a throat height-to-length ratio of 1:1 gives the greatest cavita-
tion effect, as compared with others with a ratio of 1:0.5, 1:2, and
1:3. Bimestre et al. [161] theoretically and experimentally investi-
gated how venturi-based cavitation affects the pretreatment of
sugarcane bagasse. They observed that the cavitation number
decreased with an increase in throat length (1.5, 3.0, and 5.0
mm) and increased with increasing throat diameter (1.5 and 2.0
mm). Kuldeep and Saharan [162] compared the performance of a
venturi and an orifice via computational analysis. Their result indi-
cated that a 1:1 ratio of throat diameter to length and a 6.5° diver-
gence angle are optimal for a venturi-type cavitation reactor, while
an orifice diameter-to-length ratio of 1:3 is the most suitable value
for an orifice plate reactor.

4.2. Rotational HCRs

In contrast to stationary HCRs, rotational HCRs consist of rota-
tional parts that generate cavitation. Early rotational HCRs used
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Fig. 9. Illustration of the geometric design of different venturis. Reproduced from
Ref. [155].
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high-speed impellers or other sharp blades to accelerate the tan-
gential velocity of the fluid, so that the local pressures were
reduced below the vapor pressure and cavitation was generated.
Instead of impellers, recently reported rotational HCRs use circular
disks or cylinders with numerous dimples or gaps to create cavita-
tion. The uneven surfaces (due to dimples or gaps) within the rota-
tional part create variations in the working cross-sectional area,
which forces the liquid fluid to expand or contract as it flows
through the area. Repeating pressure differentials are thus pro-
duced. In order to uniformly distribute the liquid stream, the inlet
port is located at the center and the outlet port is placed at the top
of the shaft for sealing and cooling purposes. Cavitation generated
from this process is due to the opposite movement of two shear
layers; therefore, this type of cavitation is also called shear cavita-
tion [163]. A graphic illustration of a rotational cavitation reactor is
provided in Fig. 10 [164].

With different cavitation generation mechanisms, rotational
HCRs eliminate the pressure fluctuations that are the inherent
drawback of stationary HCRs. However, the movable parts in rota-
tional HCRs are expected to need frequent maintenance. For a rota-
tional HCR, the rotational speed of the rotor, liquid flow rate, and
pressures are of importance in determining the overall perfor-
mance [81]. The rotational speed of the reactor is a determining
factor. A critical rotational speed exists, which is the threshold of
cavitation generation. A higher rotational speed produces higher
tangential fluid velocity, which leads to higher turbulence intensity
and lower system pressure. This was confirmed by Jyoti and Pandit
[165], who applied a rotational HCR to disinfect bacteria in well
water. Rotational speeds of 4000, 8000, and 12000 were tested,
and bacteria-removal rates of 3.7%, 61.5%, and 96%, respectively,
were recorded. Increased cavitation intensity was responsible for
the enhanced disinfection rate. The positive effect of rotation rate
was further verified by recently published results. Sun et al.
[166] evaluated the thermal performance of a rotational HCR
against the rotational speed of the reactor rotor. As the rotor speed
increased from 2700 to 3600 r-min~!, the heat generation rates
were observed to significantly increase. Unfortunately, the effect
of rotational speed was not differentiated from other factors such
as flow rate and pressure. The same research group applied the
same rotational HCR to disinfect water by killing E. coli. Their work
confirmed the positive effects of rotational speed and supported
the finding that the liquid flow rate also plays a key role in enhanc-
ing cavitation intensity. Sun et al. [81] increased the water flow
rate from 8 to 11 L-min~! at a fixed rotational speed of 3600
r-min~!, and found that the removal rate of E. coli improved from
35.43% to 100%. The boosted disinfection rate was a result of the
increased cavitation intensity, which was induced by the increased
liquid flow rate. The researchers suggested that more nuclei were
entrapped in the water as the flow rate increased, which was the
root cause of the enhanced intensity of cavitation.
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Fig. 10. Graphic illustration of a rotational cavitation reactor. Reproduced from Ref.
[164] with permission.
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Sarc et al. [167] used different types of cavitation to remove
bacteria and stated that exposure to supercavitation efficiently
destroyed the bacteria, while acoustic and developed hydrody-
namic cavitation only marginally reduced the viable bacterial
count. The performance of supercavitation was found to be about
100 times better in terms of electric energy cost.

4.2.1. Application and scalability

Rotational HCRs have been applied in various chemical pro-
cesses. Crudo et al. [168] applied this type of reactor to produce
biodiesel. They stated that the fatty acid methyl ester conversion
rate was greater than 99% m/m, while the energy consumption
required to produce biodiesel was only 0.015 kW-h-L~!. Mar3ilek
et al. [169] performed an experimental study using a rotational
cavitation reactor to remove cyanobacteria from wastewater. They
stated that 99% of the cyanobacteria was removed from water with
the addition of 0.1 mmol H,0, in just 10 s, along with 98% inhibi-
tion of photosynthesis with no cell destruction. Badve et al. [114]
used a rotational HCR in an organic wastewater treatment process
and found that the degradation of organic matter was dependent
on the speed of the rotor. Patil et al. [170] used a rotational HCR
to intensify the production of biogas and reported an increase of
almost 100% under optimized treatment.

The discussion of scalability will be focused on rotational HCRs.
According to various studies, rotation-based cavitation reactors
have shown promising cavitation effectiveness. However, in order
to scale up and optimize a rotational cavitation reactor, it is neces-
sary to thoroughly understand the geometric and operational
parameters, as well as the capital and operational costs.

Sarc et al. [171] obtained a disinfection rate of 99.95% and a
treatment rate of 0.013 L-min~! with a cost of 18.2 USD-m~3. A
similar outcome was reported by Loraine et al. [172], who pro-
posed a device that was 10-100 times more efficient than ultra-
sonic disinfection in terms of energy efficiency. Moreover, when
the reactor was up-scaled from the laboratory scale to the pilot
scale, it showed a significant improvement in terms of efficiency
and cost. Sun et al. [173] performed a comprehensive study using
this novel reactor for disinfection at the pilot scale. They found that
the treatment rate increased by 300 times with just one-tenth of
the cost in comparison with the device proposed by Loraine et al.
[172], and increased by 140 times and was 50 times more econom-
ically efficient compared with the laboratory scaled device pro-
posed by Cerecedo et al. [174]. Many other studies have been
conducted at the laboratory scale [15,175-178].

Pilot-scale rotational cavitating devices have been built based
on the successful operation of laboratory-scale equipment and
have shown promising cavitational effects and economic viability.
Petkov3ek et al. [179] used a rotational type of reactor in both
water treatment and sludge disintegration processes. The soluble
COD of waste-activated sludge increased from 45 to 602 mg-L™!
after 20 passes through the rotation generator of hydrodynamic
cavitation, and biogas production also increased by to about
12.7%. Sezun et al. [180] used the advantages of a rotational cavi-
tation reactor to enhance nutrient release from secondary pulp
and paper mill sludge. The results showed an increase in soluble
COD of 2400 mg-L™! and in total nitrogen of 120 mg-L~! with the
addition of NaOH. Moreover, the cost of 1.9 kg of released soluble
COD from alkaline pretreatment and cavitated sludge was only
one euro. Kovacic et al. [181] reported the effectiveness of a rota-
tional cavitation device on the removal of bisphenols and other
containments at the pilot scale. The highest removal efficiency
obtained was 90% at a rotational speed of 2290 r-min~!, and the
researchers confirmed the potential of hydrodynamic cavitation
as a pretreatment process for large-scale application. A compre-
hensive comparison of recently reported rotational cavitation reac-
tors on two scales is shown in Table 3 [15,81,171,173-181].
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The cavitation induced by a stationary HCR has been exten-
sively studied at different scales due to the unique advantages of
such reactors, which include ease of operation and simple struc-
tural design. With these dominant features, stationary HCRs have
been successfully applied in various industrial fields. However,
studies have not yet been extensively conducted on rotor-type
reactors, which has significantly delayed the development of their
application. Furthermore, a rotor-based reactor produces a signifi-
cant amount of energy in the form of heat during operation. There-
fore, the development of high-efficiency rotational cavitation
reactors is the key when moving from the laboratory scale to a lar-
ger scale and to commercialized applications. The rotational cavi-
tation reactor generates not only cavities but also shear stress,
due to the high-speed rotation of the impeller. Cavitation and shear
stress can synergistically enhance the reactions that take place in a
rotational cavitation reactor. In addition, both the dimensions of
the cylindrical rotor and the geometrical structure of a rotational
cavitation reactors can be easily adjusted or scaled up to meet
the specified requirements. Good scalability and space utilization
make them suitable for large-scale applications [182].

4.2.2. Commercial reactors

Due to its advantages, such as low capital and operational cost,
shorter production time, enhanced production, and efficiency,
hydrodynamic cavitation has been successfully applied in many
industrial fields, including oil refining, petroleum upgrading,
industrial water treatment, biodiesel production, gas-liquid mix-
ing, and hydrocarbon upgrading. A few companies and their corre-
sponding reactors that are based on cavitation technology are
summarized in this section.

Cavitation Technologies, Inc. is an innovative company that
focuses on processing liquids, fluidic mixtures, and emulsions
and owns a patented technology named the CTi Nano Neutraliza-
tion process, which is a multi-stage hydrodynamic cavitation
device. The reaction system is flexible in scale and can serve both
large-scale and small-scale producers in the fields of edible oil
refining, algal oil extraction, renewable fuel production, biodiesel
production, alcoholic beverage enhancement, water treatment,
and petroleum upgrading.

Hydro Dynamics, Inc. has developed a ShockWave Power Reac-
tor, claiming that it “controls cavitation.” The core technology of
the device is a specially designed rotor. The spinning action gener-
ates hydrodynamic cavitation in the rotor cavities away from the
metal surfaces; therefore, there is no damage. The company
claimed that the ShockWave Power Reactor was featured by its rel-
atively low capital and maintenance expenditures and its
improved efficiency. The reactor has been installed all over the
world to fulfil the needs of breweries, the production of renewable
fuels, and the mixing, extraction, emulsification, oxidation, and
petroleum industries; it has also been used by several Fortune
500 companies.

Mitton Cavitation, Inc. proposed a cavitational reactor that
incorporated a small, robust, high-efficiency reactor to control
the power of cavitation without suffering from its effects. A Mitton
Cavitation Reactor is an applied cavitation reactor system that can
be applied to the industrial scale, for treating approximately 1000
gal (1 gal=3.785 L) of liquid using just 1 kW of energy. Its stackable
design makes it upwardly scalable, and it can operate under both
positive and negative pressure with intense molecular pressure,
heat, and shear.

CaviMax, Inc. is a leading UK supplier of hydrodynamic cavita-
tion devices. This corporation invented the rotational CaviMax cav-
itator to maximize the production potential of cavitation for
various industrial applications such as biodiesel production, bio-
mass pretreatment, sustainable chemical reactions, and even the
cosmetics industry. The Rotocav reactor at the heart of the
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Table 3
Summary of rotational cavitation reactors with handled volume up to 60 and 500 L.
Scale Application Experimental parameters Findings Ref.
Lab scale Microorganism  Treatment rate: 0.013 L-min~'; test volume:  Rotation generator proved to be economically and microbiologically far [171]
inactivation 2 L; disinfection rate: 99.95%; cavitation more effective than classical venturi section cavitation
number: 0.78-1.57
Water Treatment rate: 4.3 L-min~'; test volume: 60  Disinfection rate of water was significantly enhanced [81]
disinfection L; disinfection rate: 100%
Water Treatment rate: 0.032 L-min~"; test volume:  Rotational cavitation reactors are two orders of magnitude more energy [174]
disinfection 0.25 L; disinfection rate: 100% efficient than conventional ones
Paper Rotational speed: 1000, 5400, 6000 r-min~'; Proved to be economically feasible in comparison with the laboratory scale [178]
production cavitation number: 43.6, 1.2 and 0.7
Sludge Test volume: 40 L (laboratory scale)and 615L Both specific energy of sludge solubilization (SEscop) (decreased from 271  [177]
treatment (industrial scale); flow rate: 40 to 300 to 16 kj-g~!) and specific energy (decreased from 35800 to 2850 k]-kg ')
L-min~! decreased when cavitation is scaled from laboratory scale to industrial
scale
Water recycling  Rotational speed: 10000 r-min~"'; flow rate: 22% reduction in COD and 37% increase in the redox potential, sediments [175]
1.8 L-min~"! reduced by 50%, and insoluble particles by 67%; four times more energy
efficient compared with a venturi design
Pharmaceutical ~ Rotational speed: 2800 r-min~'; motor Over 80% effect was achieved [15]
removal power: 0.37 kW
Wastewater Treatment time: 30 min; temperature: 50 °C; Removes up to 79% of wastewater effluent; shear-induced cavitation is [176]
treatment 340 mg-L~! of added H,0, more efficient than cavitation by venturi
Pilot scale Sludge Rotational speed: 1740, 2290, 2850 r-min~'  SCOD increased from 45 to 602 mg-L~' and 12.7% more biogas produced  [179]
disintegration
Wastewater 400 W electrical motor; rotational speed: Increased soluble COD by 2400 mg-L™", total nitrogen by 120 mg-L™!, and  [180]
management 10000; sludge pH prior to cavitation: 10 total phosphorous by 2.3 mg-L™'; cost of only one euro per 1.9 kg of sludge
Contaminant Rotational speed: 2290, 2700 r-min~"; Removal efficiencies for bisphenols are 15%-90%; showed potential for [181]
removal treatment time: 10 min large-scale application
Water Treatment rate: 4.5 L-min~'; test volume: 18  Treatment rate 140 times higher than other rotational cavitation reactor, [173]
treatment L; disinfection rate: 100% 50 times lower expenses
SCOD: soluble chemical oxygen demand.
CaviMax can produce physical rotation forces that create shock- To apply cavitation technology to various processes and to

waves, breaking down incompatible mixtures into a flowing sub-
strate. It has the potential to increase the yield by up to 20%,
with remarkably little energy required.

A novel hydrodynamic cavitation device based on a vortex
diode (VodCa®) has been developed and commercialized [183].
This device is designed to create a strong vortex flow, where the
tangential forces are used to generate cavitation. It has been
applied in various fields, including wastewater treatment, biogas
production, biological digesters, and disinfection [184-186].

5. Concluding remarks and perspectives

Since cavitation first became known to the world due to its
powerful potential for destruction, tremendous research efforts
have been made to fundamentally understand the formation,
intensity, and detrimental effects of cavitation. Researchers soon
began to explore how to harvest the energy released by the implo-
sion of cavitation bubbles and how to make good use of this unique
phenomenon. To date, cavitation technology has drawn a great
deal of attention for the energy-efficient intensification of various
physical and chemical processes.

Cavitation is a complex phenomenon. Although much has been
accomplished, many fundamental details of hydrodynamic cavita-
tion are still not understood. Extensive research efforts have been
made to study cavitation formation and development in an open
water system and in a pump system. Such findings are often
directly applied to a closed system, such as a cavitation reactor.
The extrapolation has its inherent limitation. Thus, it is not surpris-
ing to observe a discrepancy in the determination of cavitation
number, which is an important parameter characterizing cavitat-
ing flow. The pressures and velocities in the upstream, in the
downstream, and at the constriction have been applied to deter-
mine the cavitation number, and the comparability of results
among the published reports has greatly suffered as a result.

design an appropriate cavitation reactor, a fundamental under-
standing of the inception of cavitation and the hydrodynamics of
cavitation flow in a closed reaction system is essential. Thus, more
efforts are urged to make on the hydrodynamics of cavitating flow.
This knowledge will facilitate the design of a highly efficient cavi-
tation reactor, in which the inception of cavitation and the devel-
opment of intensive cavitation can be realized at the expense of
low external energy. Recent achievements in determining the
influencing factors of cavitation formation and the bubble nucle-
ation process provide a firm scientific basis for such an endeavor.
The configuration of the constriction should be considered in order
to generate desirable cavitation. Seeding nuclei in the liquid flow
can significantly reduce the tensile strength of the liquid required
for forming cavitation. In addition, operating conditions such as the
fluid temperature and pressure, as well as the physical properties
of the liquid stream, can affect cavitation and must be considered
in order to achieve the optimum outcome. This understanding
encourages researchers to design optimal cavitation reactors that
maximize positive outcomes.

This review systematically examined two different types of HCR
from the lab scale and pilot scale to the commercial scale. Although
hydrodynamic cavitation is considered to be a cost-effective and
energy-efficient technique that is seeing an exponential increase
in applications, scaling up cavitation-based processes remains a
major challenge due to a lack of reliable models for the prediction
of cavitation and poorly understood scale-up processes from the
bench to commercialization.

Cavitation provides unparalleled advantages over its conven-
tional counterpart technologies. The implosion of cavitation bub-
bles generates hot spots accompanied by extreme high
temperatures and pressures, where radicals and UV radiation are
produced. Based on the advantages of cavitation, researchers have
widely applied cavitation technology to various chemical
processes, such as biofuel production, advanced oxidization
processes (AOPs), bioactive extraction, pollutant degradation, and
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microorganism disinfection. Cavitation has been extensively stud-
ied in AOPs. Without the addition of chemicals, the cavitation pro-
cess can generate a significant amount of highly reactive radicals
such as OH:, O-, and HOO., which can remove the organic contam-
inates present in water and wastewater effluent in the form of
mineral end products and carbon dioxide. In the treatment of
water and wastewater streams, cavitation technology can be
applied in order to avoid the use of chemicals and treat a large
quantity of effluents in an efficient, economical, and energy-
saving way. Aside from chemically active radicals, the extreme
local temperature and pressure that result from cavitation present
a distinct microenvironment that promotes chemical reactions.
This was evidenced by Chuah et al. [130], who demonstrated that
the rate constants of the conversion of vegetable oil to biodiesel in
a cavitation-based process were significantly higher than those in a
mechanical stirring reactor. In addition, cavitation technology has
been demonstrated to be effective in enhancing mass transfer. It
is anticipated that cavitation technology holds great potential for
enhancing heterogeneous catalytic reactions. Unfortunately, few
studies have documented this subject.

In summary, hydrodynamic cavitation is an emerging technol-
ogy that has been used to intensify a variety of chemical and phys-
ical processes. This work comprehensively reviewed the
fundamentals of cavitation, the optimization and effective design
of cavitation reactors, commercial cavitation reactors on the mar-
ket, and applications of such reactors at the lab and pilot scales.
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