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ABSTRACT

This paper presents a theoretical study of cavitation as an advanced oxidation process. A
mathematical algorithm, which couples single bubble dynamics and chemical reactions for a
cavitating bubble, is proposed and compared with experimental and theoretical works
reported in the literature. The main output variable, used for comparison, is the hydroxyl
radical production. A wide range of parameter values is evaluated for the analysis of hydro-
dynamic cavitation in an orifice. Thanks to the large number of simulation, it was possible to
find a very good agreement with a design correlation proposed in the literature. Addition-
ally, a novel approach has been proposed, which consists of integrating the estimated radical
production over a typical bubble size distribution in order to predict a global oxidant pro-
duction. Moreover, by fixing the values of flowrate, pressure, and geometric parameters, a
real experimental condition of hydrodynamic cavitation in a Venturi device has been simu-
lated. This allowed the comparison of simulation results with the experimental ones reported
in the literature. A good agreement has been found in terms of cavitational yield, an estima-
tion of the process efficiency from an energetic perspective.

Keywords: Advanced oxidation processes; Hydrodynamic cavitation; Theoretical modeling;
Hydroxyl radicals

1. Introduction

Increasing requirements of human beings have led
to the presence of new toxic, biorefractory, and chemi-
cally stable compounds in waste water treatments
plants, which are not degraded by conventional treat-
ment methods and end up in the environment. The
fulfillment of severe water quality standards is espe-

cially claimed for those toxic substances and demands
the problem of tertiary treatment to innovative tech-
nologies [1–3]. A lot of researches have been
addressed to this aim in the last decade pointing out
the prominent role of nonconventional oxidation tech-
niques called advanced oxidation processes (AOP),
which usually operate near ambient temperature and
pressure through the releasing of highly oxidative
species: �OH radicals [4].
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In relationship with water treatment, there are sev-
eral works in the recent literature that have recog-
nized the cavitation to be a valid technique for the
treatment of chemical and biological contaminants
[2,3,5–8]. Cavitation is the formation of vapor bubbles
in a liquid under variation of pressure: bubbles col-
lapse violently in high-energy phenomena after an ini-
tial stage of growth; in water solutions this
phenomena produces radical species especially hydro-
xyl radicals. Although there are many promising
applications of environmental sonochemistry, there
have been few successful applications on industrial
scale due to the inefficient conversion of energy in
producing ultrasonic cavitation at scaled up applica-
tions. As a matter of fact, industrial applications are
limited to use of ultrasounds as pretreatments or aux-
iliary techniques: at moment high efficiency applica-
tions are on lab-scale or in combination with other
techniques in hybrid AOPs [8,9].

This consideration brought to the rising of hydro-
dynamic cavitation technologies, which can represent
a more efficient and easily manageable surrogate of
sonolysis, showing particular advantages in large-scale
operations; additionally, this technology can count on
a large background of knowledge in fluid dynamic
and shows potentialities in optimization and further
development [2,7,9,10]. In order to improve cavitation-
al applications, theoretical research is focused on
studying the cavitation phenomenology through the
modeling of chemical and physical processes involved
in cavitation. The practical goal of this analysis is to
explain the effect of parameters on the oxidant
production (or even on pollutant degradation) and to
give mathematical correlations and useful codes for
the reactor design stage. For a true analysis of sono-
chemical effects, complete models have to consider
the complex phenomena associated with cavitation
such as water condensation and vaporization, gas dif-
fusion, and chemical kinetics [11]. Modeling results
can be compared with the measure of the collapse
overpressures, with optical measures of bubbles (or
bubble clouds) [11] and with the degradation of
model compounds: the so-called “dosimetry method,”
based on organic traps, can give an indirect estimation
of the oxidant production [12,13]. The step for a more
accurate simulation of cavitational reactors is to inte-
grate bubble, the transport phenomena of compounds
and oxidation mechanisms for an accurate prediction
of degradation rates [14,15], as well as to introduce
bubble interaction phenomena [16,17]. Although cavi-
tation modeling has improved in the last two decades,
there is still the need to establish correlations and to
give practical and quantitative information about the
design of hydrodynamic cavitation reactors that can

definitely turn the applications in a consolidated
wastewater treatment.

This paper is part of a research activity concerning
theoretical and experimental study of cavitation as an
advanced oxidation process. In this article, a mathe-
matical algorithm (solved in Matlabe), which couples
the Lagrangian approach of single bubble dynamic
model with chemical reactions model, is proposed
and evaluated in simulating the efficiency of hydrody-
namic cavitation techniques.

2. Simulation model

The physical model considered for simulation
consists of a spherical cavitating bubble that is car-
ried through a low pressure region and undergoes a
violent collapse after an initial stage of expansion.
Fragmentation and coalescence phenomena are
neglected and bubble remains spherically symmetric
during collapse. Pressure p is considered to be uni-
form both inside the bubble and in the liquid bulk.
Because of the large heat capacity of water, bubble
wall temperature is constant and equal to the bulk
liquid one that in turn is considered to be constant
(293K) and spatially uniform. The contents of the
bubble are water vapor and noncondensable gas
with gas diffusion negligible if compared to the
water vapor mass transfer. The bubble dynamics
equation, in the well-known formulation proposed
by Keller and Miksis [18] (Eq. (1)), has been used in
this work.
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where R is the bubble radius, _R its time derivative
and the bubble internal pressure pi is evaluated by the
van der Waals type equation of state; further defini-
tions are in the Nomenclature section. The model has
been written in order to approximate the cavitation in
different geometries; to calculate the evolution of the
far field pressure p(t), Bernoulli equation is solved
with the input of the fluid velocity U(t) (Eq. (2)). In
the case of water passing through an orifice, this latter
can be fixed by the knowledge of the cavitation num-
ber Ca and the orifice to pipe ratio b. Additionally,
the contribution of the turbulent velocity is considered
following the approximation described by Moholkar
and Pandit [19]:
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UðtÞ ¼ uðtÞ þ �u0ðtÞ sinð2pftÞ ð2Þ

where u(t) is the local mean velocity of the fluid, �u 0ðtÞ
is the mean fluctuation velocity in isotropic turbulence,
and f is the frequency of the perturbations within the
turbulent eddies [19]. The model is completed by sim-
ulating the adiabatic collapse of the bubble after the
maximum isothermal expansion has been reached;
further details of the model are given in the work of
Colussi et al. [20]. At this stage, the bubble content is
simulated as reactive mixtures of compounds that are
not able to diffuse out of the bubble. In the model of
the reactive air–vapor bubble, 16 chemical species and
45 chemical reactions have been considered. The total
rate of change in species concentration due to the

chemical contribution _Nc
i is formulated in Eq. (3).

_Nc
i ¼ V �

X
j

ai;j � ðrfj � rbjÞ ð3Þ

where V is the bubble volume, rfj and rbj are the for-
ward and backward reaction rates for the jth reaction,
respectively, and ai;j is the stoichiometric weight for

the ith specie in the jth reaction. Finally, in order to
predict the bubble temperature, chemical reactions
rates are coupled with the energy balance (Eq. (4)):

_T
X
i

@et;i
@T

¼ 4pR2k
T0 � T

l

� �
� pi _V þ V

�
X
j

ðrfj � rbjÞDEj �
X
i

et;i _N
c
i ð4Þ

where k is the thermal conductivity of the mixture, l is
the thermal boundary layer, et,i is the thermal energy
per molecule, and DEj is the reaction energy of pro-
cess j. Diffusive flux terms have been neglected for
simulating the collapse stage, as previously men-
tioned. A list of reaction parameters and a detailed
description of reaction rates equation is found in the
work of Toegel [21].

3. Results and discussion

In order to investigate the effect of geometry and
pressure in hydrodynamic cavitation, a first set of
parameters has been prepared for simulating hydro-
dynamic cavitation in an orifice (orifice to pipe ratio
b= 0.2–0.6, initial bubble size R0 = 1–50lm, and fluid
pressure upstream the orifice Pu = 2–7 bar). The Weber
number criterion is adopted for the estimation of bub-
ble stability and collapse size [22]. The results allow
the comprehension and discussion of parameter effect
and the validation with similar works reported in the

literature. A global representation of the model simu-
lation is given in Fig. 1 that shows .OH molecules gen-
erated during the collapse phase for different bubble
radius R0 and fluid pressure Pu. The effect of
upstream pressure is particularly high, if compared to
the effect of the initial radius of bubbles.

At a fixed cavitation number and an increasing
inlet pressure, the fluid throat velocity consequently
increases; liquid flow rate and energy dissipation rate
across the orifice are higher. This brings to an increase
in the fluctuating velocity and a decrease in the maxi-
mum possible expansion of the bubble. A less expand-
ing bubble has consequently a minor content of water
vapor and a minor capacity in producing hydroxyl
radicals. This consideration brings to a reduced oxi-
dant production at higher pressure; this phenomenon
is explicitly visible also in Fig. 2(a). This figure shows
clearly the described effect of Pu and, additionally,
points out the low influence of the bubble initial radius
R0. This behavior is related to the collapse criteria cho-
sen in theoretical modeling: it empathizes the impor-
tance of the turbulent stress which is responsible of
bubble collapse at similar expansion degrees (the value
R/R0 at the collapse stage is slightly dependent on R0

[22]). This phenomenon has a direct consequence in
similar values of vapor mass fraction inside the col-
lapsing bubbles for different nuclei sizes R0. Fig. 2(b)
shows the effect of the orifice to pipe ratio at a fixed
upstream pressure Pu. This effect is mainly due to the
reduction of collapse pressure and temperatures in
increasing the value of b, as suggested in the literature
from theoretical and experimental point of view
[7,19,23].
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Fig. 1. Simulation results for different bubble radius and
fluid initial pressure, Ca= 0.7 and b= 0.5.
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Simulation results can be easily compared with a
correlation proposed by Sharma et al. [22]. Fig. 3
shows the comparison in .OH production between the
literature results (x-axis) and our simulation (y-axis)
obtained at same conditions; the bisecting line repre-
sents a perfect matching between the two results. The
very good agreement between our simulation and the
literature correlation underlines the goodness of the
model and of the approach used in this work.

Typical simulations of hydrodynamic cavitation,
such as the ones presented in Figs. 1 and 2, are based
upon the assumption of a fixed cavitation number Ca.
This assumption establishes a correlation between the
fluid pressure and velocity and does not allow a true
analysis of a real water treatment, in which the flow
rate and the upstream pressure are input parameters,
while the cavitation number is a dependent variable.
Considering a possible coupling of pressure drop and
flow rate (with different cavitation numbers) for a
given geometry is a more sophisticated approach that
brings to realistic consideration about cavitational reac-
tor efficiency. At this purpose, the theoretical model
has been used to simulate the results of an experimen-

tal investigation reported in the literature [13], regard-
ing the cavitational efficiency estimated in a Venturi
device. The method used for this purpose is that by
Morison and Hutchinson [13], which consists of the
evaluation of iodide to iodine oxidation during cavita-
tion, a widely used test reaction for the study of the
sonochemical effect during cavitation (known as
Weissler reaction [24]). To better approximate the reac-
tor geometry, the mean velocity profile can find thanks
to the continuity equation, by the knowledge of the
reactor section; further details of this approach are
described in the work of Kumar and Moholkar [25].

Moreover, since actual experiments reflect a distri-
bution of bubble size, it is useful to integrate our
results over an initial bubble size distribution. For this
purpose, we assume that homogeneous nucleation
takes place in the liquid phase in the presence of sta-
bilized air bubbles which act as cavitation nuclei. The
theoretical hydroxyl radical production for each bub-
ble size is integrated over a steady state nuclei size
distribution N(R0) [26]. This calculation allows the
estimation of a total radical production COH (Eq. (5)),
not strictly dependent on a single R0 value.

COH ¼
Z

dOHNðR0ÞdR0 ð5Þ

A useful way to express a global result is by calcu-
lating the cavitational yield Y (mol/J), an evaluation of
the global energy efficiency of the treatment. For the
production of hydroxyl radicals, this parameter can be
written as in Eq. (6) and represents the ratio of �OH
moles produced per second on power consumption:

Y ¼ Q � COH

Q � DP ð6Þ
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Fig. 3. Comparison between a correlation proposed in
literature [22] and our simulation results in predicting the
production of hydroxyl radical molecules.
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Fig. 2. Simulation of cavitation results through an orifice at
Ca= 0.6 for a range of initial nuclei size 1–50lm. (a) Inlet
pressure in the range Pu = 2–7 bar with b= 0.2. (b) Orifice
to pipe ratio in the range b= 0.2–0.5 at Pu = 3 bar.
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where Q is the flow rate and DP is the system pres-
sure drop. Fig. 4 shows the cavitational yield in
hydroxyl radical production Y simulated for the con-
figuration proposed by Morison and Hutchinson [13].
They report a cavitational yield for the I�3 generated
in their experiments (Weissler reaction), indirect esti-
mation of the efficiency in .OH production. As also
suggested in the literature [17,25,27], higher levels of
pressure bring to increasing bubble expansion, more
violent collapse and to enhancement in temperature
and pressure peaks, moreover the amount of diffusing
vapor increases due to a larger expansion of the bub-
ble. Overall, the radical production is higher and the
energy efficiency increases although the more energy
is needed to produce high level of pressure. The
described trend is shown in Fig. 4 and it is in agree-
ment with the observed one. The discrepancy has one
main reason: the generation of I�3 is the result of a

complex reaction that can give only the order of mag-
nitude of apparent �OH radicals produced. Particu-
larly, the overestimation of simulation results may be
attributed to nonconsidered reactions, such as the for-
mation of hydrogen peroxide and its scavenging reac-
tions during iodide oxidation.

4. Conclusions

This paper presents a mathematical algorithm that
couples single bubble dynamics and chemical reac-
tions for a cavitating bubble; the model results com-
ing from this approach have been validated by
comparing the results with theoretical and experi-
mental works reported in the literature. This kind of
modeling is suitable for predicting parameter

influence for different geometries and for giving the-
oretical correlation, useful in the reactor design stage.
Additionally, the simulation of a real hydrodynamic
system and the integration of results upon an initial
nuclei distribution can give a global quantification of
the cavitational efficiency. This approach, with fur-
ther improvements, might be suitable also for pre-
dicting directly the degradation of target compounds
in a cavitational reactor.

Nomenclature

c –– velocity of sound in the medium,
m/s

Ca –– cavitation number

e –– thermal energy of molecules, J/mol

E –– energy of reaction, J

f –– frequency of turbulent
perturbations, Hz

k –– thermal conductivity, W/mK

l –– length of thermal boundary layer,
m

N –– bubble size distribution, m�4

Nc –– rate of change in concentration
(chemical contribution), mol/s

p –– pressure, Pa

pi –– pressure inside the cavitating
bubble, Pa

Pu –– fluid pressure upstream the
cavitating device, Pa

Q –– flow rate, m3/s

R –– bubble radius, m

rb –– backward reaction rate, mol/m3 s

rf –– forward reaction rate, mol/m3 s

T –– temperature, K

U –– fluid velocity, m/s

u0 –– fluctuation velocity, m/s

V –– bubble volume, m3

Y –– cavitational yield, mol/J

Greek symbols

a –– stoichiometric coefficient

b –– orifice to pipe ratio

dOH –– specific hydroxyl radical
production, mol/bubble

UOH –– total hydroxyl radical production,
mol/m3

g –– kinematic viscosity, m2/s

q –– density, kg/m3

r –– surface tension of water, N/m

Superscript
· –– time derivative

Subscript

0 –– initial value
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Fig. 4. Cavitational yield Y (straight line) as a function of
pressure; line: model results; and full dots: experimental
results of Morison and Hutchinson [13].
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