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The chemical effect of hydrodynamic cavitation (HC) in a Venturi reactor from both the theoretical and the experimen-
tal point of view is dealt. A mathematical model is presented to simulate the global production of hydroxyl radicals; it
is based on a set of ordinary differential equations that account for the hydrodynamics, mass diffusion, heat exchange,
and chemical reactions inside the bubbles. Experimentally, the degradation of p-nitrophenol (initial concentration 0.15
g dm23) has been conducted in a lab scale Venturi reactor at inlet pressure ranging from 0.2 to 0.6 MPa and has been
used to estimate the hydroxyl radical production. The optimum configuration, suggested by numerical simulations, has
been experimentally confirmed. Thanks to the empirical validation, this novel modeling approach can be considered as
a theoretical tool to identify the best configuration of HC operating parameters. VC 2014 American Institute of Chemical

Engineers AIChE J, 60: 2566–2572, 2014
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Introduction

Cavitation is the phenomenon of formation, growth, and
implosion of vapor bubbles in a liquid medium. During the
adiabatic collapse phase, temperature and pressure inside the
cavity strongly increase and some chemical reactions involv-
ing radical species occur. For this reason, cavitation is recog-
nized as a valid way to boost chemical and physical
processes by supplying energy locally, enhancing transfer
coefficients and generating oxidizing species1; therefore, it is
currently used with different purposes in chemical engineer-
ing1–6 and biotechnology4 applications.

In the environmental protection field, controlled cavitation
has been implemented as an Advanced Oxidation Process
(AOP) for the degradation of organic nonbiodegradable pol-
lutants in wastewaters, as it is capable to provide extremely
reactive species, such as hydroxyl radicals, �OH.1–4,7–9

Hydrodynamic cavitation (HC) in a liquid occurs due to flow
path constriction accompanied by a localized fall in the pres-
sure. This type of cavitation has a great potential in terms of
power consumption, up-scalability, simplicity of construc-
tion, and implementation in hybrid treatment solutions.9

Contemporary research is highlighting the role of HC in

waste water treatment (WWT) by focusing mainly on two
fields: the effectiveness in pollutant degradation and optimi-
zation of the device configuration.8–14 With the aim of mak-
ing HC a consolidated WWT, experimental investigations
have shown that it is possible to increase the treatment effi-
ciency, particularly in hybrid solutions. Application of HC in
combination with AOP is already giving some promising
results in industrial applications.14,15 In this regard, previous
research works identified the critical values of operational
parameters such as orifice-to-pipe ratio (b), inlet pressure
(pin), and cavitation number (Cv).8,11,12

Conversely, there is a growing interest in developing pre-
dictive codes, correlations, and theoretical models to simu-
late the HC physical–chemical phenomena at different levels
of approximation.1,2,8,16,17 Numerical studies, focused on the
dynamics of a reactive-collapsing bubble, give the necessary
physical insight for an extensive technology development:
prediction of collapse pressure, temperature peaks, and con-
centration of chemical species. Two seminal papers pub-
lished in 200018,19 proposed that bubble dynamics are
limited by diffusion and paved the way for several studies
on HC applications.1,2,7,8,16–26 A short historical review is
given in the work by Sharma et al.21

Notwithstanding this abundant research, HC has been only
occasionally implemented for contaminated municipal and/or
industrial water purification. The knowledge of the process is
still limited and, to exploit the full potential of HC, it is
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necessary to work out mathematical models to optimize the
reactor design and prove its practical feasibility as a WWT
process.1,2,7,8,11,17,21,25

The present article offers an interpretation of the physical–
chemical behavior of cavitation bubbles in a HC reactor,
highlighting the existence of optimal pressure and flow rate
values at a fixed geometry. The bubble dynamics model has
been coupled to hydrodynamics through the constriction and
the chemical reactions occurring into the collapsing bubbles
over a wide range of initial bubble sizes. The cavitation
event rate allows calculating an overall result comparable
with the experimental values. Thus the experimental meas-
urements of p-nitrophenol (pNP) degradation in a specific
HC device are compared with the numerical simulations of
the cavitation behavior. pNP degradation was chosen as it
can be considered as an estimator of the chemical effect,
more specifically of the �OH production. The existence of an
optimal pressure value has been detected both experimentally
and numerically. The comparison between the two appro-
aches contributes to a better understanding of the phenom-
ena: modeling results offer a theoretical insight whereas the
experimental evidences directly validate the model, thus
allowing a step forward in effective HC reactor design.

Mathematical Model

The mathematical algorithm developed in this study is glob-
ally represented in Figure 1. It allows the simulation of single-
bubble dynamic (SBD) with chemical reactions for different
initial bubble sizes R0. As visible from the sketch of the math-
ematical algorithm, the first output of SBD is the bubble size
variation (along with inside temperature, pressure, and mass of
vapor) downstream the orifice. Afterward, at the moment of
collapse, the radical generation is evaluated, considering the
specific bubble production, pOH and the global one, POH (by
taking into account for the cavitation event rate).

The core of the algorithm is the simulation of the reactive
cavitating bubble, by considering the five ordinary differen-
tial equations (ODEs) summarized in Table 1. This approach
is in continuity with other research articles16,17,20,21,26 and
assumes the diffusion limited model with a boundary layer
approximation introduced by Storey and Szeri18 and Toegel
et al.19 A similar approach, which couples momentum and
continuity equation, is described in a recent work20 that
reports different maps of cavitation regimes obtained by
varying the operating parameters.

The main components of SBD are: (1) Rayleigh–Plesset
equation for the radial motion of the bubble; (2) equation for
the diffusive flux of water vapor; (3) overall energy balance
treating the cavitation bubble as an open system with heat

conduction through the bubble wall; (4) continuity equation;
and (5) Bernoulli equation. In similarity to the aforemen-
tioned study, in the proposed modeling, gas diffusion across
the bubble is ignored as its time scale is negligible as com-
pared to bubble radial motion; fragmentation and coales-
cence phenomena are neglected; pressure and temperature
are uniform inside the bubble and stationary in the liquid
bulk and at the bubble wall; bubbles remain spherically sym-
metric during collapse. The integration domain [0� x� L] is
the length of a cavitating device: a convergent–divergent
nozzle, symmetric to the x axis, with a cross section A. The

Figure 1. Sketch of the mathematical algorithm.

Table 1. Mathematical Model of SBD

Description Equations Initial values #Eqs.
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model also includes the estimation of turbulent fluctuation
velocity u0 downstream of the orifice, following the approach
first proposed by Moholkar and Pandit16 and recently devel-
oped by Kumar et al.20 It allows the calculation of the local
velocity by adding the turbulent term to the mean flow con-
tribution, u, derivable from the continuity equation.

The system of Eqs. 1–5 can be solved using the fourth-
order/fifth-order Runge–Kutta–Fehlberg variable step-size
method to obtain the variation of bubble radius, temperature,
pressure, and along with the number of molecules trapped in
the bubble, assuming the initial values reported in Table 1.
Equation 1 can be split into two simultaneous equations by
considering dR/dx as a new variable. For more details on the
determination of penetration depths for mass and thermal
diffusion (ldiff, lth) and thermodynamic properties of the mix-
ture, can be found in the work by Krishnan et al.22

The moment of collapse is identified according to the tur-
bulence collapse criteria suggested by Sharma et al.,21 based
on the calculation of the fluctuation velocity. At this stage,
the bubble content is modeled as a reactive mixture of com-
pounds that cannot get out of the bubble: the radial motion
of the bubble becomes extremely fast and the water vapor in
the bubble cannot escape out of the gas–liquid interface, as
the time scale of bubble collapse is much smaller than the
time scale of diffusion and condensation.22

The equilibrium mole fraction of the entrapped chemical
species at the peak conditions reached during the transient col-
lapse is estimated using the Gibbs free-energy minimization
technique.27 In modeling the reactive air–vapor mixture, 16
chemical species and 45 chemical reactions have been consid-
ered; a list of reaction parameters and a detailed description of
reaction rate equation is in the work by Toegel et al.28 The
solution of the chemical reaction system gives the main
numerical output of specific radical production, pOH (relative
of a single initial nucleus of radius R0).

As mentioned in the Introduction section and reported in
Figure 1, the proposed approach introduces the calculation of
a global radical production, POH. To take into account the
generation of bubbles of different sizes, the cavitation event
rate J, is considered. This parameter represents the number of
nuclei of a specific size that actually cavitate as a consequence
of the hydraulic regime, and is evaluated following the model
of Delale et al.29 The global radical generation can be calcu-
lated by multiplying the specific contribution of a single bub-
ble by the rate of bubble production, as in Eq. 6. Moreover, as
actual experiments reflect the distribution of several bubble
sizes, our calculations span the range R0 5 20–250 lm, assum-
ing a steady-state size distribution function N(R0) as suggested
by Liu and Brenner.30 In this way, the integral average
reported in Eq. 7 is independent from the initial value R0 and
directly comparable with experiments, as widely suggested in
the literature7,8,13,31,32

POH ðR0Þ5J pOH ðR0Þ (6)

POH 5

Ð
POH R0ð Þ NðR0Þ dR0Ð

NðR0ÞdR0

(7)

Experimental Apparatus

The experimental apparatus consists of the closed loop cir-
cuit sketched in Figure 2. It incorporates a stirred reactor
(with cooling system), a recycling line, a centrifugal pump,
pressure and flow meters. The main branch passes through a

convergent–divergent nozzle, in which cavitation occurs, and
ends into the tank. The larger diameter of the Venturi reactor
corresponds to the pipe diameter dp 5 12 mm, whereas the
inner one is do 5 2 mm, resulting in b 5 0.167. The system
is equipped with control valves V-1 and V-2 to regulate inlet
pressure and consequently, the flow rate through the device.

The organic molecule chosen in this study is pNP (linear
formula: O2NC6H4OH, MW: 139.11 g mol21, Sigma-Aldrich
in spectrophotometric grade); the pNP initial concentration
was fixed at the value pNP0 5 0.15 g dm23 by diluting with
bidistilled water. Solutions of sulphuric acid (2M) and
sodium hydroxide (2M) were used to maintain the value of
pH at 5. By controlling the flow through the by-pass line
(3.5–6 L min21), the inlet pressure was adjusted in the range
of 0.2–0.6 MPa. Samples were withdrawn from the main
tank at 0–10–20–30 min and analyzed using UV-VIS spec-
trometry (PerkinElmer). The quantification of pNP was
achieved by measuring its absorbance peaks (at 401 nm) in
alkaline solution following the method proposed by Kotro-
narou et al.33 Given scope of the article, only pNP conver-
sion has been followed. Nevertheless, the method33 includes
the identification of by-products for the correction of the
measured absorbance peaks.

Results and Discussion

Numerical results

In this section, the HC occurring in the experimental
device is simulated following the proposed mathematical
modeling (Section Mathematical Model); inlet pressure and
flow rate in the Venturi varied in the ranges 0.2–0.6 MPa
and 3.5–5.3 L min21 m3 s21, respectively. The integration
of SBD ODE system gives the spatial prediction of the main
variables downstream the constriction as represented in the
sketch of mathematical algorithm (see Figure 1). This way
of showing numerical results is widely used in the literature
as first rough way to understand the cavitation inten-
sity.7,8,16,20–26 The variations of bubble radius and tempera-
ture are shown in Figure 3, for a bubble of initial radius
R0 5 20 lm and three values of inlet pressure pin 5 0.2, 0.4,
0.6 MPa. As visible in Figure 3, the higher the inlet pres-
sures and flow rates the lower the bubble growth, the amount
of entrapped vapor molecules and, consequently, the inten-
sity of collapse. At higher pressures the flow rate increases,

Figure 2. Schematic representation of the HC experi-
mental setup.
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leaving less time for the bubble to grow and generating
higher turbulence stresses which contrast bubble expan-
sion.20–22 Looking at the temperature peaks, the pin increase
determines a lowering in the sonochemical effect, also
according to the cavitation regime determined by Kumar
et al.20

To evaluate the concentration of �OH radicals in conjunc-
tion with the bubble collapses is a more interesting result,
particularly for AOP applications. Thus, the specific radical
production pOH (# OH molecules/bubble) at the collapse
stage, for different initial bubble sizes R0, is represented in
Figure 4. The range of initial radius R0 chosen is 20–200 lm
which covers the common experimental distributions
reported in the literature.29–35 The effect of inlet pressure is
to decrease the specific production pOH, this is due to the
premature collapse of the bubbles occurring at higher pres-
sures and flow rates.21

Figure 4 also shows a slight dependence of radical produc-
tion (pOH) on initial bubble size R0. This is due to the strong
dependence of the collapse bubble size on the turbulence
intensity and, consequently, on inlet pressure. In other
words: “no matter the initial size of the bubble,” the collapse
is governed by the inlet pressure at a fixed geometry. The
results do not take into account the positive effect that the
inlet pressure has in increasing the number of cavitating bub-
bles. For considering this phenomenon, the calculations have
been extended to the actual nuclei production as indicated in
Eq. 6. Thanks to the evaluation of the global production, it

is possible to analyze the actual effect of the inlet pressure
as the combination of two aspects: the increased number of
cavities at higher pin and the higher specific production pOH

at the lower ones. Figure 5 reports the values of POH for dif-
ferent pin levels vs. the initial bubble radius R0. This figure
is directly comparable with Figure 4; it is possible to observe
that the relation between global production and pressure is
not monotonic (in contrast to the one revealed for the spe-
cific production pOH, which is positive and strictly mono-
tonic). As aforementioned, this is due to higher cavitation
event rate at higher inlet pressures (lower cavitation
numbers).

Experimental results

To study the effect of pressure and to verify modeling
results, pNP degradation tests are conducted in the Venturi
reactor apparatus, varying pin in the range 0.2–0.6 MPa. Fig-
ure 6 shows the pNP concentration (as a percentage of its
initial value) as a function of time for different values of pin.
Its effect is nonmonotonic with a higher pNP conversion of
24% at 30 min and 0.45 MPa and very low chemical effect
at the extreme pin values (0.2 and 0.6 MPa). A useful way to

Figure 3. Single bubble dynamics simulation: Radius, R
and temperature, T for an initial size of
R0 5 20 lm and three different level of inlet
pressure, pin.

Figure 4. Specific radical production pOH versus initial
bubble size R0, for five values of initial pres-
sure in the range 0.2–0.6 MPa.

Figure 5. Global radical production pOH versus initial
bubble size R0, for five values of initial
pressure.
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evaluate the treatment energy efficiency is calculating the
cavitational yield Y [mol J21], as in Eq. 8

YðtÞ5 moles degraded per second

power consumption
5

Q � ðpNP t2pNP 0Þ
Q DP

103

MW

(8)

where Q is the flow rate and DP is the system pressure drop,
whereas pNPt and pNP0 are the pNP concentration at time t
and initial time, respectively.

By expressing the results in terms of cavitational yield
and final removal percentage, it is possible to observe the
effect of inlet pressure: Figure 7 reports the final removal
percentage (after 30 min of treatment) and the cavitational
yield as a function of the inlet pressure (pin). Both variables
increase with pin until a maximum at about 0.45 MPa (g �
24% and Y 5 5.2 10212 mol J21) and then decrease. This
effect is consistent with other trends observed in the litera-
ture and the results previously described; Kumar et al.36 per-
formed a decomposition of aqueous KI solutions using HC
showing the existence of a maximum chemical effect in the
range of 0.4–0.5 MPa. Vichare et al.37 recognized an opti-
mum cavitation number for their experiments, asserting that
the quantum of the total collapse pressure is the result of the
single cavity features and the total number of cavities being
generated (in agreement with phenomena highlighted in the
previous section). Saharan et al.38,39 reported an optimum
inlet pressure of 0.5 MPa, beyond which a drop in degrada-
tion of organic dyes was observed. Similar results have been
reported in the literature for the degradation of dichlorvos36

where optimal conditions exist in the same range of pres-
sures using orifice plate as cavitating device. An additional
explanation of the maximum existence, is given by the aris-
ing of chocked cavitation. It consists of a significant increase
in the number of cavities that fill the downstream area of the
reactor and reduce the cavitational effects by coalescing
(less collapse events) and damping energy released by the
neighboring cavity collapse.12,24,31,35,36,40 Early investiga-
tions assert that operating cavitation device near the limit of
choked cavitation number, can give most effective energy
utilization.8,10,12,37–40 The critical cavitation number depends

on the geometry of the system; Yan and Thorpe40 have
reported critical values for the onset of choked cavitation in
a range very close to one observed in our experiments for
the decrease of pNP degradation rates (Cv< 0.25 at
pin> 0.4 MPa).

Model validation

According to the numerical predictions reported in the
previous section, a decrease in cavitation number results in a
lower collapse intensity and a higher number of cavities gen-
erated. In this section, the experimental pNP degradation is
discussed on the basis of the cavitation features simulated
with the mathematical model. As discussed in Section Math-
ematical Model, the integral average POH (Eq. 7) is chosen
for representing the chemical effect of cavitation to be com-
pared in ultimate analysis with experimental data.

Thus, Figure 8a reports •OH and pNP in number of moles
produced/degraded per second in a cubic meter, vs. the inlet
pressure pin. The model results are extremely helpful in iden-
tifying the nonmonotonic dependence and comparing simula-
tions with a measurable chemical effect (pNP degradation).
The curve patterns are very similar and the maximum close
to 0.4 MPa is recognized by the model which, as a conse-
quence, is able to point out an optimal configuration. Addi-
tionally, the theoretical radical production has to be higher
than the correspondent value of pNP removed (at the same
abscissa, which means in the same experimental configura-
tion) because of recombination and scavenging effects
decreasing the actual radical concentration. The simulation
of transport mechanisms and by-product degradation will be
the next step forward in addressing the hydroxyl radical utili-
zation. Figure 8b reports the calculations obtained for one
pass through the reactor (production per cycle). The inlet
fluid pressure pin and the velocity at the throat are mutually
dependent, this could be regarded as the most obvious reason
for the higher removal increase at higher pin: as pressure
rises, flow rate grows, then the number of passes in the Ven-
turi is higher. Observing that the effect of inlet pressure per-
sists at the same number of cycles, it is possible to conclude
that the enhancement of chemical activity is due to the
intrinsic chemistry at different cavitation regimes, not only
to the higher number of passes at higher pin.

Figure 6. PNP degradation percentage versus time:
inlet pressure: 0.6 MPa (�); 0.5 MPa (D); 0.45
MPa (!); 0.35 MPa (�); 0.2 MPa (•).

Figure 7. Effect of inlet pressure: cavitational yield (full
line, •) and final removal percentage (dashed
line, ~) vs. inlet pressure: initial concentra-
tion C0 5 0.15 g dm23.
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Conclusions

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.
Thanks to this approach the comparison between numerical
and experimental results can be made more direct and
straightforward.

In this article, a mathematical model, coupling the simula-
tion of single reactive bubble dynamics with nucleation event
rate and bubble size distribution, has been proposed. A good
agreement between mathematical results and experimental
observation has been found in the individuation of an optimal
configuration at circa 0.45 MPa of inlet pressure (pNP removal
percentage of 24% and Y 5 5.2 10212 mol J21).

The proposed model can be considered a theoretical tool
for optimizing geometrical and operational configuration and
obtaining information and correlations for scaling-up the
technology. Additionally, it can be extended to different geo-
metries and compared with other experimental conditions to
make the validation more consistent. Moreover, a next step
forward could be the introduction of bubble population phe-
nomena and the direct simulation of pollutant degradation in
the mathematical algorithms: in accordance with literature,
the model upgrade is individuated in the bubble interaction
and in the pollutant transport mechanisms. This will be an
ultimate advance for realizing comprehensive model, suitable
for predicting parameter influence in different geometries
and useful in reactor design and process control.

Notation

A = area of the Venturi cross section, m2

Cv = cavitation number, dimensionless
Cv,mix = heat capacity at constant volume of the gaseous–vapor mixture,

J kg21K21

Cw = concentration of water molecules in the bubble, mol m23

CwR = concentration of water molecules at the gas–liquid interface,
mol m23

D = diffusivity, cm2 s21

dp = pipe inner diameter, m
do = diameter of the constriction, m
fT = frequency of turbulent fluctuation, Hz

h = van der Waal’s hard core radius, m
hw = enthalpy of water molecules, J mol21

J = nucleation event rate, #bubbles m23 s21

k = Boltzmann constant, m2 kg s22 K21

L = length of the cavitating device, m
ldiff = length scale of mass diffusion, m
lth = length scale of thermal diffusion, m

MW = molar weight, g mol21

Ntot = total number of molecules (gas 1 vapor) in the bubble, mol
Nw = number of water molecules, mol

N = bubble size distribution, #bubbles m21 m23

n = number density of bubbles, #bubbles m23

pi = internal bubble pressure, Pa
pin = inlet pressure, Pa
pl = liquid total pressure, Pa
pv = water vapour pressure, Pa
Q = flow rate, m3 s21

R = bubble radius, m
T = bubble temperature, K

Tw = bulk liquid temperature, K
U = instantaneous velocity, m s21

u = mean velocity, m s21

u0 = turbulent velocity, m s21

Uw = internal energy of water vapor molecules, J mol21

V = bubble volume, m3

vo = liquid velocity at vena contracta, m s21

x = independent variable—space, m
Y = cavitational yield, mol J21

Greek letters

b = orifice to pipe ratio, dimensionless
DP = pressure drop across the reactor, Pa

g = extent of removal, %
k = thermal conductivity of bubble contents, Wm22

l = viscosity, Pa s
POH = global hydroxyl radical production, mol m23 s21

pOH = specific hydroxyl radical production, mol/bubble
q = water density, kg m23

r = water surface tension, N m21
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