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ABSTRACT

This article deals with study of hydrodynamic cavitation in a Venturi reactor by considering
the degradation of p-nitrophenol and the numerical simulation of a cavitating bubble in the
explored experimental conditions. The parameters depicting the cavitation performances are
reported for several experimental conditions. The best result of pNP mass removed at 30min
was found by setting the inlet pressure at 0.70MPa and the recovery one at 0.38MPa (≈40%),
while the best performances in terms of pNP conversion per unit energy consumed were
observed at 0.40MPa (2.41mg/MJ). The study represents a step forward in the work carried
out by our research group to gain theoretical insight and optimize cavitation for advanced
wastewater treatment.

Keywords: Hydrodynamic cavitation; Mathematical modeling; Recovery pressure; Venturi;
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1. Introduction

Cavitation is the formation, growth, and subse-
quent collapse of microbubbles in a liquid. These phe-
nomena release large magnitudes of energy per unit
volume over an extremely small interval of time
(10−3 s), resulting in high local pressures (10–500MPa)
and temperatures (1,000–10,000 K). The collapses also
result in the formation of highly reactive free radicals,

in continuous surface and interface cleaning as well as
in the enhancement of mass transfer rates due to the
turbulence generated [1]. Therefore, the application of
cavitation is being studied by many researchers in
many fields of process intensification and, particularly,
in the water treatment processes for the degradation
of various organic pollutants [1–8].

In hydrodynamic cavitation (HC), the above-
described phenomena are realized through constric-
tions such as orifice plates or Venturi. According to the
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pertinent literature, HC (particularly if employed in
hybrid techniques) is showing the lowest energy con-
sumption among other similar Advanced Oxidation
Processes (AOPs) [2,7,8]. Although there are many stud-
ies on HC, its actual implementation as a consolidated
wastewater treatment technology is still an open field of
research. The main strands of research are as follows:
the optimization of process parameters [7,9,10], the
implementation of HC in hybrid techniques to obtain
higher depuration yields [4,8,10,11], and the modeling
of bubble dynamics with chemical reactions in order to
understand and optimize the process [12–17].

This paper is part of a wider study carried out by
this research group, focused on the experimental and
theoretical insight of the HC process in order to
enhance the degradation of organic pollutants [5,7,13].
Particularly in this work the cavitation-mediated oxi-
dation in a Venturi reactor is addressed by studying
the decomposition of a model organic molecule (a pri-
ority pollutant), p-Nitrophenol (pNP), going into
details of the effect of recovery pressure downstream
the cavitation reactor. A mathematical model simulat-
ing the bubble dynamics is the instrument used to dis-
cuss the experimental evidences.

2. Experimental apparatus and procedures

Fig. 1 depicts the experimental setup: a closed-loop
reactor consisting of a holding tank of 1.5 L volume with
cooling system, a centrifugal pump (500–3,500 rpm,
0.4 kW) and two pipe-lines. The main line comprises the
Venturi reactor and two pressure gauges provided to
measure the inlet pressure (p1) and the fully recovered
downstream pressure (p2). Two control valves enable to
modulate the flow rate and the pressure drop. The
inside diameter of both the main and the by-pass lines
is 12mm, further details regarding the apparatus are
given in a recently published paper [9]. The valve in the

by-pass line (V-1) is partially closed to adjust the inlet
pressure p1 (which is also the pump discharge pressure)
on the upstream side of the orifice plate. The fully
recovered pressure, p2 on the downstream side is regu-
lated through the valve V-2. The values of these operat-
ing variables varied in the range p1 = 0.20–0.75MPa;
p2 = 0.10–0.35MPa, Q = 0.2–0.4 m3 h−1. The pNP initial
concentration was 1 ppm, initial pH was 5.5; the tem-
perature was kept below the limit of Tw= 30˚C during
the experiments. During testing, some 1-ml samples
were drawn from the test reservoir. The absorbance of
pNP was monitored at 0, 5, 10, 20, 30 min. The pNP con-
centrations were measured using a UVV spectropho-
tometer following the procedures of Kotronarou et al.
[18]. Reagent grade pNP, sulfuric acid, and sodium
hydroxide were used for pH adjustment. The spectro-
photometer was calibrated against the known concen-
trations of pNP in distilled water at a wavelength of
401 nm after shifting the sample pH to 11 by adding
NaOH to enable measurement [18].

3. Mathematical model

The mathematical model of the cavitating bubble is
described by the following five ordinary differential
equations, together with their initial values: Rayleigh–
Plesset Eq. (1), diffusive flux of water vapor (2), energy
balance of the bubble (3), continuity (4) and Bernoulli
Eq. (5). The mathematical approach is in continuity
with previous papers by the same research group
[7,13,15] and is described in detail in a recent modeling
work [2] that reports different maps of cavitation
regimes obtained by varying the operating parameters.
The integration domain [0 ≤ x ≤ L] is the length of a
cavitating device; the model also includes the estima-
tion of turbulent fluctuation velocity for the calculation
of the local velocity U, following the approach firstly
proposed by Moholkar and Pandit [14]. 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 along with the number of molecules trapped
in the bubble, assuming the indicated initial values.
More details on the transport properties can be found
in the work of Kumar et al. [12].
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Fig. 1. Layout of the experimental apparatus.
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4. Results and discussion

The experimental results of this paper can be sum-
marized in two groups: The first one comprises the
experiments aimed at analyzing the effect of the inlet
pressure p1 at the fixed recovery one p2; the second
group includes the runs carried out to evaluate the
effect of the recovery pressure at a constant Venturi
pressure drop. Fig. 2 reports the results belonging to
the first group, showing the dimensionless concentra-
tion of pNP along with the treatment time at five dif-
ferent inlet pressures (p1). The results indicated that
the HC oxidation is favored by a higher p1 until a crit-
ical pressure is reached. For the system under exami-
nation this value is ca. 0.40MPa and was recognized
in a previous paper in similar conditions [7], as well

as in the literature for different experiments [19,20]. It
can be ascribed to the establishment of a cavitating
regime responsible for dumping the energy of cavitat-
ing bubbles [20]. An experimental and theoretical
insight into the optimization of inlet pressure value is
also given in our previous paper [9].

As already said, a second group of experiments
was conducted in order to investigate the effect of
recovery pressure; therefore, similar experiments were
performed but at different p2. By assuming from the
previous consideration that 0.30MPa could be an opti-
mal pressure drop, the flow rate was adjusted in order
to keep a constant pressure drop Δp ≈ 0.30MPa. The
results are reported in Fig. 3 where it is possible to
observe an overall increase in the removal percentage:
the highest removal at 30min is found at p1 = 0.70
MPa, p2 = 0.38MPa. Table 1 summarizes the experi-
mental parameters and quantifies some variables use-
ful for the comparison. A key measure of the
oxidation performances is the energy required to
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Fig. 2. pNP degradation at different inlet pressure, p1; the
recovery pressure is p2 =0.10MPa.
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Fig. 3. pNP degradation, effect of recovery pressure p2.

Table 1
Experimental conditions and overall performances of
cavitation

p1 MPa p2 MPa Cv C (30min)/C0 %
η (30min)
mg/MJ

0.20 0.10 0.57 96.00 0.67
0.30 0.10 0.44 83.78 1.61
0.40 0.10 0.36 63.78 2.41
0.50 0.10 0.29 90.00 0.48
0.60 0.10 0.25 91.06 0.33
0.45 0.16 0.52 76.72 1.30
0.50 0.21 0.63 74.88 1.21
0.65 0.33 0.77 66.90 1.08
0.70 0.38 0.82 61.20 1.13
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remove a unit mass of a given compound. This is
expressed in Eq. (6) as the cavitation efficiency η: the
cumulative mass of contaminant removed per unit
energy expended:

g tð Þ ¼ C0 � C tð Þð ÞV
tP

(6)

where C0 is the initial concentration, C(t) the concen-
tration at time t, V the liquid volume, and P the
expended power. Moreover, in Table 1 the cavitation
number Cv is given for all the experiments: At similar
values of Cv the increase in recovery pressure has a
positive effect on the degradation rate. Nonetheless,
by increasing the p2, a little reduction of η is found
with respect to the highest values observed at
p1 = 0.40MPa and atmospheric recovery pressure. This
can be ascribed to the higher energy consumption to
process the water at high pressures despite the higher
mass of pollutant being degraded. The last consider-
ation points out the chance of optimizing the system
by varying the geometry and the recovery pressure.

In this paper, an attempt is made to find an expla-
nation by a numerical simulation of the single- bubble
dynamics (Eqs. (1–5)). In Fig. 4, the bubble radius and
temperature (dimensionless value) are plotted against
the distance downstream the orifice (for a water tem-
perature T = 293 K and a bubble of initial radius
R0= 5 μm). The geometrical parameters—and conse-
quently A(x) (Eq. (4)), which influences the pressure
profile pl(x) across the divergent section—chosen for
the numerical simulation were the same as in the
Venturi test for comparison sake. Fig. 4 reports the

simulation at p1 = 0.65MPa and two different recovery
pressures p2 = 0.10MPa (Fig. 4(a)) and p2 = 0.33MPa
(Fig. 4(b)). It clearly shows that an increase in the
recovery pressure enhances the violence of collapse
(temperature peaks in Fig. 4(b)) and, therefore, the
chemical reaction rate and the OH radical production.
Macroscopically, it can be considered as the main rea-
son explaining the positive effect of higher recovery
pressure and recovery rate as underlined in the spe-
cialized literature [20]. A first -order reaction rate
increasing with the temperature of the actual reaction
zone is also suggested by the relevant work by
Kotronarou et al. [18]. These authors put forward that,
based on the nonvolatile and moderately hydrophilic
behavior of pNP, the primary degradation mechanism
is the thermal decomposition with the cleavage of the
C–N bond in the boundary layer surrounding
the collapsing bubble. Therefore, the behavior of the
temperature peaks, shown in Fig. 4, can be rationally
considered as the main reason for the effect observed
at higher recovery rates of pressure.

5. Conclusions

The paper focuses on the effect of recovery pres-
sure on pNP degradation by means of HC. At a fixed
pressure drop, the increased recovery pressure results
into more violent collapses and in the release of
hydroxyl radicals, which explains the higher degrada-
tion rates of pNP, experimentally verified. The experi-
ments proved that it can be convenient to investigate
and optimize the recovery pressure and fluid dynam-
ics downstream the constriction. A pNP mass removal
of 40% was achieved at 30min with an inlet pressure
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Fig. 4. Single bubble simulation, dimensionless radius and temperature. R0 = 5 μm, Tw = 293 K. (a): p1 = 0.65MPa,
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of 0.70MPa and a recovery one at 0.38MPa (conver-
sion per unit energy of 1.13mg/MJ). These results
underline the effectiveness of realizing cavitating
geometries with a combination of conveniently
designed in series constrictions. The mathematical
model gave a theoretical insight on the empirical
observations. Next investigations should also focus on
the transport mechanisms and bubble population phe-
nomena; further models will be developed directly to
improve the configuration of multiple tandem Venturi
(or equivalent cavitating geometries).

Nomenclature
A — area of the Venturi cross section [m2]
C — pNP concentration [mg L−1]
C0 — initial pNP concentration [mg L−1]
Cv — cavitation number [dimensionless]
Cv,mix — heat capacity at constant volume of the

gaseous-vapour mixture [J kg−1 K−1]
Cw — concentration of water molecules in the

bubble [molm−3]
CwR — concentration of water molecules at the gas–

liquid interface [mol m−3]
D — diffusivity [cm2 s−1]
h — van der Waal’s hard core radius [m]
hw — enthalpy of water molecules [J mol−1]
k — Boltzmann constant [m2 kg s−2 K−1]
L — length of the cavitating device [m]
ldiff — length scale of mass diffusion [m]
lth — length scale of thermal diffusion [m]
n — number density of bubbles [#bubbles m−3]
Ntot — total number of molecules (gas + vapor) in

the bubble [mol]
Nw — number of water molecules [mol]
p1 — inlet pressure [Pa]
p2 — recovery pressure [Pa]
pl — liquid total pressure [Pa]
pv — water vapour pressure [Pa]
Q — volumetric flow rate [m3s−1]
R — bubble radius [m]
T — bubble temperature [K]
Tw — bulk liquid temperature [K]
U — instantaneous velocity [m s−1]
u — mean velocity [m s−1]
Uw — internal energy of water vapour molecules

[J mol−1]
V — solution volume [m3]
x — independent variable—space [m]

Greek symbols
η — cavitation efficiency [mgMJ−1]
λ — thermal conductivity of bubble contents

[Wm−2]
μ — viscosity [Pa s]
ρ — water density [kgm−3]
σ — water surface tension [Nm−1]
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