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Abstract: Hydrodynamic cavitation is widely used in many
fields such as water treatment, impact rock breaking, and
food preparation. The performance of hydrodynamic cavi-
tation is closely related to its internal flow field. In the
present study, cavitation flow field was analyzed by compu-
tational fluid dynamics in the reactor. The cavitation perfor-
mance of the rotor is evaluated under different operating
conditions. The time frequency distribution of pressure pul-
sation is studied. The pressure increases at the connection
point between the local low-pressure area and the main-
stream low-pressure area. Cavitation bubbles collapsed
at the tail end of the cavity to form a local void area. The
blade frequency amplitude of pressure pulsation shows the
significant periodic change. The blade frequency ampli-
tude decreases along the flow direction. The effect of the
fluid outlet led to the increase in the second-order har-
monic frequency amplitude. The research results could
provide theoretical support for the research of cavitation
mechanism of cavitation equipment.

Keywords: hydrodynamic cavitation reactor, rotor-radial
groove, cavitation bubbles, time frequency characteristics

Nomenclature

E diffusivity
Fvap, Fcond empirical coefficients of evaporation and

condensation
Gk turbulents kinetic energy term produced by

buoyancy
k turbulent kinetic energy
p pressure
Pv saturated vapor pressure of the medium at

the working temperture
RB bubble radius
t time
ui, uj velocity in the x and y directions

′ui , ′uj the time-average velocity in the x and y directions
xi, xj coordinates in the x and y directions
αnuc volume fraction of nucleation points
αv volume fraction of steam
ρ

v
vapor density

ε turbulent pulsation rate
σk , σε turbulent Prandtl numbers of the k equation

and ε equation
μ fixed dynamic viscosity
μ

t
turbulent dynamic viscosity

ρ density
μ dynamic viscosity

1 Introduction

Hydrodynamic cavitation is a process in which cavitation
bubbles are generated, expanded, and finally collapsed
when the local pressure is lower than the saturated vapor
pressure. Local hot spots (2,300–4,600K) [1], shock waves, shear
stresses (100–5,000 bar) [2], and strong oxidizing hydroxyl radi-
cals and hydrogen peroxide radicals [3] are generated when the
cavitation bubbles collapse. The impeller of hydraulicmachinery
was destroyed by the cavitation bubbles collapse [4]. The inten-
sification of vibration/noise and performance degradation may
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lead to damage to water conservancy buildings in severe cases,
such as damage to the bottom outlet of the dam [5,6].

With the rapid development of modern industry, hydro-
dynamic cavitation technology has been widely applied in
the industrial field. It is feasible and efficient to apply hydro-
dynamic cavitation technologies in industry and life [7,8]. At
the same time, hydraulic cavitation can be applied to bio-
mass pretreatment to improve the efficiency of anaerobic
digestion and protect the environment [9]. In previous
research on hydrodynamic cavitation applications, venturi
tubes and orifice plates were widely used to generate cavi-
tation [10]. It also can cause significant pressure loss and
energy dissipation [11]. In addition, venturi tubes and orifice
plates are easy to corrosion and blockage. It is difficult to
achieve widespread application. Various rotary hydrody-
namic cavitation reactors have been proposed to address
this phenomenon [12]. The mechanism, design, and applica-
tion of various hydraulic cavitation reactors are analyzed
and compared by some researchers [13]. The cavitation is
generated by the interference effects between the stator and
rotor, and the shear effects of the rotor in the rotation
hydrodynamic cavitation reactor [14]. The rotation hydro-
dynamic cavitation reactor has the characteristics of high
energy efficiency and good economic benefits, which has
extremely high application value [15,16]. Petkovšek et al.
[17] studied the cavitation effect of a rotation hydrodynamic
cavitation reactor composed of two rotors with opposite
radial grooves. The results showed that new cavitation
was formed in the shear cavitation. Sun et al. [18,19] studied
the cavitation flow characteristics of representative interac-
tive hydraulic cavitation reactors. The mechanism and devel-
opment process of cavitation were analyzed by experimental
flow visualization and numerical simulation methods. Badve
et al. [11] proposed a new type of hydraulic cavitation reactor.
The reactor consists of a grooved rotor and stator. A strong
shear cavitation occurs at the groove when liquid enters and
exits the groove at high speed. The internal hydrodynamic
cavitation of the centrifugal pump was analyzed. The flow
pattern was judged to obtain the optimal inducer angle for
hydraulic cavitation performance by numerical simulation.

For the numerical simulation of hydraulic cavitation, it
is usually necessary to solve complex partial differential
equations. These complex partial differential equations
usually cannot be solved analytically, so they can only be
solved numerically. Some researchers use B-spline function
to solve complex equations numerically, and the results
show that this method has better stability and convergence
than other methods [20–22]. Tassaddiq et al. [23] also used B-
spline function to solve viscoelastic flow and hydrodynamic
stability problems, and the results show that this method is
more efficient. Khalid et al. [24] used polynomial and non-

multinomial splines to solve the fluid dynamics stability
problem, and compared with other methods, the results
show that the solution accuracy is higher with polynomial
and non-multinomial splines. Some researchers have theorized
how to solve similar problems [25]. There are many existing
computational models for hydraulic cavitation. Ranade has
summarized and compared various computational models of
various hydraulic cavitation reactors, and made prospects,
which provides a useful perspective for the design and optimi-
zation of hydrodynamic cavitation applications [26].

In our previous research work, an advanced rotor
radial gap hydraulic cavitation reactor was proposed. The
reactor has excellent cavitation disinfection performance
[27,28]. Disinfection rate of 93.3% can be achieved with
15min for 15 L simulated effluent. The hydrodynamic cavi-
tation reaction is mainly based on the shear cavitation effect
generated by the high-speed rotor in the hydrodynamic
cavitation reactor. The cavitation effect in the rotor region
periodically collapses to produce powerful cavitation effect.
On the other hand, the rotor region induces cavitation bub-
bles into the stator cavitation unit [29]. Therefore, the cavi-
tation flow field in the rotor plays an important role in
improving the cavitation performance of the reactor.

In this study, the cavitation characteristics of the rotor-
radial groove (RRG) hydrodynamic cavitation reactor were
studied by the Realizable k–ε turbulence model and the
Zwart (Zwart-Gerber-Belamri) cavitation model. Numerical
calculations were conducted on the unsteady cavitation flow
field at different speeds. The interaction relationship between
cavitation and pressure fluctuation characteristics was stu-
died. The development of internal pressure pulsation in the
reactor and the influence of rotational speed on the cavitation
performance of the rotor impeller region were analyzed. The
theoretical basis for the cavitation mechanism and the refer-
ence for the design and optimization were provided.

This study is organized as follows. The modeling is
proposed in Section 2. Section 3 describes the numerical
method including meshing and solver. The cavitation per-
formance of the reactor rotor area under different operating
conditions is evaluated, and the time-frequency distribution
of pressure pulsation in the reactor rotor region is studied in
Section 4. Finally, the conclusions are drawn in Section 5.

2 Modeling

2.1 Governing equations

This simulation method is based on the Reynold-averaged
Navier–Stokes control equation to solve the turbulent flow
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field in the RRG hydrodynamic cavitation reactor [30,31].
The continuity equations and momentum equations are as
follows:

Continuity equation:
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where ρ is the density, kg/m3; p is the pressure, Pa; μ is the
dynamic viscosity, N s/m2; ′ui and ′uj are the time-average
velocity in the x and y directions, m/s; t is the time, s; ui

and uj are the velocity in the x and y directions, m/s; xand i

and xj are the coordinates in the x and y directions.

2.2 Cavitation model

The development of bubbles was calculated using the Zwart
(Zwart-Gerber-Belamri) cavitation model based on the
Ray–Plesset equation, assuming the same bubble radius [32,33].

When P < Pv,
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where Fvap and Fcond denote the empirical coefficients of
evaporation and condensation (Fvap = 50, Fcond = 0.01). P is
the flow field pressure, Pa; Pv is the saturated vapor pres-
sure of the medium at the working temperature, Pa; αnuc is
the volume fraction of nucleation points; αv is the volume
fraction of steam; ρ

1
is the flow field density, kg/m3; ρ

v
is

the vapor density, kg/m3; Rand B is the bubble radius, m.
The evaporation process is calculated by Eq. (3). Fvap is the
evaporation empirical coefficient. The condensation pro-
cess is calculated by Eq. (4). Fcond is the condensation
empirical coefficient.

2.3 Turbulence model

The turbulence model plays an important role on the cavi-
tation flow field of the reactor. The selection of turbulence
models is an important factor affecting the accuracy of

cavitation flow field [34]. The realizable k–epsilon (k–ε)
model was applied for numerical calculation. For the blind
hole jet process, the realizable k–ε model is more accurate
than other models. The correction formula for turbulent
viscosity was added to the realizable k–εmodel. The model
takes into account the impact of turbulent viscosity on
average rotation. It can provide more accurate calculations
for this process [35,36].

For the realizable k–ε model of incompressible fluids,
the equations for k and ε are expressed by Eqs. (5) and (6).
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where ε is the turbulent pulsation rate; C1 and C2 are the
constants; σk and σε are the turbulent Prandtl numbers of
the k equation and ε equation; Gk is the turbulent kinetic
energy term produced by buoyancy; v is the turbulent
velocity, m/s; μ is the fixed dynamic viscosity, N s/m2; μ

t

is the turbulent dynamic viscosity, N s/m2; E is the diffu-
sivity; k is the turbulent kinetic energy, m2/s2; and ρ is the
turbulent density, kg/m3.

2.4 Geometric model

The RRG hydrodynamic cavitation reactor consists of rotor,
stator, and casing. The rotor is the semi open impeller
structure with multiple blind holes, which can promote
the development of impeller attachment cavitation. The
stator is a cylindrical entity with multiple rectangular
gaps. The RRGwould produce a shear separation zone based
on Kelvin–Helmholtz instability to promote the develop-
ment of shear cavitation. The RRG is arranged on the stator.
The RRG can generate large pressure pulsations based on a
previously patented blind hole design. Specifics of the RRG
hydrodynamic cavitation reactor structure and definitions
of RRG can be found in our previous works [17,18]. The shell
is the volute type structure. The liquid flows into the gap
between the stator and rotor through the inlet. The liquid
flow was thrown out through high-speed rotation of the
rotor. It has been verified that there is a high-strength
hydrodynamic cavitation effect in the reactor. Figure 1
shows the model diagram of the RRG hydrodynamic cavita-
tion reactor.
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3 Numerical method

3.1 Boundary condition

The volume of fluid model was applied to predict multiphase
flow in the reaction. The model inlet adopts velocity inlet
boundary conditions. The model outlet adopts free pressure
outlet boundary conditions. The inlet speed is specified as
0.97m/s. The wall temperature remains constant at 300 K.

3.2 Mesh of modeling

The geometric modeling is meshed with mesh size of
0.08 cm and mesh number of 2,875,071. The boundary
layer at the wall was densified. Polyhedral grids were
applied to mesh the computational domain of reactors.
To improve the calculation accuracy and save calculation
time, four expansion layers were formed in the interaction
area between the stator and rotor. The rotor area adopts
sliding walls and sliding grids. Table 1 shows the grid
independency.

3.3 Location of monitoring points

In order to study the pressure fluctuation characteristics at
different positions of the RRG hydrodynamic cavitation reactor,
eight monitoring points were arranged inside. The monitoring
points P1–P8 are uniformly distributed on the middle section of
the reactor. P8 is located in the position of the volute tongue. The
specific location of the monitoring points is shown as Figure 2.

3.4 Signal processing methods

In this study, the time-frequency analysis technology of
wavelet transform was used to identify the central

Figure 1: Schematic diagram of the RRG hydrodynamic cavitation reactor. (a) Reactor, (b) rotor, and (c) stator.

Table 1: Grid independency

Mesh size (cm) Pressure (hPa) Mesh number

0.06 −293.0 5,589,651
0.08 −292.8 2,875,071
0.10 −296.5 1,572,897
0.12 −299.6 1,024,077
0.14 −305.1 705,183
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frequency band of pressure signal. Wavelet transform is an
important analysis method in signal processing. Wavelet
transform can simultaneously display the effective informa-
tion of signals in both time and frequency domains. It has
high accuracy for low-frequency signals. The frequency of
pressure pulsation is mostly between 0 and 2,000 Hz in the
reactor. A wavelet transform could accurately and effec-
tively analyze and process the signals [37].

4 Results and discussion

4.1 Cavitation characteristics in rotor

The cavitation of the RRG hydrodynamic cavitation reactor
was generated by the shear cavitation of the rotor, the
cavitation development presented an obvious periodicity.
The development of cavitation in rotor (vapor phase velo-
city) is depicted in Figure 3. Figure 4 shows the location of
the rotor.

At 0 ms, cavitation occurs at the inlet of the suction
surface of the rotor. The closer to the back of the rotor, the
greater the gas phase volume fraction. Local vacuum area
is formed on the back of the rotor. At 2.6306 ms, partial
bubbles break at the tail end of the cavity. It split with
the mainstream cavitation region to form a local cavitation
region. Due to the influence of the fluid outlet, the area
of the cavitation area on the back of the rotor decreased.
At the same time, the local cavitation bubbles on the back
of the blade collapses. From 2.6306 to 7.8918 ms, the cavita-
tion enters the stage of recovery and development in the
rotor. The cavitation area increased in the rotor. Local
cavitation area appeared on the back of the rotor. From
7.8918 to 13.153 ms, the cavitation in the rotor area is in a
stable state. The cavitation area inside the rotor decreases
first, then increases, and finally stabilizes over time.

Figure 2: Location of monitoring points.

Figure 3: The cavitation development in rotor in one cycle.
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The pressure distribution affects the cavitation mor-
phology of the RRG hydrodynamic cavitation reactor.
Figure 5 depicts the development of cavitation in optimized
rotor (pressure). The low-pressure area appears on the back
of the rotor suction surface and entrance circumference.
The minimum pressure can reach 102,000 Pa. The low-pres-
sure zone corresponds to the cavitation zone. This explains
the reason for the formation of localized cavitation areas.
Local low-pressure area leads to the formation of local cavi-
tation zone. The pressure increases at the connection point
between the local low-pressure area and the mainstream
low-pressure area. Cavitation breaks at the tail end of the
cavity to form a local void area. From 0 to 2.6306ms, the
low-pressure area decreases due to the fluid outlet. The local

low-pressure area disappears. The pressure increases to
make the local low-pressure area disappear.

In the RRG hydrodynamic cavitation reactor, shear
cavitation is generated based on the shear effect of high-
speed rotor rotation. Vorticity is an important factor in
measuring the strength of shear separation. In this study,
the vorticity is used as a measure of the strength of shear
separation. The development of cavitation in rotor (vorti-
city) is shown in Figure 6. The high vorticity zone is concen-
trated at the inlet of the impeller suction surface and the
circumference of the rotor inlet. The high vorticity region
corresponds to the region where cavitation occurred. The
shear cavitation bubbles generated by high-speed rotation
of the rotor is the main cavitation form in the rotor. The
vorticity can reach up to 8,000 in high vorticity areas. From
2.6306 to 5.2612ms, the rotor turns to the fluid outlet. The
vorticity decreases to 1,000 on the back of the rotor rapidly.
The vorticity decreases in a strip shape along the rotor
wake. The vorticity shows the trend of high in the middle
and low at both ends. Therefore, the degree distribution of
vorticity is an important reason for the formation and dis-
appearance of local cavitation bubble areas.

4.2 Time-frequency characteristics of
pressure pulsation

The cavitation intensity is high when the rotor speed is
4,200 rpm. The pressure pulsation signal can better reflect

Figure 4: The bird’s-eye view of the profile location.

Figure 5: The pressure development in rotor in one cycle.

6  Deman Zhang et al.



the relationship between cavitation and time-frequency
pressure pulsation. The cavitation intensity is high. And
its pressure fluctuation signal can better reflect the rela-
tionship between cavitation and time-frequency pressure
fluctuation when the rotor speed is 3,600 and 4,200 rpm. In
this study, the time-frequency characteristics of monitoring
point pressure fluctuation signal were analyzed under the
steady state condition, which was based on wavelet transform
when the rotor speed is 4,320 rpm. The time-frequency diagram
of pressure pulsation at each point is shown in Figure 7. The
amplitude of pressure pulsation at eachmonitoring point was
mainly distributed in the range of 0–1,500 Hz. The ampli-
tude was concentrated in the blade frequency, double
harmonic frequency, and triple harmonic frequency.

The time-frequency distribution at a speed of 3,300 rpm
without cavitation is shown in Figure 7. The flow direction
inside the reactor is P8–P1. The blade frequency amplitude
inside the reactor shows two decreasing stages. The first
descent stage is the flow exit stage, which is the P8–P5 stage.
From P8–P5, the blade frequency amplitude decreased by
108,912 Pa. This is because of the influence of the fluid outlet,
the blade frequency amplitude of P8 has an instantaneous
increase. The blade frequency amplitude of P1–P8 increased
from 189,698 to 62,606 Pa. The second descending stage is the
flow inlet stage, which is the P5–P1 stage. From P5–P1, the
blade frequency amplitude decreased by 86,100. In sum-
mary, the blade frequency amplitude of pressure pulsation
shows significant periodic change. The blade frequency
amplitude decreases along the flow direction. The effect of
the fluid outlet led to the increase in the second-order har-
monic frequency amplitude.

Similar to 3,300 rpm operating conditions, the ampli-
tude of 4,200 rpm (shown in Figure 8) is concentrated in
blade frequency, double harmonic frequency, and triple
harmonic frequency. Unlike low-speed operating condi-
tions, the amplitudes of each frequency are enhanced to
varying degrees at 4,200 rpm. The development of cavita-
tion leads to the increase in blade frequency amplitude of
pressure pulsation. The specific time-frequency distribu-
tion is opposite to low-speed conditions. The blade fre-
quency amplitude of P8–P6 gradually increased from
177,275 to 181,137. The amplitude of blade frequency of
P4–P1 gradually increased from 171,466 to 275,066. This
is because of the enhancement of broadband pressure
pulsation caused by cavitation. It led to the gradual
increase in blade frequency amplitude of pressure pulsa-
tion along the flow direction.

5 Conclusion

In the present study, the cavitation flow field in the rotor
region of the reactor was analyzed by computational fluid
dynamics. The cavitation characteristics of the RRG hydro-
dynamic cavitation reactor were studied by the realizable
k–ε turbulence model and the Zwart cavitation model. The
cavitation performance of the reactor rotor area under
different operating conditions was evaluated. The time-fre-
quency distribution of pressure pulsation in the reactor
rotor region was studied. The following conclusions could
be drawn from the present investigation.

Figure 6: The vorticity development in rotor in one cycle.
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Figure 7: The time-frequency characteristics of pressure pulsation at 3,300 rpm. (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6, (g) P7, (h) P8.
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Figure 8: The time-frequency characteristics of pressure pulsation at 4,200 rpm. (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6, (g) P7, (h) P8.
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• Local low-pressure area leads to the formation of local
cavitation zone. The pressure increases at the connection
point between the local low-pressure area and the main-
stream low-pressure area. Cavitation bubbles collapsed
at the tail end of the cavity to form a local void area.

• The shear cavitation bubble generated by high-speed rota-
tion of the rotor is the main cavitation form in the rotor.

• The blade frequency amplitude of pressure pulsation
shows the significant periodic change. The blade fre-
quency amplitude decreases along the flow direction.
The effects of the fluid outlet led to the increase in the
second-order harmonic frequency amplitude.

• The specific time-frequency distribution is opposite to
low-speed conditions. The blade frequency amplitude
of P8–P6 gradually increased from 177,275 to 181,137.
The amplitude of blade frequency of P4–P1 gradually
increased from 171,466 to 275,066. This is because the
enhancement of broadband pressure pulsation caused
by cavitation. It led to the gradual increase in blade fre-
quency amplitude of pressure pulsation along the flow
direction.

There are some shortcomings in the extraction of cavi-
tation signals in this study. The influence of flow induced
pressure on cavitation pressure signals is not considered. In
future work, the cavitation model should be further revised
to establish more effective signal processing methods for
cavitation pressure pulsation to improve the accuracy of
numerical simulation.
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