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Cavitation is a common phenomenon in hydraulic power industry, ship propulsion, pump
station and other industrial fields. In the present work, a high-speed camera is used to
visualize the flow field in a rotational hydrodynamic cavitation reactor (RHCR) in a closed
cycle test rig, and the numerical simulation is carried out based on the RNG k-¢ turbulence
model and the Zwart-Gerber-Belamri (ZGB) cavitation model. Influence of hole diameter,
hole height and hole cone bottom length on performance of RHCR are comprehensively
investigated. The results show that the numerical results are in good agreement with the
experimental data, which verifies the accuracy and reliability of the numerical method. The
hole diameter mainly influences the water vapor exchange boundary, the hole height
mainly influences the cavitation area and intensity, and the cone bottom length mainly
influences the vortex number and intensity. Under different hole diameters, the dominant
frequent of pressure fluctuation in hole is 24 f; corresponding to the hole number along the
circumferential direction, and the maximum amplitude appears near the hole top due to the
small gap between the hole top and the side wall of the rotor. When the hole diameter
increases from 11 to 17 mm, the pressure fluctuation amplitude increases by 1.65 times for
each increase of 2 mm.

Keywords: hydrodynamic cavitation reactor, hole geometry, numerical simulation, vortex, pressure fluctuation

INTRODUCTION

Cavitation is an unsteady and multiphase turbulent flow phenomenon involving mass transfer between
vapor and liquid phases (Liu et al, 2018; Liu et al, 2019a; Liu et al, 2019b). Cavitation flow is
accompanied by the formation, development and collapse of cavitation, as well as the mass and energy
transfer of two phases (Prasad et al., 2018; Sun and Lei, 2020). During this process, the collapse of the
bubble can generate a local hot spot of 2,000-6,000 K and induce 10'° K/s heat transfer within 1 ms (Hart
et al,, 1990; Flint and Suslick, 1991; Didenko et al., 1999a; Didenko et al., 1999b; Rae et al., 2005).
Meanwhile, in this extreme environment, water molecules can undergo splitting reactions and chain
reactions to produce H and OH radicals (Gostisa et al., 2021). It can accelerate chemical reaction (Sun
et al,, 2018a), sewage treatment (Sun et al,, 2021a), organic matter decomposition (Sun et al., 2021b),
sterilization and deactivation (Pegu and Arya, 2021), biodiesel synthesis (Innocenzi and Prisciandaro,
2021) and other engineering applications. Therefore, it has a promising potential application in industry
and shares a broad prospect in many disciplines.

According to the flow physics of cavitation generation, cavitation can be generally classified into
acoustic cavitation (AC) (Gholami et al., 2020), hydrodynamic cavitation (HC) (Wang et al., 2021),
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optical cavitation (OC) (Gogate, 2007) and particle cavitation
(PC) (Sun et al., 2020a). Among them, the first two categories are
more widely studied. With the development and popularization
of ultrasonic equipment, the researches on ultrasonic cavitation
have experienced a significant increase, and its applications
involve many aspects such as medicine (Qian et al, 2020),
material processing (Zhao et al, 2020), biochemistry (Patil
et al, 2021) and food processing (Krasnikova et al., 2020).
However, due to the disadvantages of high energy
consumption, small cavitation area and high equipment cost,
ultrasonic cavitation has some drawbacks in its further
industrialization and practical application (Burzio et al., 2019).
On the contrary, hydrodynamic cavitation has the advantages of
simple design, low price and high efficiency, so it is widely used in
industry (Kwon and Yoon, 2013). In the past, hydrodynamic
cavitation is usually generated by orifice plate (Angele, 2021),
venturi tube cavitation reactor (Bimestre et al., 2020) and so on.
Kuldeep et al. (Kuldeep and Kumar, 2016) numerically simulated
flow field inside the venturi cavitation reactor, and the results
show that the ratio 1:1 of throat height/diameter to length and 6.5
of divergence angle can be an optimal geometry for best cavitation
activity. Alister et al. (Simpson and Ranade, 2018) quantitatively
discussed the influence of some key geometric parameters such as
the orifice plate thickness, orifice inlet sharpness and wall angle
on cavitation behaviors. Keiji et al. (Yasuda and Ako, 2019)
studied the influence of venturi shape on the hydrodynamic
cavitation reaction rate. Alves et al. (2019) investigated the
hydrodynamic cavitation efficiency in removing chemical
oxygen demand (COD) from sucrose solution and from
effluent generated by the soft drink industry. However,
because these two types of cavitation generators induce
cavitation through cross-sectional area change, the water flow
is severely restricted and the pressure loss is large (Sarc et al.,
2018). In addition, their effectiveness was found to be
unsatisfactory with high expenses (Sun et al, 2020b).
Therefore, more efficient designs need to be developed that
can replace the traditional cavitation generator.

Recently, a rotational hydrodynamic cavitation reactor that
is composed of rotor and stator is used to generate cavitation.
The cavitation mechanism of the structure cavitation reactor is
composed of various forces in the complex flow field (mainly
shear force and centrifugal force). It gets rid of the traditional
cavitation generation mode, and can generate group cavitation
in the cavitation reactor with high cavitation intensity and high
cavitation efficiency. PetkovsEk et al. (2013) and Badve et al.
(2013) studied the ability of rotational structure reactor to treat
sewage and industrial wastewater. Kim et al. (2019) carried out
the experiment of sludge treatment by rotational cavitation
reactor. Milly et al. (2008) used a rotational structure reactor
to sterilize fluid food. Sun et al. (2018b) studied the thermal
performance of a new type of rotational hydrodynamic
cavitation reactor through experiments. Thaiyasuit et al
(2021) studied the optimal production conditions for
biodiesel production in a rotating cavitation reactor with
uneven rotor surface. Janez et al. (Kosel et al., 2019) used a
rotational cavitation reactor to refine pulp samples and found
that the device could generate strong shear force and multiple
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FIGURE 1 | Tested rotational hydrodynamic cavitation reactor.

cavitation regions. All of the above researches are based on the
applicability test of RHCR, but the mechanism research of
RHCRs and the influence of its own structure on the
cavitation effect are very limited. Moreover, the hole in the
rotor and its geometrical structure is vital for the cavitation
generation, and there is still a significant vacancy in
quantitatively investigating its effects and underlying
mechanics.

In order to address the above problems, the high-speed
photographic measuring and the numerical simulation were
both employed to study the cavitating flow pattern and pressure
fluctuation characteristics inside the RHCR. Subsequently, the
correlation between the hole diameter, height and cone bottom
length and cavitation characteristics were analyzed, which
contributes to the optimal design of RHCR.

EXPERIMENTAL AND NUMERICAL
METHODOLOGY

Research Object

As shown in Figure 1, the RHCR is mainly composed of a rotor
and a stator. The rotor is a solid cylinder with a diameter of
264 mm. 24 rows of inner holes are evenly distributed on the
rotor surface along the circumferential direction, and the angle
between any two adjacent rows of inner holes is 15°. There are 5
columns of inner holes evenly distributed on the rotor surface
along the axial direction, and the distance between two adjacent
rows of inner holes is 22.5 mm. The height of each hole is 55 mm
and the diameter is 15 mm. The clearance between the rotor and
the stator is fixed at 8 mm. The rotor rotates under the drive of
the motor and generates cavitation in the inner hole. The motor
can be controlled by the inverter by setting different rotation
speeds. The rotation speed in the present work is set as
1,200 r/min.

In order to reveal the influence of the inner hole structure on
the performance of the RHCR, this study analyzed three
geometric factors of the inner hole structure. Case 1 keep the
hole height 55 mm and the cone bottom length 5 mm unchanged,
and select five kinds of diameters, 11, 13, 15, 17 and 19 mm
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FIGURE 3 | The model and mesh of RHCR: (A) Schematic diagram of the RHCR, (B) Computing domain mesh, and (C) Single hole mesh.
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respectively. Case 2 keep the hole diameter 15 mm and the cone
bottom length 5 mm unchanged, and select five kinds of heights,
25, 35, 45, 55, and 65 mm respectively. Case 3 keep the hole
diameter 15 mm and the height 55 mm unchanged, and select five
kinds of cone bottom lengths, 1, 3, 5, 7, and 9 mm respectively.
The detailed information on the geometrical factors can be found
in Figure 2.

Computational Domain and Meshes

As shown in Figure 3A, the computational domain is divided into
four parts: inlet domain, cavity domain, rotor domain and outlet
domain. The rotor-stator interface is employed to couple the
adjacent rotary domain and stationary domain. Moreover, the
fluid domain adopts a hexahedral structure mesh is applied to the
whole computational domain by using ANSYS ICEM 20.0.

Furthermore, mesh near the wall of the inner holes is locally
refined, as shown in Figures 3B,C.

NUMERICAL METHOD AND SETTING

Numerical Model and Boundary Conditions
The fluid in the cavitation flow field is considered a homogeneous
and compressible mixed medium of liquid and vapor. The
continuity and momentum equations in the Cartesian
coordinates are as follows:

1
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TABLE 1 | Results of the mesh-independence test.

Resolution Maximum Relative to the
Element Size (mm) Pressure Difference
Coarse 2 1
Medium 1.5 0.998,481
Fine 1 0.998,948
_ _ _ a u’.u’.
aui — aui 6[7 azu,‘ l]
(2)

pg_‘—puja_xli_pFi_a_xi-l—#anan_p axJ
where p is density, ¢ is time, u is velocity, y is viscosity coefficient,
and F is volume force. The RNG k-¢ (Liu et al., 2009) turbulence
model is applied because of its advantage in predicting the flow
with a high strain rate and streamline curvature.

The cavitation model proposed by Zwart is employed to
simulate the cavitation flow. In this model, a transport
equation with source terms based on the homogeneous flow is
used to solve the interphase mass transfer between liquid and
vapor phases, which is governed as follows:

a (pvoc") + a (pva"ui)

ot ox, oo™ 3

The mass transfer for vaporization rate m" and condensation
rate m~ are modeled as follows:

3rg(1-a)p, 2 max(p, — p,0)
Ry 3 P

m = CCOM3‘XVPV % max (p - p,,0) (5)
R, \3 P

where «, is the vapor volume fraction. p, is the vapor density, and
its value is 0.02308 kg/m’ p; is the liquid density, and its value is
997 kg/m® p, is the water vaporization pressure that is set as
3,574 Pa in the present simulation. C,,, and C,,,, are the
empirical coefficients of evaporation and condensation, and
their values are 50 and 0.01 respectively (Zwart et al., 2004).

In the present study, the total volume fraction of vapor, Bosan
is defined as the ratio of total vapor volume V4, to total volume
Viotar Of fluid domain.

m* = Cyap

4

N
ﬁ _ Vvapor _ Zi:lﬂvuporvi (6)
total Vtotul ZzN=1 V,‘

where, N is the total number of holes in the fluid domain. 3,40, is
the volume fraction of steam in each inner hole, V; is the volume
of each inner hole.

The commercial software ANSYS-CFX 20.0 are employed
in the present work to simulate the internal flow of the RHCR.
The flow conditions of the numerical simulation are
consistent with those in the experiment test. The total inlet
pressure is 90,000 Pa. The liquid volume fraction is 1, and the
gas volume fraction is 0. The outlet mass flow is set to 2.5 kg/s.

Influence of Hole on RHCR

FIGURE 4 | Monitoring points in hole.

Non slip wall condition is applied on all the solid walls of the
RHCR. In transient calculation, the results of steady
calculation were ultilized as the initial flow field.

Independence Test of Mesh Density and
Time Step

Because the geometrical models for each case were not
identical, the maximum element size was chosen as the
index of the mesh resolution, instead of using the total cell
number. Table 1 presents the results of the mesh-
independence test for three mesh resolutions of the original
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FIGURE 5 | Time-step independence verification.

model: coarse, medium, and fine. Because the relative pressure
difference between the medium and fine mesh was negligible.
Considering the computational resources and mesh sensitivity,
this paper adopts a medium mesh resolution to predict the
simulation results.

In the transient calculation, in order to verify the time
independence, the time step At is taken as 1/16, 1/32 and 1/
64 of the time interval between two adjacent inner holes at the
same position. These three times steps are corresponding to T/
24/16 = 0.0001302s, T/24/32 = 0.0000651s, T/24/64 =
0.0000326s, where T is the rotating period of the RHCR. As
shown in Figure 4, a monitoring point is set up every 11 mm
from the bottom of the hole, and a total of 5 monitoring points
are Vi, V,, V3, V,, and Vs respectively.

The calculation results of the three times steps are shown in
Figure 5, the difference between the simulation results under
three times steps is very small. Considering the calculation cost,
this paper takes the At = 0.0001302s.

In order to verify the accuracy of numerical simulation, the
fully developed cavitation patterns obtained by the
experiment shown in Figure 6B and the simulation shown
in Figure 6C is compared. The results show that the
numerical simulation agrees well with the experimental
observation, which shows that the employed numerical
method is reliable and accurate to predict the cavitating
flow field inside the RHCR.

Influence of Hole on RHCR

RESULTS AND ANALYSIS

Based on the previous methods, a systematic investigation on the
influence of hole diameter, hole height and cone bottom length on
the cavitation patter has been carried out. The pressure
fluctuation characteristics of RHCR are further analyzed with
consideration of the most influential parameter.

Effect of Diameter

Figure 7 shows the vapor phase distribution under different hole
diameters varying from 11 to 19 mm. It is found that the increase of
hole diameter results in the increase of cavitation intensity and
area. As demonstrated in Figure 7, when the hole diameter
increases from 11 to 19 mm, the cavitation extends from the
hole bottom to the top. The vapor volume fractions B, are
10% of D; = 11 mm, 22% of D, = 13 mm, 55% of D5 = 15 mm, 75%
of D, = 17 mm, and 85% of Ds = 19 mm, respectively. For a small
hole diameter, the cavitation intensity is suppressed due to the
rotor centrifugal force. With the hole diameter increasing, the
water-vapor exchange boundary shifts towards the hole top, which
leads to a stronger exchange with the water in the actor.
Consequently, the hole diameter plays a significant role on
cavitation intensity and area in the RHCR.

Effect of Height

Figure 8 shows the vapor phase distribution under different hole
height varying from 25 to 65 mm. The results show there is none
cavitation under hole height of H; = 25 mm, and when the hole height
increases to H, = 35 mm the cavitation appears. The vapor volume
fractions are 0% of H, = 25 mm, 18% of H, = 35 mm, 55% of H; =
45 mm, 75% of H, = 55 mm, and 85% of Hs = 65 mm, respectively.

Figure 9 shows the pressure and streamline in the hole of
different height. when the height of the hole is less than 25 mm,
the water in the hole can sufficiently exchange with the outer water
despite of the centrifugal force generated by the rotation of the rotor,
and the pressure in the hole bottom is not below the saturated vapor
pressure. Therefore, the cavitation does not occur under hole height
of H; = 25 mm. When the height of the hole is greater than 25 mm,
the streamlines are complex in the hole with the heights of 35, 45,
and 55 mm in Figure 9. Due to the increase of the hole height, the
water in the hole cannot flow into the hole completely because of the
centrifugal force, the water reduces the pressure inside the hole, thus
creating cavitation. For the hole height structures from 35 to 55 mm,

FIGURE 6 | Comparison of experiment and simulation: (A) no cavity of experiment diagram, (B) cavity of experiment diagram, and (C) cavity of simulation diagram.
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FIGURE 7 | Vapor phase distribution with different diameters: (A) D1 = 11 mm, (B) D, = 13 mm, (C) D3 = 15 mm, (D) D4 = 17 mm, and (E) Ds = 19 mm.
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FIGURE 8 | :Vapor phase distribution with different heights: (A) Hy = 25 mm, (B) H> = 35 mm, (C) Hz = 45 mm, (D) H4 = 55 mm, and (E) Hs = 65 mm.

the center of the vortex is just on the boundary of the low pressure
region in the hole, which is just about 25 mm. This better explains
why cavitation occurs in the region below 25 mm hole height.

In summary, for different hole heights, the water-vapor exchange
boundary is nearly the same position. The reason is that the
centrifugal force is related to the radius of a circle. With the
increase of the hole height, the cavitation intensity and area increase.

Effect of Cone Bottom Length

Figure 10 shows the vapor phase distribution under different cone
bottom lengths varying from 1 to 9 mm. The results show that the
increase of length for the cone bottom leads to a decrease of cavitation

intensity and area. The vapor volume fractions are 64% of L; = 1 mm,
58% of L, = 3 mm, 55% of L; = 5 mm, 40% of L, = 7 mm and 34% of
Ls = 9 mm, respectively.

Figure 11 shows the pressure and streamline in the hole. There
are several vortexes in the hole close to the top and bottom,
respectively. The vortex formation mechanism is that the water
in hole interacts with the outer water and then induces the shear
force near the hole outlet interface. For different cone bottom
lengths, the vortex shape near the hole top is similar due to the
similar shear force, while the vortex number and intensity are
different near the hole bottom due to the different cone bottom

length.
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vap(;{.?)/olume Fraction

s G
s

vapor.golume Fraction

A

D

Pressure A

80000
75000
70000
65000
60000
55000
50000
45000
40000
35000
30000
25000
20000
15000
10000
5000

e ———

L SO —

FIGURE 11 | Streamline distribution in hole: (A) L4

| SSS————

rmm———
| —— |

fmm—————

r
1
1
1
1
1
i
1
1
i
[

=1mm, (B) L, =3 mm, (C) Ls =5 mm, (D) Ly, =7 mm, and (E) Ls = 9 mm.

With the increase of the cone bottom length, the low-
pressure region reduces, and the vortex intensity near the hole
The vortex number varies under

bottom also weakens.

different cone bottom lengths, and the reason may be that
the shear force, the centrifugal force and pressure gradient
interact in the hole. Therefore, the cone bottom length mainly
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 p —py influences the pressure distribution and vortex near the hole
| bottom, which affects the cavitation intensity and area in
ooooe the hole.
00000 Therefore, based on the simulation calculation results of the
S [elelelelel=E RHCR in this study and the limitation of its structure, the optimal
[__ 00000 __] combination of structural parameters in this paper are selected as
ggggg 17 mm hole diameter, 55 mm hole height and 1 mm cone bottom
00000 length under the experimental working conditions.
00000
I==== Spectrum Analysis of Pressure Fluctuation
Figure 12 shows monitoring points of pressure in the rotor,
FIGURE 12 | Monitoring points for pressure. which are used to investigate the influence of hole diameter on
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FIGURE 13| Pressure fluctuation spectrum of P;-Ps with different hole diameters: (A) D1 = 11 mm, (B) D, = 13 mm, (C) Dz = 15 mm, (D) D4 = 17 mm, and (E) Ds =
19 mm.
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TABLE 2 | Pressure pulsation at inlet side.

Monitoring Point Maximum Amplitudes of Pressure Fluctuation (Pa)

11 mm 13 mm 15 mm 17 mm 19 mm
P4 541 89.1 1321 191.6 267.1
Py 51.6 70.9 79.0 120.1 147.2
Ps 27.4 47.4 58.6 94.5 198.2
Py 25.0 44.7 57.4 98.8 178.5
Ps 24.8 415 54.7 92.1 137.9

the pressure fluctuation of cavitation reactor. Total 10 points
are set in the rotor, and P;- Ps are set at the reactor bottom
along the flow direction, and Pg- Py are set at the reactor top
along the flow direction.

The total time for transient calculation is twenty rotor rotation
cycles,and the pressure fluctuation data of the 8th to 16th cycle is
taken to obtain the spectral characteristics of the pressure fluctuation
by the method of Fast Fourier Transform.

Figure 13 shows the frequency domain of pressure
fluctuation of points P;-P5 for different hole diameters in
the RHCR. The dominant frequency of pressure fluctuation at
each monitoring point is 24 f;, and f; = 20 Hz is the rotor
frequency due to the rotor speed of 1,200 r/min. Generally,
the amplitude of pressure fluctuation decreases for the
harmonic frequency, and the amplitudes of pressure
fluctuation at P; and P, monitoring points are stronger
than that at P5;, P, and Ps.

Influence of Hole on RHCR

Table 2 shows the maximum amplitude of pressure
fluctuation points of P;-Ps for different hole diameters in the
RHCR. The maximum pressure fluctuations of different hole
diameters are all located at P, close to the hole top, and the
amplitudes are 54.1, 89.1, 132.1, 191.6, and 267.1 Pa, respectively.
Along the direction of P;-Ps, the pressure fluctuation amplitude
presents a decreasing trend. From P; to Ps, the pressure
fluctuation amplitude becomes stable, and the reason is that
the flow impact is mainly induced at the reactor inlet near the
P, and P..

Figure 14 shows the pressure distribution in the RHCR.
Due to the small gap between the inlet and the side wall of the
rotor, the water impacts on the side wall of the rotor and
form a high-pressure zone in region 1, which induces the
strong pressure fluctuation amplitude near point 1. In
addition, the relative motion between the rotor and the
stable wall results in the rotor-stator interaction, which
also induces the strong pressure fluctuation amplitude
near point 1. Therefore, in order to reduce the pressure
fluctuation amplitude, the distance between the rotor and
reactor wall should be considered in the optimized design of
the RHCR.

As shown in Figure 14 the pressure distribution on the outlet
side of the RHCR in Figure 14A and the pressure distribution on
both sides of the RHCR in Figure 14B are more stable compared
to the inlet side, and there is no interference from the water flow
hitting the rotor. Therefore, five monitoring points on the outlet
side were selected to analyze the influence of inner hole diameter
on the pressure fluctuation of RHCR.

A
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FIGURE 14 | Pressure distribution in RHCR: (A) pressure distribution at YZ cross-section, and (B) pressure distribution at YX cross-section.

| [ [

Frontiers in Energy Research | www.frontiersin.org

May 2022 | Volume 10 | Article 881811


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al.

Influence of Hole on RHCR

144 168 192

168 192

Pressure(Pa)

V3

2

120 144 168 192

Pressure(Pa)

96
7

120 168 192

Pressure(Pa)

7

l ”

=19 mm.

FIGURE 15 | Pressure fluctuation spectrum of Pg-P+o with different hole diameters: (A) D4 = 11 mm, (B) D2 = 13 mm, (C) D3 = 15 mm, (D) D4 = 17 mm, and (E) Ds

Figure 15 shows the frequency domain of pressure fluctuation
of points PPy, for different hole diameters in the RHCR. As
shown in Figures 15A-E, the pressure fluctuation amplitudes of
points P4-P;, are relatively uniform for different hole diameters,
and the dominant frequency of pressure fluctuation at each
monitoring point is 24 f.

Figure 16 shows the frequency domain of pressure fluctuation
at the same point of Py for different hole diameters. With the
increase of the hole diameter, the amplitude of pressure
fluctuation obviously increases. When the diameter increases
from 11 to 13 mm, the fluctuation amplitude increases about
1.65 times. When the diameter increases from 17 to 19 mm, the
fluctuation amplitude increases by 1.37 times. The reason is that
the larger hole diameter has stronger effect on the flow field,
especially on the interface between hole top and main stream.

CONCLUSION

In the present work, a high-speed camera is used to observe the
internal flow pattern in the RHCR, and the numerical simulation
is used to calculate the three-dimensional cavitating turbulent
flow. Effects of hole diameter, hole height and hole cone bottom
length on performance of RHCR are comprehensively
investigated, and the main conclusions are as follows:

1) The numerical simulation data agrees well with the experiment
result, which validates that the numerical model and method are
reliable and accurate.

2) The hole geometry of diameter, height and cone bottom length
will influence the water-vapor exchange boundary, cavitation
area and intensity, vortex number and intensity. The optimal
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FIGURE 16 | Pressure fluctuation spectrum of Pg with different hole
diameters.

structural parameters of the RHCR were taken as 17 mm hole
diameter, 55 mm hole height and 1 mm cone bottom length.

3) The dominant frequent of pressure fluctuation in hole is 24 f;
corresponding to the hole number along the circumferential
direction, and the maximum amplitude appears near the hole top
due to the small gap between the hole top and the side wall of
the rotor.
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