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ABSTRACT: This study presents a novel grooved-tooth rotary cavitation generator (GRCG) and systematically inves-
tigates its hydrodynamic cavitation and wastewater treatment response through a combination of three-dimensional
transient numerical simulations and experimental validation. The simulations, based on the Realizable k-𝜀 turbulence
model and the Zwart-Gerber-Belamri cavitation model, are used to examine the influence of radial clearance (L) and
rotational speed (N ) on cavitation development. The numerical predictions are validated through Escherichia coli
inactivation and Rhodamine B degradation experiments. The results show that decreasing the radial clearance and
increasing the rotational speed markedly enhance cavitation intensity. At L = 1 mm and N = 4500 r/min, the total
vapor volume reaches its maximum, corresponding to a Rhodamine B degradation efficiency of 43.6%, significantly
higher than that achieved at larger clearances. The Escherichia coli concentration decreases progressively through-
out the treatment, demonstrating the strong bactericidal performance of the proposed device. The grooved-tooth
geometry promotes micro-vortex formation, strengthening the synergistic effects of mechanical shear and oxidative
degradation, thereby improving cavitation efficiency. The close agreement between the simulated vapor volume and
the experimental degradation results confirms the reliability of the numerical model.

KEYWORDS: Hydrodynamic cavitation; rotary generator; grooved-tooth; numerical simulation; wastewater treat-
ment

1 Introduction

The rapid advancement of global industrialization and urbanization has led to an exponential increase
in water demand, simultaneously exacerbating the crisis of water scarcity and persistent environmental
pollution. Modern wastewater, originating from complex industrial processes, intensive agricultural runoff,
and expanding municipal discharge, contains a diverse array of recalcitrant organic pollutants, such as
phenolic compounds, synthetic dyes, pesticides, and antibiotics. These contaminants are characterized by
their stable heterocyclic molecular structures and high resistance to conventional biological and chemical
treatment methods [1–3]. If left untreated, these substances accumulate in aquatic ecosystems and enter
the human food chain through biomagnification, posing severe long-term threats to public health and
ecological integrity. Although existing purification technologies, including physical retention, chemical
precipitation, and traditional biological oxidation, are widely implemented, they often encounter bot-
tlenecks when dealing with high-concentration, non-biodegradable effluents, such as high operational
costs, low mineralized rates, and the secondary risk of sludge disposal. Consequently, developing efficient,
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economical, and environmentally friendly Advanced Oxidation Processes (AOPs) has become a top priority
in environmental engineering.

Hydrodynamic cavitation (HC) has emerged as a revolutionary AOP candidate for the remediation
of these persistent pollutants [4–6]. HC refers to the formation, growth, and subsequent violent collapse
of micro-bubbles (cavities) in a liquid medium when the local static pressure drops below the saturation
vapor pressure at a constant temperature. This transient process occurs within microseconds, releasing a
tremendous amount of energy and creating localized “hotspots” characterized by extreme temperatures
(up to 5000 K) and intense pressures (exceeding 100 MPa). These extreme physical conditions trigger the
homolytic cleavage of water molecules, yielding highly reactive species, most notably hydroxyl radicals
(⋅OH), which possess a superior oxidation potential for the mineralization of organic molecules into CO2
and H2O [7,8]. Beyond chemical oxidation, the shockwaves and high-velocity micro-jets produced during
bubble collapse provide intense mechanical shear, which physically disrupts macromolecular structures and
enhances mass transfer across the gas-liquid interface [9,10]. Compared to other AOPs like Ozonation or
Fenton processes, HC is distinguished by its lack of chemical additives, moderate overall reaction conditions,
and significant potential for large-scale industrial integration.

In practical engineering, HC was traditionally induced by static devices, such as orifice plates or Venturi
tubes [11,12]. However, the cavitation intensity in these static configurations is strictly constrained by the
fixed geometric dimensions and the requisite upstream pressure, leading to limited operational flexibility
and a high risk of clogging. To transcend these limitations, Rotary Cavitation Generators (RCGs) have
been developed, utilizing rotating components like hole-rimmed disks or vaned rotors to generate intense
shear force fields and unsteady pressure pulsations [13,14]. Active mechanical input in RCGs significantly
enhances the spatial uniformity of the cavitation cloud and dramatically increases the radical yield per
unit volume [15,16]. Extensive research has focused on optimizing RCG performance; for instance, Sun
et al. [17] demonstrated that the arrangement of cavitation generating units (CGUs) directly influences
energy efficiency, while Zhang et al. explored the synergy between radial length and installation positions to
balance reaction intensity and fluid transport capacity [18]. Gostiša et al. even evaluated the removal rates
of Chemical Oxygen Demand (COD), Total Organic Carbon (TOC) and Biochemical Oxygen Demand (BOD)
in an 800 L pilot-scale reactor, confirming the engineering feasibility of the rotary approach [19]. Despite
these advances, a fundamental challenge remains: the energy utilization efficiency of conventional RCGs
is often limited by the simplicity of the tooth or disk geometry, and the complex synergistic mechanisms
between shear-induced cavitation and vortex-induced cavitation are not yet fully understood. Table 1
fully covers the dimensions of geometric elements, energy input evaluation methods, and performance
evaluation systems, to clearly define the incremental characteristics of this study. In terms of pit-type rotary
cavitation devices, Badve et al. [20] utilized a rotor with distributed surface pits to treat wood-processing
wastewater. Their work only adopted COD removal as the single evaluation index without quantitative
cavitation efficiency calculation, and lacked systematic geometric optimization and flow field simulation,
which cannot fully reflect the internal cavitation mechanism and overall treatment performance.

To bridge this gap, this study proposes a novel grooved-tooth rotary cavitation generator (GRCG). The
core innovation lies in the strategic integration of micro-grooves on the rotor tooth surfaces, engineered
to manipulate the local Reynolds number and induce high-frequency micro-vortexes. These grooves are
hypothesized to intensify localized pressure oscillations and extend the residence time of cavitation bubbles
in the high-shear region, thereby maximizing the oxidative yield. This investigation presents a multi-
dimensional analysis of the proposed GRCG. Utilizing three-dimensional transient numerical simulations
coupled with the SST k-𝜔 turbulence model and the Zwart-Gerber-Belamri cavitation model, we systemati-
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cally analyze the effects of critical parameters, the stator-rotor radial clearance L and rotational speed N on
the evolution of the cavitation cloud, pressure pulsation characteristics, and vapor volume fraction.

Table 1: Systematic comparison of representative rotor-stator cavitation studies (2013–2026).

Reference Year Core Geometry
Elements

Energy Evaluation
Method

Performance
Evaluation System Core Limitations

Badve et al. [20] 2013
Pit-distributed
rotor & matched
stator

No quantitative
energy efficiency
indicator

Single COD removal
index

Only prototype-scale
test; no systematic
optimization

Sun et al. [17] 2021

Straight
cylindrical teeth,
multi-ring
arrangement

Cavitation energy
efficiency (numerical)

Single disinfection
performance

Cavitation only relies
on inter-tooth shear,
no vortex
enhancement

Gostiša et al. [19] 2021
Pin-type
protruding units
on disk surface

Specific energy
consumption per unit
water volume

COD/TOC/BOD
multi-index (pilot
scale)

High processing cost,
pins are easy to wear
and clog

Zhang et al. [18] 2024
Straight teeth
with variable
radial length

Numerical cavitation
energy efficiency

Pure numerical
simulation

No experimental
verification of actual
treatment
performance

This work 2026

Square teeth with
micro-grooves on
all four sides,
staggered
meshing

Dual indicators:
cavitation energy
efficiency + unit
water treatment
energy consumption

Three-dimensional
cross-validation:
transient CFD
simulation +
Rhodamine B
degradation + E. coli
inactivation

Bench-scale
prototype, no
same-platform
horizontal
comparison with
other structures

A grooved-tooth rotor structure is proposed for the first time. By introducing micro-grooves on all
four sides of the tooth, the synergistic effect of shear cavitation and vortex-induced cavitation is enhanced,
which breaks the limitation that traditional straight-tooth structures rely solely on throttling shear to
generate cavitation. A multi-dimensional validation system combining transient CFD (Computational Fluid
Dynamics) numerical simulation, organic pollutant degradation (Rhodamine B) and microbial inactivation
(E. coli) is established, making up for the deficiency of most existing studies that use a single evaluation index.
The quantitative transmission chain of “structural parameter-operating parameter-cavitation intensity-
pollutant removal efficiency” is constructed, providing a quantitative basis for the scale-up design of
industrial rotary cavitation reactors.

2 Materials and Methods

2.1 Rotating Generators of Hydrodynamic Cavitation

The model of the new grooved-tooth rotary cavitation generator is shown in Fig. 1. It consists of a
coaxially arranged rotor and stator, featuring an overall profile characterized by both conical and cylindrical
elements. The rotor is equipped with square teeth containing grooves (hereinafter referred to as “rotor
teeth”). Each rotor tooth is designed with groove structures on all four sides to enhance disturbance
capabilities. Corresponding square teeth are arranged on the stator (hereinafter referred to as “stator teeth”).
These two sets of teeth are configured in a staggered meshing layout, forming multiple fluid channels where
shear action is predominant. This structure strengthens fluid disturbance through the shear effect between
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the rotor and stator teeth, thereby promoting bubble formation. The design of the groove structure further
increases the flow path and local resistance of the fluid between the teeth, extending the fluid’s residence
time. During high-speed rotation, the fluid is subjected to intense, high-strength shear forces, increasing
the probability of cavitation and improving the overall cavitation intensity and energy efficiency. The rotor
and stator teeth are arranged uniformly in the axial direction, with the stator having one more ring of teeth
than the rotor. The circumferential distribution angle of a single tooth is approximately 12.5◦. Detailed
structural dimensions and arrangement parameters are provided in Table 2.

  
(a) Side view of the device (b) Front view of the device 

  
(c) The structure of the rotor (d) The structure of the stator 

 
(e) Schematic diagram of radial distance L between mover and stator clearance 

Figure 1: Structural diagram of the rotating cavitation generator.

Table 2: Structural parameters of rotating cylinder and fixed cylinder.

Factors of Rotor Values Factors of Stator Values

Rotor outer diameter D1 (mm) 180 Stator outer diameter D2 (mm) 204

Rotor inner diameter d1 (mm) 160 Stator inner diameter d2 (mm) 184

Total length of rotor L1 (mm) 288 Stator total length L2 (mm) 1216
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Table 2: Cont.

Factors of Rotor Values Factors of Stator Values

Tooth width h1 (mm) 10 Tooth width S1 (mm) 10

Axial distance h2 (mm) 14 Axial distance S2 (mm) 14

Tooth space depth h3 (mm) 9 Tooth height S3 (mm) 10

Groove tooth height h4 (mm) 5 Number of teeth 15

Groove tooth width h5 (mm) 8 Number of turns 11

Number of teeth 15 Number of moving teeth turns 10

The internal flow field of the grooved-tooth shear cavitation generator is numerically simulated using
Ansys Fluent. Cavitation is a process of instantaneous phase transition within the liquid, and the Mixture
model is used to simulate the separation of the vapor-liquid phases during cavitation. In this simulation,
water at 25◦C is used as the medium, with a saturation vapor pressure of 3540 Pa. The fluid inlet is set with
a velocity inlet boundary condition, with an inlet velocity of 1 m/s, and the fluid outlet uses a pressure
outlet boundary condition, with an outlet pressure equal to standard atmospheric pressure (101,325 Pa).
In the solution algorithm, the velocity-pressure coupling algorithm is set to “Coupled,” with the pressure
discretization method chosen as PRESTO! and QUICK used for the discretization of momentum and volume
fraction [21]. A second-order upwind scheme is employed for other physical quantities. To ensure accurate
results, a sufficient number of iterations is assigned for each time step, with the total time step iterations
and unit time step iterations set to 50 and 300, respectively. Polyhedral meshes with a minimum orthogonal
quality of 0.09 were adopted for mesh generation in this work. The total vapor volume and vapor volume
fraction were selected as quantitative criteria to conduct the mesh independence verification, and detailed
data for five mesh schemes are summarized in Table 3. The results indicate that both the total vapor
volume and vapor volume fraction gradually converge to stable values as the mesh number increases.
Comparative analysis of five mesh resolutions (coarse, moderately coarse, medium, moderately fine, and
fine) demonstrates that the mediummesh with 750,552 elements and 197,892 nodes is selected as the optimal
discretization scheme for all numerical simulations of the cavitator model.

Table 3: Mesh sensitivity analysis.

Max Mesh Size (mm) Number Vapor Volume (mm3) Vapor Volume Fraction (%)

3 524,717 1,058,000 7.35

2.5 660,498 1,113,000 7.98

2 750,552 1,259,000 8.34

1.5 965,516 1,196,000 8.25

1 1,148,114 1,128,000 8.20

In the numerical calculations of the rotating cavitation generator, the governing equations mainly
include the fundamental fluid dynamics equations, such as the continuity equation (mass conservation
equation) and the momentum conservation equation (Navier-Stokes equation). These are typically combined
with a cavitation model to describe the vapor-liquid phase transition process. Continuity Equation (Mass
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Conservation Equation) is used to describe the mass conservation of the fluid, ensuring that the mass of the
fluid within the cavitation generator is conserved. The equation is formulated as:

𝜕𝜌𝑚
𝜕𝑡

+ ∇ ⋅ (𝜌𝑣𝑚) = 0 (1)

→𝜈𝑚 =

𝑛
∑
𝑘=1

𝛼𝑘𝜌𝑘𝜈𝑘

𝜌𝑚
(2)

𝜌𝑚 = ∑
𝑘=1

𝛼𝑘𝜌𝑘

𝜇𝑚 = 𝛼𝑣𝜇𝑣 + (1 − 𝛼𝑣)𝜇𝑙 (3)

where 𝜇𝑣 is the vapor dynamic viscosity, 𝜇𝑙 is the liquid dynamic viscosity, and 𝛼𝑣 is the vapor volume
fraction.

Momentum Conservation Equation (Navier-Stokes Equation) is formulated as:

𝜕
𝜕𝑡
(𝜌𝑚𝑣𝑚) + ∇ ⋅ (𝜌𝑚𝑣𝑚𝑣𝑚) = −∇𝑃 + ∇ ⋅ [𝜇𝑚(∇𝑣𝑚 + (∇𝑣𝑚)𝑇 )] +

→
𝐹 − ∇ ⋅ (𝜌𝑚𝑢′𝑢′) (4)

where 𝜌𝑚 is the mixed density of the water phase and the bubble phase, 𝑣𝑚 is the mass-averaged velocity,
P is the static pressure, 𝜇𝑚 is the mixture molecular viscosity,

→
𝐹 is the volumetric force (only includes

gravitational acceleration,
→
𝐹 = 𝜌𝑚𝑔 all other volumetric forces are set to zero). The turbulent stress term

arises from the averaged product of velocity fluctuations 𝑢′.
The turbulence model is used to simulate turbulent phenomena in numerical computations. Commonly

used turbulence models for cavitating flows include Direct Numerical Simulation (DNS), Large Eddy
Simulation (LES), and Reynolds-Averaged Navier-Stokes (RANS). Direct Numerical Simulation (DNS)
resolves all turbulent scales ranging from large-scale flow vortices down to the smallest Kolmogorov
microscales without any turbulence modeling. Although DNS can capture full details of small-scale
turbulent structures with high fidelity, it imposes extremely high computational cost, as its computational
load rises sharply with the 9/4 power of Reynolds number. For this reason, DNS is rarely adopted for
industrial-scale cavitation flow simulations with high Reynolds numbers; however, it lacks detailed control
of the small-scale turbulence. LES, while capable of calculating vortex structures, consumes excessive
computational resources, leading to long simulation times, making it difficult to apply in practice. In
contrast, three turbulence models in RANS are widely applicable, namely the standard k-𝜀 model, the
RNG k-𝜀 model, and the Realizable k-𝜀 model, all of which are designed for turbulence calculation in high
Reynolds number flow fields. The RANS model simplifies the instantaneous fluctuations and unsteady
phenomena in turbulence by averaging the flow field over time, primarily capturing the overall trend and
large-scale flow characteristics. In the rotating hydrodynamic cavitation generator, local instabilities are
induced by rotational flow and shear forces, but these instantaneous instabilities have minimal impact
on the overall cavitation behavior. The RANS model effectively captures the formation and development
of cavitation bubbles. Among these, the Realizable k-𝜀 model improves upon the standard version by
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modifying the turbulence viscosity formula and the dissipation rate equation, significantly enhancing the
prediction accuracy for flow separation, rotational effects, and highly curved flows [9,10]. The governing
equations are as follows:

𝜗(𝜌𝑘)
𝜗𝑡

+
𝜗(𝜌𝑘𝑢𝑖)
𝜗𝑥𝑖

=
𝜗
𝜗𝑥𝑗 [(

𝑢 +
𝑢𝑡
𝜎𝑘)

𝜗𝑘
𝜗𝑥𝑗 ]

+ 𝑃𝑘 − 𝜌𝜀 (5)

The standard k-𝜀 turbulence model contains two transport equations: one for turbulent kinetic energy
k, and the other for turbulence dissipation rate 𝜀. The turbulence dissipation rate 𝜀 characterizes the rate
at which turbulent kinetic energy is converted into internal energy via viscous friction. The transport
equation for the turbulence dissipation rate 𝜀 is:

𝜗(𝜌𝜀)
𝜗𝑡

+
𝜗(𝜌𝜀𝑢𝑖)
𝜗𝑥𝑖

=
𝜗
𝜗𝑥𝑗 [(

𝑢 +
𝑢𝑖
𝜎𝑘)

𝜗𝜀
𝜗𝑥𝑗 ]

+ 𝜌𝐶1𝜀
𝜀
𝑘
𝑃𝑘 − 𝜌𝐶2𝜀

𝜀2

𝑘
(6)

where 𝜀 represents the turbulence dissipation rate, empirical constants 𝐶1𝜀 is 1.44, empirical constants
𝐶2𝜀 is 1.92, 𝜎𝑘 is the turbulent Prandtl number 1.0 for the turbulence kinetic energy 𝑘, 𝑢 is the molecular
dynamic viscosity, N⋅s/m2, 𝑢𝑡 is the turbulent dynamic viscosity, N⋅s/m2, 𝑃𝑘 is the turbulence kinetic energy
generated by velocity gradients, 𝑘 is the turbulence kinetic energy, m2/s2, 𝜌 is the density of the turbulent
mixture, kg/m3.

The turbulent Reynolds stress and the calculation formula of turbulent eddy viscosity are:

𝜇𝑡 = 𝜌𝑚𝐶𝜇
𝑘2

𝜀
(7)

−𝜌𝑚𝑢′𝑖𝑢′𝑗 = 𝜇𝑡(
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖 )

−
2
3
𝜌𝑚𝑘𝛿𝑖𝑗 (8)

The cavitation initiation mechanism in the rotating cavitation generator is primarily divided into two
parts. The first is cavitation caused by centrifugal force. When the rotor rotates at high speed, the fluid is
subjected to inertial centrifugal forces. The liquid tends to move toward the outer part of the groove, causing
a pressure drop at the bottom of the groove, where the pressure decreases to below atmospheric pressure.
As the outward velocity of the fluid increases, the pressure differential enlarges, ultimately generating
a differential force on the liquid that drives the fluid inward, thereby triggering cavitation. The second
mechanism involves vortex cavitation caused by mechanical shear forces based on Bernoulli’s equation.
When the fluid passes through the throttling region, the flow velocity increases, resulting in a pressure drop
that generates cavitation. During the rotor’s rotation, the presence of fixed teeth causes a sudden reduction
in the flow area, thereby creating a throttling effect. The throttled fluid then flows into the rotor groove,
where the fluid is released, pressure is restored, and the cavitation bubbles collapse. The cavitation model
used in this study is the Zwart-Gerber-Belamri model based on the Rayleigh-Plesset equation. This model is
widely recommended due to its fast convergence speed and high accuracy. It has been used to analyze the
cavitating flow process inside reactors [22,23]. The numerical simulation method adopted in this study has
been widely validated in cavitation flow analysis of rotary fluid machinery [24]. The Zwart-Gerber-Belamri
equation is:

𝜕(𝛼𝜈𝜌𝜈 )
𝜕𝑡

+
𝜕(𝛼𝜈𝜌𝜈𝑢𝑖)

𝜕𝑥𝑖
= .𝑚+ + .𝑚− (9)
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.𝑚− = 𝐶vap
3𝛼nuc𝑝𝜈 (1 − 𝛼v)

𝑅𝐵

√
2
3
(𝑝𝜈 (𝑇∞) − 𝑝)

𝜌𝑙
(10)

.𝑚+ = 𝐶𝑐𝑜𝑛𝑑
3𝛼𝜈𝜌𝜈
𝑅𝐵

√
2
3
(𝑝 − 𝑝𝜈 (𝑇∞)

𝜌𝑙
𝑝 > 𝑝𝜈 (𝑇∞) (11)

where .𝑚+ and .𝑚− represent the source terms for mass exchange between the gas and liquid phases per unit
time, referred to as the vaporization term and condensation term, respectively. 𝐶vap is the condensation
coefficient, approximately 0.01, 𝐶𝑐𝑜𝑛𝑑 is the evaporation coefficient, approximately 50, 𝛼nuc is the cavitation
nuclei volume fraction, approximately 5 × 10−4, 𝛼v is the vapor phase volume fraction, 𝜌𝑙 is the liquid phase
density, 𝜌𝑣 is vapor phase density, 𝑅𝐵 is the radius of a single cavitation bubble, 𝑝𝜈 is the micro-liquid
saturation vapor pressure, Pa, 𝑝 is the flow field pressure, Pa.

2.2 Experimental Apparatus

The performance verification experiments for the novel grooved-tooth rotary cavitation generator were
conducted in a closed-loop water circulation system. A schematic of the overall experimental apparatus
is illustrated in Fig. 2. In this system, the cavitation generator is driven by a 1.5 kW, 380 V three-phase
asynchronous motor. A WB620 vector frequency inverter was utilized for speed control, thereby facilitating
the circulation of the fluid. During the experimental procedure, the motor speed was increased incrementally
from low-load conditions until the target rotational speed was reached and a stable operating state was
maintained.

 

Figure 2: Schematic diagram of experimental device. (1. Water tank; 2. Ball valve; 3. Centrifugal pump; 4. Ball
valve; 5. Electromagnetic flowmeter; 6. Pressure sensor; 7. Novel grooved-tooth rotational cavitation generator;
8. LED light; 9. Pressure sensor; 10. Electromagnetic flowmeter; 11. Ball valve; 12. Thermometer; 13. Motor;
14. Frequency converter).

As illustrated in Fig. 3, prior to starting the experiment, ball valves 1 and 11 must be closed, and
the water tank must be filled to a volume of 30 L to ensure system safety and measurement accuracy.
Subsequently, ball valves 2 and 11 are opened, and the inlet velocity is regulated by adjusting ball valve
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4. The rotational speed of the motor is controlled via the WB620 vector frequency inverter 14. To collect
pressure data, pressure sensors 6 and 9 are installed at the inlet and outlet, respectively, with a measurement
accuracy of ±0.4%. Driven by the centrifugal pump 3, the solution enters the novel grooved-tooth rotary
cavitation generator 7. Under the synergistic action of the rotor and stator, the fluid completes the circulation
process and finally flows back into the water tank 1.

Figure 3: Physical diagram of experimental device.

2.3 Experimental Design

In this study, Escherichia coli (E. coli) and Rhodamine B were selected as the biological indicator and
representative organic pollutant, respectively, to comprehensively evaluate the disinfection and degradation
performance of the new grooved-tooth rotary cavitation generator. The experiments were conducted in a
controlled environment at 25◦C, using 15 L of sterilized experimental water for each test group.

For the E. coli inactivation experiments, a 20 mL bacterial suspension was prepared under sterile
conditions and uniformly mixed into the water tank. The system underwent a 10-min pre-circulation at a
low speed of 600 r/min to eliminate concentration gradients and air bubbles. Subsequently, the generator
operated at a stable speed of 3500 r/min, with 20 mL samples collected from the outlet at intervals of 0, 10,
20, and 30 min. The collected samples were subjected to gradient dilution and inoculated onto LB (Lysogeny
Broth) agar plates, followed by incubation at 37◦C for 48 h. The bacterial concentration C (CFU/mL) in the
water samples was calculated using the following formula:

𝐶 =
𝑁 × 𝑀
𝑉

(12)

where N is the number of effective colonies on the plate, M is the dilution factor, and V is the inoculation
volume, mL.

For the Rhodamine B degradation experiments, a precisely weighed amount of Rhodamine B solid
was dissolved in 15 L of water. After a 10-min pre-circulation at 500 r/min, an initial sample was collected.
During the formal experiment, the rotation speed (up to 3500 r/min) and inlet flow rate were adjusted
according to the preset parameters. Samples were collected from the water tank at 20, 40, 60, and 80 min.
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The absorbance–concentration standard curve of Rhodamine B solution was measured by ultraviolet
spectrophotometer, and the fitted standard curve equation is as follows:

𝑌𝑅ℎ𝐵 = 0.25575𝐶𝑅ℎ𝐵 + 0.0587 (13)

where 𝑌𝑅ℎ𝐵 represents the absorbance value, and 𝐶𝑅ℎ𝐵 denotes the mass concentration of Rhodamine
B solution.

The absorbance of the retained Rhodamine B solution samples was measured to obtain the solution
concentration, and the degradation rate was further calculated. The degradation rate calculation formula is
given as follows:

𝐶𝑅ℎ𝐵0 − 𝐶𝑅ℎ𝐵1

𝐶𝑅ℎ𝐵0
× 100% =

𝑌𝑅ℎ𝐵0 − 𝑌𝑅ℎ𝐵1
0.25575𝐶𝑅ℎ𝐵0

× 100% (14)

3 Results and Discussion

3.1 Transient Evolution of the Cavitating Flow Field inside the Cavitation Generator

Given that the core operating principle of a rotating cavitation generator lies in the relative motion
between the rotor and the stator, the radial gap distance between the rotor and stator, as well as the
flow-field variation inside the grooves, directly determines the cavitation effect. To investigate the evolution
characteristics of bubbles in the radial direction between the rotor and stator, this study selects cross-section
a of the novel grooved-tooth rotating cavitation generator as the analysis object, as shown in Fig. 4.

 

Figure 4: 3D diagram of a novel grooved-tooth rotating cavitation generator.

The simulation captured the flow-field characteristics of the cavitation generator from the initial
start-up stage to the quasi-steady operating stage under the conditions of a 2 mm radial gap between
the rotor and stator and a rotational speed of 3500 r/min. Three representative moments were selected,
T = 0.01 s (start-up acceleration stage), T = 0.02 s (transition stage), and T = 0.03 s (quasi-steady stage),
with emphasis on analyzing the evolution of the gas-phase volume fraction, static pressure distribution,
velocity vectors, and turbulent kinetic energy on cross-section a, as shown in Fig. 5.
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Figure 5: Cavitation characteristics of the flow field at T = 0.01 s, T = 0.02 s and T = 0.03 s ((I): Gas Phase
Volume Fraction Contour, (II): Pressure distribution map, (III): Velocity vector map, (IV): Turbulent kinetic energy
distribution map).

Although local pressure reduction occurs on the suction side of the rotor teeth, the gas-phase volume
fraction remains nearly zero, indicating that the cavitation threshold has not yet been reached. At T = 0.02 s,
the increasing rotational speed enhances the shear interaction between the rotor and stator. A distinct
low-pressure region appears on the suction side of the rotor teeth, leading to cavitation inception. Sheet
cavitation is observed along the inner wall of the grooves. Meanwhile, boundary-layer separation and
local vortices are induced near the groove edges, causing the turbulent kinetic energy to increase from
6.5 to 12.9 m2/s2. This indicates a significant enhancement of flow shear and turbulence intensity. At
T = 0.03 s, the low-pressure region further expands and covers most of the groove interior and part of the
radial clearance. The vapor distribution becomes more uniform, and the initially separated sheet cavitation
regions merge into a relatively stable cavitation cloud inside the grooves. The regions with high turbulent
kinetic energy are spatially consistent with those of high gas-phase volume fraction, demonstrating that
cavitation evolution significantly strengthens turbulent fluctuations in the rotor–stator interaction region.

The fluid flows into the cavitation generator through the central inlet, undergoes shear induced by the
interaction between the rotor and stator, and is then discharged through the axial outlet. To capture the
spatial details of cavitation phase-change inception and cavity morphology evolution more precisely, the
axial characteristic line from cross-section a to cross-section b in Fig. 4, which includes the rotor–stator
interaction region, was selected as the observation object. The streamwise distributions of gas-phase
volume fraction, static pressure, velocity, and turbulence intensity are shown in Fig. 6.
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Figure 6: Cavitation characteristics of axial flow field at T = 0.01 s, T = 0.02 s and T = 0.03 s ((I): Volume distribution
cloud chart of gas phase, (II): Pressure distribution chart, (III): Velocity vector chart, (IV): Turbulent kinetic energy
distribution chart).

Fig. 6 presents the temporal evolution of cavitation characteristics in the axial flow field from cross-
section a to cross-section b during 0.01–0.03 s. At T = 0.01 s, the flow passage is mainly occupied by the
liquid phase, with only small vapor regions appearing near several corners, indicating incipient cavitation.
The pressure field remains relatively uniform, and both the velocity and turbulent kinetic energy are low,
suggesting a stable flow state with weak disturbances.

As the time increases to T = 0.02 s, the vapor regions expand noticeably, especially near the corners and
narrow regions of the flow passage. This is accompanied by the enlargement of local low-pressure zones
and the appearance of high-velocity regions, indicating the further development of cavitation. Meanwhile,
the turbulent kinetic energy becomes more uneven and increases near the bubble front and flow-passage
bends, reflecting enhanced flow instability.

At T = 0.03 s, the vapor phase further spreads along the inner wall of the passage, and the local
gas-phase volume fraction approaches 1, indicating that cavitation has nearly reached a saturated state.
The low-pressure region becomes more pronounced, while alternating high-speed flow and recirculation
zones lead to strong local turbulence. The peak turbulent kinetic energy reaches 64.5 m2/s2, confirming
that cavitation evolution induced by the groove structure significantly enhances turbulent fluctuations and
becomes an important mechanism of flow-field energy dissipation.

To further investigate the combined effects of vorticity, flow velocity, and pressure on cavitation in the
flow field, three iso-surface distributions shown in Fig. 7 were presented in this study. These include the
iso-surfaces of gas-phase volume fraction with vorticity, static pressure with gas-phase volume fraction, and
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gas-phase volume fraction with turbulent kinetic energy. Based on these results, the interactions among
these physical quantities were systematically analyzed.

  

 
Figure 7: (a) Contour surface distributions of vapor phase (blue) and vorticity (red); (b) contour surface distributions
of pressure (yellow) and vapor phase (blue); and (c) contour surface distributions of vapor phase (blue) and turbulent
kinetic energy (gray).

Fig. 7a shows the surface distributions of gas-phase volume fraction (blue) and vorticity (red). The
gas-phase volume fraction reflects the formation of cavitation bubbles in the fluid, with the blue regions
representing the areas where cavitation bubbles are present. Vorticity represents the intensity of fluid
rotation, and the red regions indicate areas with strong vortical motion. It can be observed that the
high-vorticity regions overlap with the regions of high gas-phase volume fraction, indicating that local
rotation and flow disturbances in these vortical regions may promote the formation and development of
cavitation bubbles. In Fig. 7b, the low-pressure regions (yellow) are closely associated with the regions of
high gas-phase volume fraction (blue). The low-pressure environment provides favorable conditions for
cavitation inception. When the local pressure falls below the saturated vapor pressure of the liquid, the
liquid changes into vapor, resulting in the formation of cavitation bubbles. Fig. 7c presents the distributions
of turbulent kinetic energy (gray) and gas-phase volume fraction. An increase in turbulent kinetic energy
generally enhances flow instability, thereby further promoting the generation and expansion of cavitation
bubbles. The overlap between regions of high turbulence intensity and high gas-phase volume fraction
indicates that turbulence accelerates the development of cavitation by intensifying flow disturbances.

Overall, the low-pressure regions provide the necessary conditions for bubble formation, while en-
hanced vorticity and turbulent kinetic energy accelerate cavitation development through local flow instabil-
ity. The interaction among these four physical quantities jointly drives the occurrence and evolution of
cavitation.
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To investigate the internal flow characteristics of the cavitation generator and their influence on
cavitation behavior, Fig. 8 presents the local flow features associated with cavitation generation in the rotor
groove region. Particular attention is paid to the pressure distribution between the suction surface and the
high-pressure region, as well as its effect on cavitation. The suction surface refers to the region on the rotor
surface where the fluid velocity is relatively high and the pressure is relatively low; cavitation bubbles are
generally generated in such low-pressure regions. By analyzing local pressure variations, the influence of
flow characteristics on the development of cavitation behavior can be further clarified.

 

 
 

 
 

Figure 8: Generation of cavitation inside the groove ((a): Gas phase volume fraction distribution, (b): Pressure
distribution, (c): Velocity vector diagram).

As shown in Fig. 8, during rotor rotation, the water flow in the groove region is driven by centrifugal
force, resulting in distinct local high-pressure and low-pressure regions. The low-pressure region is mainly
distributed near the suction side of the groove, where the gas-phase volume fraction increases significantly,
indicating favorable conditions for cavitation inception. In contrast, the high-pressure region corresponds to
weaker cavitation intensity and exhibits a suppressing effect on bubble generation. The groove distribution
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also shows a certain degree of flow continuity and regional transition between adjacent grooves. The spatial
variation of the local pressure gradient affects the formation range and stability of the low-pressure region.
Therefore, the groove shape and spacing play a key role in regulating the local pressure field. Rational
optimization of the groove design can help expand the coverage of low-pressure regions and enhance the
cavitation effect, providing a theoretical basis for structural improvement of the cavitation generator.

To investigate the dynamic evolution of the flow-field structure during the variation of rotational
speed, Fig. 9 compares the velocity vector distributions at different rotation times, namely 0.01 s, 0.02 s,
and 0.03 s. The results reveal the development of the fluid motion from an initially disordered state to an
ordered rotational flow under the action of shear.

 
Figure 9: Velocity vector contours at different times. Figure 9: Velocity vector contours at different times.

As can be seen from the velocity vector contours in Fig. 9, the velocity vectors in the flow field gradually
become more ordered as the rotation time increases. At 0.01 s, the velocity vector field exhibits obvious
unsteady and disordered characteristics, with vector directions distributed irregularly in the radial flow
passage. This indicates that the fluid motion is only weakly constrained by shear at this stage, and the
flow field is still in the initial stage, where the fluid motion is not yet fully dominated by the rotational
effect. At 0.02 s, the velocity vector distribution begins to become more organized. The fluid motion is
increasingly affected by shear forces, and vortical flow starts to form inside the grooves. By 0.03 s, the flow
field gradually reaches a stable state, and the consistency of the velocity direction throughout the domain
is significantly enhanced, forming a typical rotating flow-field topology.

These results indicate that the flow field inside the rotating hydrodynamic cavitation generator
gradually stabilizes over time. During this stabilization process, the rotor–stator shear interaction and
centrifugal effect jointly promote the formation of a stable rotating flow pattern, which has a positive effect
on the generation and development of cavitation bubbles. Such a stable rotating flow field is favorable for
maintaining and expanding the cavitation region in space.

3.2 Flow Field and Cavitation Characteristics Analysis in the Rotor Region

To investigate how the radial clearance between the rotor and stator affects cavitation performance,
simulation analyses were conducted by varying the radial gap distance. This study selected four typical
clearance parameters (L = 1 mm, 1.5 mm, 2 mm, 2.5 mm). At a rotational speed of 4500 r/min and a duration
of 0.03 s, the trends for gas phase volume (𝑉𝑣𝑎𝑝𝑜𝑟 ), total gas phase volume (𝑉𝑡𝑜𝑡𝑎𝑙), gas phase volume
fraction (𝛼), torque (T ), power (P), and cavitation energy efficiency (𝜂) were recorded. The resulting data
are presented in Table 4.
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Table 4: Effect of different radial distances of mover-stator clearance on cavitation performance of the cavitator.

Factors Values 𝑽𝒗𝒂𝒑𝒐𝒓 (mm3) 𝑽𝒕𝒐𝒕𝒂𝒍 (mm3) 𝜶 (%) 𝑻 (N⋅m) 𝑷 (kW) 𝜼 (mm3/kW)

L (mm)

1 349.03 1352.65 25.8 0.51 0.187 1866.47

1.5 263.50 1352.65 19.48 0.55 0.202 1304.46

2 256.49 1352.65 18.96 0.58 0.213 1204.19

2.5 111.90 1352.65 8.27 0.62 0.227 429.95

Cavitation energy efficiency (𝑛) and cavitation power (𝑃 ) are used to evaluate the cavitation perfor-
mance of the rotating hydrodynamic cavitation generator under different operating conditions in terms of
both energy and spatial aspects. The cavitation rate is the ratio of the total cavitation bubble volume to the
computational domain volume, and it characterizes the efficiency of cavitation generation in the spatial
aspect, as shown in Eq. (15):

𝛼 =
𝑉𝑣𝑎𝑝𝑜𝑟

𝑉𝑡𝑜𝑡𝑎𝑙
(15)

where 𝛼 is the cavitation rate, 𝑉𝑣𝑎𝑝𝑜𝑟 is the total cavitation bubble volume in the computational domain,
m3, 𝑉𝑡𝑜𝑡𝑎𝑙 is the total volume of the computational domain, m3.

Torque and rotor speed are used to calculate the input power, as shown in Eq. (16):

𝑃 =
𝑛 × 𝑇
9550

(16)

where 𝑃 is the input power, kW, 𝑛 is the torque, n/m, 𝑇 is the rotor speed, r/min.
Cavitation energy efficiency (𝑛) is the ratio of the total vapor volume to the input power, and it

characterizes the efficiency of cavitation generation in terms of energy, as shown in Eq. (17):

𝜂 =
𝑉𝑣𝑎𝑝𝑜𝑟

𝑃
(17)

where 𝜂 is the cavitation energy efficiency, mm3/kW.
As the radial clearance between the rotor and stator increases, the cavitation performance indicators

of the generator exhibit a significant downward trend. At a parameter setting of L = 1 mm, the total gas
phase volume reaches 349.03 with a gas volume fraction of 25.8%, representing the maximum values within
this structural parameter series. In contrast, when the radial clearance is increased to 2.5 mm, the total gas
volume and volume fraction drop to 111.9 mm3 and 8.27%.

This degradation occurs because the increase in radial clearance weakens the shear intensity between
the rotor and stator, causing the high turbulent kinetic energy regions to retreat toward the center of the
flow channel. The data suggest that the diminished shear effect weakens the stripping action on gaseous
nuclei, thereby restricting bubble development. While the system torque (T ) and input power (P) show a
slight upward trend as the clearance widens, the cavitation energy efficiency (𝜂) drops sharply—decreasing
from 1866.47 mm3/kW to 429.95 mm3/kW, a reduction of nearly 77%. This indicates that under larger
clearances, the cavitation volume generated per unit of energy consumption decreases drastically, leading
to a significant decline in the device’s energy conversion efficiency.

To visually evaluate the impact of the radial clearance L on the cavitation zone, the flow field models of
the cavitation generator were compared for L values of 1 mm, 1.5 mm, 2 mm, and 2.5 mm. By extracting gas
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phase volume fraction cloud maps under different radial clearances, the spatial evolution of the cavitation
was quantitatively analyzed. The global and local cloud maps are presented in Figs. 10 and 11.

Figure 10: Gas phase volume contours of the mover at different radial gaps between the mover and stator.

As shown in Fig. 10, the gas phase is primarily distributed along the edges of the grooves on the
rotor surface and within the shear zones between the rotor and stator, exhibiting a circumferential peri-
odic distribution consistent with the tooth geometry. As the radial clearance L increases, the gas phase
distribution initially shows good connectivity, forming distinct band-like structures. The large areas of
red and orange in the cloud maps indicate high local gas content, where cavitation development is most
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intense. At L = 1.5 mm, the gas phase region remains prominent; however, compared to L = 1 mm, the
continuity decreases, with high-concentration regions in certain grooves becoming intermittent and the
overall coverage area slightly reduced.

As the radial clearance L further increases to 2 mm and 2.5 mm, the high-concentration gas phase
regions shrink rapidly, evolving from continuous bands into discrete strips or spot-like distributions. At
L = 2.5 mm, the gas phase is only sporadically distributed on a few tooth tips and their leeward sides,
making it difficult to form a continuous gas band along the circumference.

To further quantify the impact of clearance size on cavitation yield, the total gas phase volume and
gas volume fraction within the flow field were calculated, as shown in Fig. 11. The total gas phase volume
exhibits a step-like decline as the clearance increases. At L = 1 mm, the total gas phase volume reaches as
high as 349.03 mm3, whereas at L = 2.5 mm, this value decreases to 111.9 mm3, representing a reduction
of approximately 68%. This indicates that even minor increments in clearance can cause a significant
attenuation in total cavitation yield.

 
Figure 11: Diagram of rotor gas phase volume and gas phase volume fraction.

Consequently, within this series of structural parameters, a smaller radial clearance facilitates the
formation of gas phase regions on the rotor surface and promotes a more uniform distribution. Conversely,
as the radial clearance increases, the gas phase regions gradually shrink and tend toward discretization. This
phenomenon demonstrates that variations in the radial clearance between the rotor and stator significantly
alter both the formation range and the spatial distribution of the gas phase regions within the cavitation
generator.

To quantitatively evaluate the regulatory effect of rotor speed on the performance of the rotary
cavitation generator, numerical simulations were conducted under a constant inlet pressure of 0.1 MPa
and a radial clearance L = 1.5 mm. Four typical rotational speeds—3000 r/min, 3500 r/min, 4000 r/min, and
4500 r/min—were selected to investigate the variation laws of key performance indicators, including: gas
phase volume (𝑉𝑣𝑎𝑝𝑜𝑟 ), total gas phase volume (𝑉𝑡𝑜𝑡𝑎𝑙), gas phase volume fraction (𝛼), torque (T ), power (P),
and cavitation energy efficiency (𝜂). The relevant data are summarized in Table 5.
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Table 5: Influence of different rotational speeds on the cavitation performance within the rotational hydrodynamic
cavitation generator.

Factors Values 𝑽𝒗𝒂𝒑𝒐𝒓 (mm3) 𝑽𝒕𝒐𝒕𝒂𝒍 (mm3) 𝜶 (%) T (N⋅m) P (kW) 𝜼 (mm3/kW)

N (r/min)

3000 65.25 1352.65 4.8 0.49 0.154 423.70

3500 167.13 1352.65 12.35 0.55 0.202 827.38

4000 263.50 1352.65 19.48 0.60 0.251 1049.8

4500 342.68 1352.65 25.33 0.64 0.301 1134.7

The simulation results indicate that as the rotational speed increases, the cavitation effect within
the device exhibits a significant non-linear enhancement trend. The total gas volume 𝑉𝑣𝑎𝑝𝑜𝑟 rises from
65.25 mm3 at 3000 r/min to 342.68 mm3 at 4500 r/min, an increase of over 425%. This demonstrates that
the strong shear rates and high centrifugal force fields generated by high speeds effectively intensify
turbulent fluctuations within the fluid, greatly promoting the expansion of low-pressure core regions and
the explosive activation of cavitation nuclei.

Concurrently, the gas volume fraction increases from 4.8% to 25.33%, indicating a continuous expansion
of the bubble volume distribution within the computational domain and a substantial rise in cavitation
intensity. Regarding dynamic characteristics, as the speed increases, the torque T increases from 0.49 N⋅m
to 0.64 N⋅m, and the power P rises from 0.154 kW to 0.301 kW, reflecting an increase in system energy input.
However, this growth in energy input is far lower than the growth in gas phase volume. Consequently, the
cavitation energy efficiency 𝜂 improves significantly, rising from 423.7 mm3/kW to 1134.7 mm3/kW—an
increase of 167.80%. This reflects a marked enhancement in the bubble generation capacity per unit of
energy driven, signaling a simultaneous improvement in the system’s energy efficiency level.

Therefore, increasing the rotational speed is an effective approach to enhancing the performance of
rotary cavitation generators. Higher speeds accelerate bubble generation and increase cavitation intensity
within the flow field, leading to improvements in both cavitation yield and overall system energy efficiency.
This conclusion validates the feasibility of optimizing and controlling cavitation performance through speed
adjustment, providing a theoretical foundation for practical industrial applications and operational matching
of the device. Consequently, regulating rotational speed can serve as a primary means for the precise
control of rotary cavitation generator performance, offering broad prospects for engineering applications.

As illustrated in Figs. 12 and 13, the rotor speed exerts a significant influence on the spatial distribution
characteristics of the cavities within the generator. With the increase in speed, the gas phase distribution
evolves from localized inception to global connectivity. To reveal the impact of speed parameters on the
generation and transport processes of cavitation bubbles, numerical simulation studies were conducted at
four typical rotational speeds: N = 3000 r/min, 3500 r/min, 4000 r/min, and 4500 r/min.

Fig. 12 illustrates the gas phase volume fraction contours inside the cavitation generator at various
rotational speeds, while Fig. 13 presents the corresponding variation curves for gas phase volume and
volume fraction. Based on the analysis of the contours and data curves, the influence of rotational speed on
cavitation performance is highly significant.

At the lower speed of N = 3000 r/min, the low linear velocity at the tips of the rotor teeth results in
minimal shear action. Consequently, the gas phase is primarily concentrated at the leading edges of the
rotor teeth and localized within the gaps; the total gas volume is only 65.25 mm3 with a volume fraction
of 4.8%, indicating a small and sparsely distributed cavitation zone. As the rotational speed increases, the
shear intensity within the flow field gradually intensifies. As seen in Fig. 12, the gas phase regions expand
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significantly, spreading aggressively toward the rotor-stator gaps and deep into the grooves, evolving from
initial discrete spots into interconnected sheet-like cavity structures. The corresponding data show a clear
growth trend in gas volume with increasing speed. Cavitation is most intense when the speed reaches
4500 r/min. High-concentration gas regions (indicated in red) occupy nearly the entire rotor-stator coupling
zone, with the total gas volume reaching 342.68 mm3, an increase of approximately 425% compared to
N = 3000 r/min and a volume fraction of 25.33%. From the trend of the curves, there is a near-linear positive
correlation between gas volume and rotational speed within the investigated range of 3000–4500 r/min.
This suggests that in this specific speed interval, increasing the speed can continuously and effectively
enhance cavitation yield without reaching a significant performance bottleneck.

 

Figure 12: Gas phase contours inside the mover cavitation generator at different rotational speeds.

Figure 13: Diagram of rotor gas phase volume and gas phase volume fraction.

Fig. 14 shows the velocity distribution and motion trajectories of fluid pathlines inside the cavitation
generator at different rotational speeds. The comparison indicates that variations in rotational speed have
a significant influence on the flow-field characteristics. At a low rotational speed of N = 3000 r/min, the
pathlines are relatively smooth and orderly, indicating that the overall flow velocity is low. The fluid
particles mainly move regularly along the geometry of the flow passage, and interlayer mixing is weak. As
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the rotational speed increases to N = 4500 r/min, the velocity gradient between the rotor and stator teeth
becomes increasingly large. Meanwhile, the pathline morphology changes from smooth to disordered, with
obvious curling and vortex structures appearing inside the rotor grooves.

 

Figure 14: Trace plots of cavitation occurrence units on the mover at different rotational speeds.

3.3 Inactivation Experiments of E. coli Using the New Grooved-Tooth Cavitation Generator

The colony morphologies of E. coli at different cavitation treatment durations are shown in Fig. 15.
Under identical inoculation and cultivation conditions, the number of E. coli colonies on the agar plates
exhibits significant differences as the treatment time increases. Overall, the results demonstrate that the
visible colony count on the plates gradually decreases with extended treatment time, indicating that the
new grooved-tooth rotary cavitation generator possesses a distinct inactivation efficiency against E. coli.
Furthermore, this inactivation effect shows a cumulative trend that strengthens over time.

Fig. 15a illustrates the control group at 0 min without cavitation treatment; the colonies are densely
distributed with a large baseline count, serving as the initial reference level. Fig. 15b shows the E. coli
solution after 10 min of treatment. Compared to the control group, the colony count significantly decreases,
with only a small number of scattered colonies remaining on the plate. Fig. 15c presents the solution after
20 min of treatment, where the colony density is further reduced and the distribution becomes more sparse.
Fig. 15d shows the solution after 30 min of treatment, at which point only a very few sporadic colonies are
visible on the plate.

Consequently, under the conditions of this experiment, the three major effects of cavitation acting on
the fluid have resulted in a significant disinfection of E. coli via the new grooved-tooth rotary cavitation
generator. Moreover, a comparison of the culture media across the different time intervals confirms that
increasing the cavitation treatment duration effectively enhances the cavitation performance within the
experimental water samples.
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(a) Without cavitation treatment (b) Subjected to cavitation for 10 min 

  
(c) Subjected to cavitation for 20 min (d) Subjected to cavitation for 30 min 

Figure 15: Colony images of Escherichia coli after treatment by the novel grooved-tooth rotating cavitation generator.

3.4 Degradation Experiments of Rhodamine B Using the New Grooved-Tooth Rotary Cavitation
Generator

As illustrated in Fig. 16a–d, at any constant rotational speed, the degradation rate of Rhodamine B
improves significantly as the radial clearance between the rotor and stator decreases. Specifically, as shown
in Fig. 16d, at a rotational speed N of 4500 r/min, the degradation rate increases from 32.5% to 43.6% when
the radial clearance L is reduced from 2.5 mm to 1 mm. The reduction in the radial gap between the rotor
and stator enhances the rotor-stator interaction (RSI) effect. From a micro-scale flow field perspective, the
narrower flow channels force the fluid to generate higher shear rates and pressure gradients the moment it
passes between the teeth, thereby leading to a higher intensity of cavitation inception. Smaller clearances
result in more intense turbulent disturbances within the flow field, significantly increasing the frequency
of cavitation bubble collisions and collapses in the central region of the gap. This releases more energy
through micro-jets and localized high temperatures and pressures, which accelerates the cleavage of the
Rhodamine B molecular chains. From Fig. 16a–d, it can also be observed that at the same radial clearance,
the degradation rate of Rhodamine B increases with the rise in rotor speed. The experimental results
indicate that the rotor speed also has a positive impact on the degradation performance. As the speed
increases, the frequency of cavitation events per unit of time increases accordingly. On one hand, higher
speeds increase the pulsation excitation frequency of the rotor tooth grooves on the fluid, causing the flow
field pressure to drop below the vapor pressure more frequently within extremely short intervals, which
greatly enhances cavitation yield. On the other hand, the higher rotational speed inputs more mechanical
energy, intensifying the impact strength at the moment of cavitation bubble collapse. The experimental
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results demonstrate that under the coupled conditions of L = 1 mm and N = 4500 r/min, the device reaches
its optimal performance point where both physical shearing and chemical oxidation act in synergy.

  

  

Figure 16: Degradation rate of Rhodamine B solution (a) rotational speed N of 3000 r/min; (b) rotational speed N of
3500 r/min; (c) rotational speed N of 4000 r/min; (d) rotational speed N of 4500 r/min.

As observed from the experimental phenomena shown in Fig. 17, at a constant rotor speed N of
4500 r/min, the fading effect of the pink color in the sample tubes becomes increasingly pronounced as the
radial clearance L between the rotor and stator decreases. Specifically, the group with L = 1 mm exhibits
the lightest chromaticity (color intensity), indicating that intense cavitation effects provide a superior
degradation performance on organic dye molecules.

 

Figure 17: Comparison of solution concentration at different radial gaps between mover and stator for 80 min at
N = 4500 r/min.
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As observed from the experimental results shown in Fig. 18, at a fixed radial clearance L = 1 mm, the
pink color of the solution gradually fades with the rise of rotational speed. The sample tube corresponding
to N = 4500 r/min exhibits the most obvious decolorization effect, which proves that higher rotational speed
can significantly boost the cavitation degradation performance of the device.

 

Figure 18: Comparison of solution concentration at different speeds for 80 min at L = 1 mm.

In summary, the cavitation effect and degradation performance of the rotary cavitation generator can
be effectively enhanced by adjusting the radial clearance between the rotor and stator, as well as the rotor
speed. The coordination of a small radial clearance and high rotational speed generates intense shear stress
and violent pressure pulsations, which synergistically improve the degradation efficiency of pollutants.
The operating characteristic data obtained in this study identifies the high-efficiency operational range
of the device, providing a reliable theoretical basis and data support for subsequent industrial scale-up
design. The results demonstrate that the combination of a smaller radial gap and a higher rotational speed
effectively enhances flow field shearing and turbulent disturbance, thereby increasing the degradation
rate of organic matter. This provides a scientific and quantitative basis for the engineering scale-up and
performance regulation of the device.

3.5 Correlation Analysis between Simulation and Experimental Results of Cavitation Generator
Performance Evolution

In this section, a correlation analysis was performed between the total gas phase volume obtained from
numerical simulations and the Rhodamine B degradation rate obtained from experiments. The simulation
results represent the cavitation evolution level within a transient period of 0.03 s, while the experimental
results reflect the macroscopic cumulative treatment effect after 80 min of systemic circulation.

As shown in Fig. 19, at a constant speed of N = 4500 r/min both the simulated gas volume and the
experimental degradation rate show a clear upward trend as the radial clearance L decreases from 2.5 mm
to 1 mm, reaching their peak at L = 1 mm. This indicates that reducing the stator-rotor gap significantly
intensifies the cavitation process. However, the growth rates were not perfectly synchronized: when L
decreases from 2.5 mm to 2 mm, the gas volume increased significantly while the degradation rate rose
more gradually. From 2.5 mm to 1.5 mm, the gas volume stabilized while the degradation rate continued to
improve.

As shown in Fig. 20, at a fixed clearance of L = 1 mm, both parameters increased continuously as
the rotational speed N rose from 3000 r/min to 4500 r/min. In the low-speed range (3000–3500 r/min),
the gas volume increased rapidly whereas the degradation rate grew slowly. In the high-speed range
(3000–3500 r/min), the two indicators exhibited consistent and synergistic growth characteristics.
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Figure 19: Variations of total gas phase volume and Rhodamine B degradation rate with radial distance of clearance
between different rotors and stators.

 

Figure 20: Variations of total gas volume and Rhodamine B degradation rate at different rotational speeds.

The reduction of radial clearance narrows the inter-tooth flow channel, significantly increasing the
local shear rate and pressure gradient when fluid passes through the tooth gap. This expands the low-
pressure zone below the saturated vapor pressure, activates more cavitation nuclei, and increases the
total volume of cavitation bubbles. More violent bubble collapse will generate higher-intensity hydroxyl
radicals (⋅OH) and stronger micro-jet shear force, which jointly improve the efficiency of organic molecular
bond breaking and microbial cell damage. When the radial clearance decreases from 2.5 mm to 1 mm
at 4500 r/min, the total vapor volume increases by 211.9%, and the corresponding 80-min Rhodamine B
degradation rate increases from 32.5% to 43.6%. The fitting coefficient R2 between simulated vapor volume
and degradation rate reaches 0.94, verifying that the change of cavitation intensity caused by clearance
adjustment is the core driving force for the improvement of pollutant removal efficiency. The increase of
rotational speed increases the frequency of inter-tooth shear events per unit time; meanwhile, the enhanced
centrifugal force strengthens the formation of low-pressure vortex cores inside the tooth grooves, further
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expanding the cavitation-prone area. The increase of rotational speed also raises the generation and collapse
frequency of cavitation bubbles, enhancing the synergistic effect of physical shear and chemical oxidation
in the system. When the rotational speed increases from 3000 r/min to 4500 r/min at L = 1.5 mm, the total
vapor volume increases by 425%, and the corresponding 80-min Rhodamine B degradation rate increases
from 18.2% to 35.7%. The high energy efficiency interval is maintained at 4000–4500 r/min, which is the
recommended optimal operating range for engineering applications. The comparison reveals that the
experimental degradation efficiency depends not only on the degree of cavitation evolution (gas volume)
but also on bubble collapse intensity, the production efficiency of reactive radicals, flow field circulation
characteristics, and cumulative time effects. Numerical simulations are more effective at revealing the
direct influence of structural and operational parameters on cavitation behavior, while experimental results
reflect comprehensive performance under multi-factor coupling.

The inactivation of E. coli is more dependent on the physical shear effect of micro-jets generated by
cavitation bubble collapse, so it responds more significantly to the increase of rotational speed (which
determines the frequency of shear events). The degradation of Rhodamine B relies more on the chemical
oxidation of hydroxyl radicals, so it is more affected by the radial clearance (which determines the total
volume of cavitation bubbles and the total yield of free radicals). In conclusion, although the simulated total
gas phase volume and the experimental degradation rate are different evaluation metrics and lack a simple
one-to-one linear relationship, their overall trends in response to structural L and operational N parameters
are highly consistent, with identical optimal parameter points. This demonstrates that the numerical
simulation method established in this study can effectively characterize the performance evolution of the
rotary cavitation generator under various conditions, providing a reliable theoretical basis and data support
for design optimization and operational control.

3.6 Comparison with Existing Studies and Critical Discussion

Existing studies on rotor-stator hydrodynamic cavitation reactors can be categorized into three main-
stream technical routes, each with distinct technical characteristics and applicable scenarios. First, straight-
tooth rotary reactors rely on inter-tooth throttling shear as the core cavitation mechanism. Featuring a
simple structure and easy scale-up, most relevant studies focus on optimizing tooth ring arrangement and
tooth geometry, but their cavitation form is relatively single and faces a bottleneck in energy efficiency
improvement. Second, pinned-disk reactors generate cavitation through high-speed disturbance of nu-
merous independent pin units. They deliver high cavitation intensity but suffer from high manufacturing
and assembly costs as well as high risks of wear and clogging, making them more suitable for high-purity
wastewater treatment. Third, groove-enhanced reactors improve cavitation performance via vortex-induced
cavitation in recessed structures, with low processing cost and stable structure, which is recognized as
a cost-effective optimization direction for tooth-type reactors. This study falls into the micro-structure
enhanced cavitation technical route. By introducing micro-grooves on traditional tooth surfaces, it further
explores the cavitation enhancement potential of tooth-type reactors.

For conventional tooth-type reactors, cavitation is exclusively generated by inter-tooth throttling
shear. In contrast, the grooved-tooth structure proposed in this study retains the original inter-tooth shear
cavitation, and additionally introduces in-groove vortex cavitation by inducing local micro-vortices through
the tooth surface grooves, realizing the synergistic enhancement of shear cavitation and vortex-induced
cavitation. This design idea of modifying the tooth surface micro-structure to introduce additional cavitation
forms is a differentiated innovation different from existing optimization methods that mainly focus on
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tooth size adjustment and layout optimization, providing a new direction for the structural innovation of
rotary cavitation generators.

Most existing studies adopt a single evaluation method, which has obvious limitations. Pure numerical
simulation studies lack experimental validation, resulting in limited engineering reference value of perfor-
mance conclusions. Experimental studies mostly use a single pollutant as the evaluation indicator, which is
susceptible to interference from pollutant properties and may lead to deviation in results. This study con-
structs a three-dimensional evaluation system combining transient flow field simulation, refractory organic
pollutant degradation and microbial inactivation, which cross-verifies the cavitation performance from
three dimensions: flow mechanism, chemical oxidation effect and biological disinfection effect. This system
not only improves the reliability of performance conclusions, but also provides a more comprehensive
reference framework for performance benchmarking across different studies.

It should be objectively noted that this study still has certain limitations. The current work is only a
mechanistic verification of a single new structure at the bench scale, and parallel comparative tests with other
typical structures have not been carried out on a unified test platform with identical boundary conditions.
The performance data obtained in this study are only used to characterize the relative influence law of
structural and operating parameters, and cannot be directly used for absolute performance benchmarking
with industrial-grade devices of different scales and structures.

4 Conclusion

This study developed a novel grooved-tooth rotary hydrodynamic cavitation generator and validated
its performance via numerical simulations and experiments. Results revealed that reducing the rotor-stator
radial clearance to 1 mm and raising the rotational speed to 4500 r/min produced the strongest cavitation
effect, with the total gas phase volume reaching 349.03 mm3 and the Rhodamine B degradation rate peaking
at 43.6%. The device exhibited satisfactory disinfection capacity, achieving continuous inactivation of E. coli
as treatment time increased. Simulated total gas phase volume shared consistent variation trends and
optimal operating points with experimental data, verifying the reliability of the adopted numerical model.
The proposed grooved-tooth structure effectively enhances cavitation intensity and energy utilization.
Future work will focus on optimizing tooth profiles, exploring combined cavitation technologies, and
conducting on-site pilot tests to further promote the practical application of this equipment in wastewater
treatment.
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Nomenclature

𝐶1𝜀 empirical constants
𝐶2𝜀 empirical constants
𝐶𝑐𝑜𝑛𝑑 evaporation coefficient
𝐶𝑅ℎ𝐵 mass concentration of Rhodamine B solution
𝐶vap condensation coefficient
→
𝐹 volumetric force
→𝑔 gravitational acceleration vector
.𝑚+ source terms for mass exchange between the gas and liquid phases per

unit time, referred to as the vaporization term
.𝑚− source terms for mass exchange between the gas and liquid phases per

unit time, referred to as the condensation term
M dilution factor
𝑛 torque
N number of effective colonies on the plate
𝑅𝐵 radius of a single cavitation bubble
𝑢 molecular dynamic viscosity
𝑢𝑡 turbulent dynamic viscosity
𝑣𝑚 mass-averaged velocity
𝑝 flow field pressure
P static pressure
𝑃𝑘 turbulence kinetic energy generated by velocity gradients
𝑝𝜈 micro-liquid saturation vapor pressure
𝑇 rotor speed
V inoculation volume
𝑉𝑣𝑎𝑝𝑜𝑟 total cavitation bubble volume in the computational domain
𝑉𝑡𝑜𝑡𝑎𝑙 total volume of the computational domain
𝑌𝑅ℎ𝐵 absorbance value
𝛼 cavitation rate
𝛼nuc cavitation nuclei volume fraction
𝛼v vapor phase volume fraction
𝜂 cavitation energy efficiency
𝜇𝑚 mixture molecular viscosity
𝜇𝑙 liquid dynamic viscosity
𝜇𝑣 vapor dynamic viscosity
𝜀 turbulence dissipation rate
𝑘 turbulence kinetic energy
𝜌 density of the turbulent mixture
𝜌𝑙 liquid phase density
𝜌𝑚 mixed density of the water phase and the bubble phase
𝜌𝑣 vapor phase density
𝜎𝑘 turbulent Prandtl number for the turbulence kinetic energy 𝑘
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