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ABSTRACT: With the acceleration of industrialization and urbanization, ammonia nitrogen pollution in water bodies
has become increasingly severe, making the development of efficient and low-consumption wastewater treatment tech-
nologies highly significant. This study employs three-dimensional computational fluid dynamics (CFD) to investigate
the cavitation mechanisms and flow field characteristics in a novel jet impingement-negative pressure ammonia removal
reactor. The simulation, validated by experimental pressure data with a high degree of consistency, utilizes the Mixture
model, the Realizable k-ε turbulence model, and the Schnerr-Sauer cavitation model. The results demonstrate that the
flow velocity undergoes a substantial acceleration within the orifice nozzle, triggering a dramatic pressure drop from
an inlet value of approximately 1.17 MPa to below the saturated vapor pressure, reaching as low as −109 kPa, which
induces intense cavitation. Cavitation bubbles primarily originate on the inner wall of the nozzle, with the vapor volume
fraction peaking at about 0.42 within the orifice. A strong positive correlation was observed between the local vapor
fraction and the flow velocity, indicating that cavitation enhances jet intensity. Furthermore, vortex structures near the
wall and within the jacket sustain low-pressure zones, facilitating continuous cavitation and efficient mixing. This study
quantitatively elucidates the cavitation dynamics and its interplay with the flow field, providing a solid theoretical and
numerical basis for optimizing the reactor design to enhance ammonia removal efficiency.

KEYWORDS: Jet impingement; negative-pressure ammonia removal; numerical simulation; cavitation effects; gas
phase volume distribution; flow field analysis

1 Introduction
With the rapid development of industries such as petroleum and chemicals, along with improvements

in living standards, the concentration of ammonia nitrogen in municipal wastewater and landfill leachate has
increased significantly, making it a widespread and persistent inorganic pollutant [1–3]. If discharged directly,
ammonia nitrogen wastewater can lead to eutrophication of water bodies, posing risks to both ecological
environments and human health [4]. Hence, its effective treatment is crucial for environmental protection
and resource recycling. Current treatment technologies for ammonia nitrogen are mainly divided into two
categories: physico-chemical methods (e.g., membrane separation, ion exchange, chemical oxidation, and
adsorption) and biological methods (e.g., A/O, anaerobic ammonium oxidation (anammox), and A2/O pro-
cesses) [5]. However, physico-chemical approaches are often costly and prone to causing secondary pollution,
while biological methods require sophisticated operational conditions and have limited applicability [6].
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Both strategies struggle to treat high-concentration ammonia nitrogen wastewater efficiently, remaining a
major challenge in current research.

In recent years, water jet impingement technology has offered a new option for large-scale, low-cost
wastewater treatment. The application of jet impingement, however, extends beyond chemical processes
into energy systems. For instance, Kryak et al. [7] successfully employed a hot air jet impinging technique
to enhance the melting process of phase change materials in a disc-shaped container for thermal energy
storage, demonstrating the versatility of this technology in improving heat and mass transfer. The concept
of impinging streams was first proposed by the Soviet scientist Elperin in the early 1960s [8], with the aim
of enhancing interphase mass transfer. A number of experimental studies have been conducted on liquid
breakup patterns, liquid film characteristics, breakup length, droplet size, and breakup mechanisms in open
impinging streams [9–13]. Erni suggested that the droplet breakup mechanism is caused by the Rayleigh-
Plateau (R-P) instability at the edge of the liquid film [14]. Dombrowski et al. [15] investigated the close
relationship between droplet size and breakup mechanisms. Impinging streams are defined as the collision
of two coaxial gas-solid two-phase jets composed of solid particles. These two streams are fully accelerated
by two equal gas flows, creating a highly turbulent, high-shear-strain rate impingement zone upon collision.
This phenomenon significantly reduces external resistance during transfer processes, thereby improving heat
and mass transfer and promoting mixing. The schematic diagram of this process is shown in Fig. 1.

Figure 1: Schematic diagram of impinging stream

Based on this principle, our research group adopted a mass transfer enhancement strategy, utilizing a
conventional transport pump to drive a multi-jet impingement process through an annular jacket structure.
This design enables continuous ammonia removal under slight negative pressure conditions, significantly
reducing the energy input typically required to maintain high vacuum levels. As a result, a novel and efficient
jet impingement-negative pressure reactor was developed [16,17]. During the reactor design, a jacket-style jet
impingement configuration incorporating numerous micro-channels was implemented. Inside the reactor,
a complex pressure distribution is formed, including zones such as the jet positive-pressure inlet, regions
with pressure differences across the micro-orifices, a top negative-pressure area, and local high-pressure
impingement zones. This multi-gradient pressure environment promotes localized cavitation as the fluid
passes near the small orifices. Studies indicate that cavitation occurs when the local liquid pressure falls
below the saturated vapor pressure at the given temperature, causing rapid growth and expansion of vapor
cavities [18]. Moreover, cavitation is a dynamic process involving formation, development, and collapse,
accompanied by extreme physical effects such as high temperatures, high pressures, intense shockwaves,
and micro-jets [19]. In 2010, Professors Li Fubao and Li Qin first introduced the concept of cavitating
impinging streams [20,21]. Macroscopically, this refers to the use of specially structured nozzles to eject
two high-velocity water jets that collide and generate cavitation effects in the impingement zone. The entire
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process—formation, development, and collapse of cavitation bubbles—produces high temperatures, high
pressures, shockwaves, and micro-jets. These conditions create a favorable physico-chemical environment
that enhances chemical reaction rates. Notably, research by Flint et al. [22] showed that at the moment of col-
lapse, cavitation bubbles can reach temperatures as high as 5000 K and generate micro-jets with velocities of
100 m/s and pressures up to 50 MPa. In recent years, cavitation technology has been widely applied in various
fields including wastewater treatment, industrial cleaning, chemical engineering, and pharmaceuticals.

This work specifically aims to delineate the intrinsic relationship between the flow field (especially
pressure distribution) and the cavitation dynamics (characterized by vapor volume fraction) inside the
reactor. By establishing the Mixture multiphase flow model, a thorough analysis was conducted on the
velocity distribution, gas phase volume fraction, pressure variation, and streamline structure inside the
reactor. The core objective is to quantitatively reveal the initiation, evolution, and collapse mechanisms of
the cavitation effect and their correlation with key flow field parameters.

2 Mathematical Models

2.1 Model Setup and Mesh Generation
The computational model represents the internal fluid volume of the reactor. The geometry is a single,

continuous fluid domain, and the surfaces of this domain correspond to the internal walls of the physical
reactor structure. These surfaces were assigned stationary, no-slip wall boundary conditions to simulate the
physical presence and frictional effect of the tube and jacket walls on the fluid flow.

In the model, a square orifice with a side length of 2 mm was employed to simplify the geometry,
replacing the original circular orifice with a diameter of 2 mm. To rigorously justify this simplification,
a comparative simulation study was conducted. The results, summarized in Table 1, demonstrate a strong
geometric equivalence between the two configurations across key flow parameters. Velocity profiles exhibited
the highest consistency (correlation coefficient R2 = 0.92, relative difference = 3.6%), confirming that the
jet characteristics and flow contraction effects are nearly identical. While the pressure distributions showed
expected local variations due to geometric differences (R2 = 0.86), both configurations consistently produced
the negative pressure conditions essential for cavitation inception. The turbulence characteristics were also
well-correlated (R2 = 0.87), indicating similar energy dissipation patterns. Therefore, the square orifice
simplification is validated to effectively capture the essential flow physics of the circular orifice while
significantly reducing computational resources, and thus was adopted for all subsequent simulations. The
optimized model is illustrated in Fig. 2.

Table 1: Statistical correlation analysis between square and circular orifice parameters across multiple height planes

Parameter Height
(mm)

Correlation
coefficient

(R)

Mean
absolute

difference

Relative
difference

(%)

Pressure

138 0.92 847 Pa 28.7%
146 0.88 1214 Pa 47.8%
154 0.85 1587 Pa 49.3%
162 0.89 1102 Pa 45.6%

Velocity

138 0.95 0.28 m/s 2.7%
146 0.93 0.31 m/s 3.1%
154 0.91 0.35 m/s 3.6%

(Continued)
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Table 1 (continued)

Parameter Height
(mm)

Correlation
coefficient

(R)

Mean
absolute

difference

Relative
difference

(%)
162 0.89 0.42 m/s 4.8%

Turbulence KE

138 0.90 0.07 5.6%
146 0.88 0.09 6.9%
154 0.86 0.11 8.4%
162 0.85 0.12 9.2%

Figure 2: Schematic diagram of the reactor geometric model

To enhance the accuracy of the computational domain, a structured mesh was generated throughout
the entire region. Local mesh refinement was also applied at the jet inlet and boundary layers to ensure high
simulation fidelity. The specific structural dimensions of the reactor are provided in Table 2. For flow field
analysis, a Cartesian coordinate system was defined with its origin at the reactor base. The axial coordinate
is denoted as Z. The analysis presented in this study focuses on four key cross-sections corresponding to the
inlet planes of the jet orifices, located at axial positions of Z = 138, 146, 154, and 162 mm, respectively.

Table 2: Geometric parameters of the jet impact negative pressure reactor (JI-NPR) structure

Parameters H0 H1 H2 H3 H4 D d h
Dimensions

(mm) 0 139 163 314 364 70 30 8

Note: H0 to H4 represent cumulative structural heights from the base of the reactor.

In computational simulations, particularly in three-dimensional (3D) modeling, mesh resolution exerts
a critical influence on the accuracy of the results. Complex geometries generally require finer mesh discretiza-
tion to capture detailed flow features. However, an excessive number of grid elements can lead to prohibitively
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high computational costs. To address this trade-off, a grid independence study is typically conducted to
determine the minimum number of elements that ensures result reliability. As shown in Fig. 3, this study
evaluated three mesh configurations-containing 2,516,757, 3,294,506, and 5,862,026 elements, respectively.

Figure 3: Mesh generation of the geometric model

Using the turbulent kinetic energy dissipation rate as the metric, a grid independence verification was
conducted. As the number of elements increased from 2.52 million to 2.87 million, the deviation in the
dissipation rate remained within 5% (Fig. 4). Thus, the mesh configuration with 3.29 million elements was
selected to balance computational efficiency with accuracy.

Figure 4: Grid independence verification

The fluid was modeled within a Eulerian two-phase flow framework, treating the first phase as a
compressible ideal gas and the second phase as liquid water. The annular porous inlet boundary was defined
as a velocity inlet with a speed of 10 m/s. The volume fraction of liquid water was set to 1, and the hydraulic
diameter was specified as 2 mm. For the outlet boundaries, outlet_1 was configured as a pressure outlet with
a gauge pressure of −10,000 Pa and a hydraulic diameter of 20 mm, while outlet_2 was set as a pressure outlet
with a hydraulic diameter of 70 mm.
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The study of cavitation phenomena and jet impingement processes involves multiphase flow. The
numerical simulations were conducted using the three-dimensional, double-precision, pressure-based tran-
sient solver in ANSYS Fluent. The Mixture model was selected as the multiphase flow model without
considering slip velocity, using liquid water, vapor, and air as the medium. The Realizable k-ε turbulence
model, along with the scalable wall function, was employed to simulate fluid turbulence. The operating
pressure was set to 101,325 Pa. The Schnerr-Sauer method was adopted to model the cavitation process.
The inlet boundary condition was defined as a velocity inlet, while the outlet was set as a pressure outlet.
The pressure-velocity coupling scheme used was Coupled, and the PRESTO! method was selected for
pressure discretization. To enhance accuracy, second-order upwind schemes were applied for discretizing the
turbulent kinetic energy, turbulent dissipation rate, and momentum equations, while a first-order upwind
scheme was used for the volume fraction. The simulation was carried out transiently with a time step of 10−3 s
and a maximum of 20 iterations per time step. A solution was considered converged when the scaled residuals
for all governing equations dropped below 10−3, and the area-weighted average pressure and velocity at the
Z = 138 mm plane, as well as the inlet mass flow rate, exhibited stable behavior with minimal fluctuation.

2.2 Numerical Simulation Methodology
The numerical simulations were performed using the commercial CFD code ANSYS Fluent (version

2022 R1), employing a three-dimensional, double-precision, pressure-based transient solver. The following
subsections detail the mathematical models and numerical schemes adopted in this study.

2.2.1 Mixture Multiphase Flow Model
The gas-liquid flow within the JI-NPR was resolved using the Eulerian-Eulerian Mixture model. This

model is computationally efficient for simulating multiphase flows where the phases are strongly coupled
and interpenetrating, making it particularly suitable for capturing the cavitation dynamics in the present
study. The model solves the mixture continuity and momentum equations, as given by Eqs. (1) and (2), and
a transport equation for the volume fraction of the secondary phases, as shown in Eq. (3). The slip velocity
between the phases was neglected in this formulation, assuming local equilibrium over short spatial scales,
which is a common and valid simplification for the high-velocity, intensely mixed flow in the reactor. The
governing equations for the mixture model are as follows [23]:
(1) Mixture Continuity:

∂ρm

∂t
+∇ ⋅ (ρmum) = 0 (1)

(2) Mixture Momentum:

∂ (ρmum)
∂t

+∇ ⋅ (ρmum ⊗ um) = −∇p +∇ ⋅ τm + ρmg + F (2)

where ρm = ΣN
k=1∂k ρk is the mixture density, um = ∑N

k=1 αk μk denotes the mass-averaged velocity,
τm = μm (∇um + (∇um)T) is the Viscous stress tensor of the mixture, g is the Gravitational acceleration
vector, F is the External body forces.
(3) Phase Volume Fraction:

∂ (αpρp)
∂t

+∇ ⋅ (αpρpum) = −∇ ⋅ (αpρpudr , p) +
N
∑
q=1
(ṁq p − ṁpq) (3)
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where αp is the Volume fraction of phase p (dimensionless), ρp is the Density of phase p and μm = ∑N
k=1 αk μk

is the Mass-averaged velocity of the mixture, udr , p denote the Drift velocity of phase p,∑N
q=1 is the summation

operator over all N phases in the system, where q denotes the phase index (q = 1, 2, . . ., N), ṁq p is the Mass
transfer rate from phase q to phase p, ṁpq is the Mass transfer rate from phase p to phase q.

The cavitation process, which involves the phase change between liquid and vapor, was modeled using
the Schnerr-Sauer method. This model is well-established for simulating cavitating flows in nozzles and
orifices, as it robustly handles the mass transfer between liquid and vapor phases based on the dynamics of
bubble populations. Its implementation within the mixture model framework provides a stable and accurate
approach for predicting the inception and development of cavitation, which aligns perfectly with the core
objective of this work.

2.2.2 Turbulence Model
The complex turbulent flow induced by jet impingement and cavitation was simulated using the

Realizable k-ε model. This model was selected for its demonstrated superior performance over the Standard
k-ε model in predicting flows with strong streamline curvature, vortices, and local high shear rates-all of
which are defining features of the flow within the JI-NPR. The transport equations for the turbulent kinetic
energy (k) and its dissipation rate (ε) are provided in Eqs. (4) and (5). To accurately resolve the near-wall flow
in the context of a high-Reynolds-number model, the scalable wall function was employed. This function
provides consistent results even as the mesh is refined, ensuring a reliable prediction of the wall shear stress
and boundary layer development that influence the core flow dynamics. The transport equations for turbulent
kinetic energy (k) and its dissipation rate (ε) are given as follows [24]:
(1) Turbulent Kinetic Energy Equation:

∂ (ρk)
∂t

+
∂ (ρku j)

∂x j
= ∂

∂x j
[(μ + μt

σk
) ∂k

∂x j
] +Gk +Gb − ρε − YM (4)

(2) Dissipation Rate Equation:

∂ (ρε)
∂t

+
∂ (ρεu j)

∂x j
= ∂

∂x j
[(μ + μt

σε
) ∂ε

∂x j
] + ρC1Sε − ρC2

ε2

k +
√

vε
+ C1ε

ε
k

C3εGb (5)

where Gk represents the generation of turbulent kinetic energy due to mean velocity gradients, Gb denotes
the generation of turbulent kinetic energy due to buoyancy, YM represents the contribution of fluctuating
dilatation in compressible turbulence to the overall dissipation rate, C1 =max [0.43, η

η+5], and η = Sk
ε , S is

the modulus of the mean rate-of-strain tensor.
The Realizable k-ε model provides enhanced performance in predicting the spreading rate of jets

and flow separation under strong pressure gradients, which is essential for accurately capturing the
hydrodynamic behavior in the jet impingement-negative pressure ammonia removal reactor.

2.3 Experimental Validation
To validate the simulation results experimentally, a lab-scale setup was constructed. As illustrated

in Fig. 5, the system primarily consisted of a storage tank, a centrifugal pump, a control valve, a flow meter,
the JI-NPR reactor, and a data acquisition unit.
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Figure 5: Schematic diagram of the experimental setup

The tank was prefilled with the working fluid. A centrifugal pump was started to drive the flow. The
flow rate was adjusted to the predetermined value using the control valve and monitored by the flow
meter, allowing the pump to draw water from the tank. The jets collided within the reactor and were then
recirculated back to the storage tank.

Real-time pressure data were collected at five measurement points located above the impingement zone
of the JI-NPR using XGZP pressure sensors. The voltage signals obtained from pressure fluctuations were
computationally processed to derive real-time pressure profiles. As shown in Fig. 6, the simulation results
closely aligned with the experimental data, confirming the reliability of the model in visualizing the flow
field evolution within the reactor.
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Figure 6: Comparison of experimental and simulated pressure values

3 Results and Discussion
This section presents a systematic analysis of the flow field and cavitation dynamics within the jet

impingement-negative pressure reactor. The discussion is structured to first elucidate the fundamental driver
of cavitation by examining the pressure distribution at different axial locations. Subsequently, the velocity
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field is analyzed to reveal its coupling with the pressure drop and its role in imparting kinetic energy. The
core of the analysis then focuses on the spatial and temporal evolution of the vapor phase, quantifying the
cavitation intensity and its direct relationship with the local flow parameters. Finally, the vortex structures
and streamline patterns are investigated to explain the mechanisms behind sustained cavitation and efficient
mixing. Throughout this section, numerical results are interpreted in the context of underlying physical
principles and, where applicable, compared with established findings in the literature.

3.1 Pressure and Cavitation Distribution (Z)
As shown in Fig. 7, the distributions and variation trends of pressure (Fig. 7a) and Phase 2 volume

fraction (i.e., the volume fraction of cavitation bubbles, Fig. 7b) differ significantly at various axial positions
(Z= 138, 146, 154, and 162 mm). For pressure distribution (Fig. 7a), at Z= 138 mm, the pressure is concentrated
around −14.2 kPa within a narrow range. As Z increases to 146, 154, and 162 mm, the negative pressure drops
progressively to −45.3 kPa, −75.3 kPa, and −109 kPa, respectively, with a noticeably broadening distribution.
Regarding the Phase 2 volume fraction (Fig. 7b), at Z = 138 mm, the value clusters around 0.2969 with a
relatively concentrated profile. It slightly decreases to 0.2785 at Z = 146 mm, then rises to 0.3262 and 0.3537
at Z = 154 and 162 mm, respectively, accompanied by a widening distribution range.

Figure 7: Distribution of pressure and Phase 2 volume fraction at different axial positions (Z = 138, 146, 154, 162 mm):
(a) Pressure distribution (b) Phase 2 volume fraction distribution

The inception of cavitation follows a fundamental physical principle: when the local static pressure falls
below the saturated vapor pressure of the liquid at the operating temperature, the fluid undergoes phase
change and vapor cavities form, a direct consequence of thermodynamic instability of the liquid under low-
pressure conditions [25]. In this study, the pressure drops as low as −109 kPa, far below the saturated vapor
pressure of water (approximately 2.3 kPa at 20○C), creating a powerful driving force for explosive bubble
growth and confirming that the JI-NPR design successfully establishes the necessary physical environment
for intense cavitation. Notably, lower Z regions (e.g., 138 mm), characterized by relatively low pressure,
are more susceptible to cavitation inception. As Z increases, despite the further decline in pressure (which
enhances the cavitation driving force), the volume fraction of cavitation bubbles continues to rise, reflecting
the dynamic process from bubble formation to growth and highlighting the governing role of axial pressure
variation in cavitation development within the reactor. Specifically, the pressure drops sharply from an
inlet value of approximately 1.17 MPa to a minimum of −109 kPa, serving as the primary driver for intense
cavitation. This drastic reduction, far below the saturated vapor pressure, aligns with classical cavitation
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inception criteria [26]. The magnitude and dynamics of this pressure drop directly regulate the formation,
growth, and subsequent collapse of cavitation bubbles-processes that generate energy-intensive effects
essential for process intensification in the reactor.

3.2 Velocity Distribution
As shown in Fig. 8a, the orifice nozzle region exhibits a noticeably high-velocity profile, with colors

shifting toward red and orange, which represent higher speeds. In contrast, areas such as the reactor center,
inlet, and outlet appear blue, indicating lower flow velocities. This visually confirms that the highest flow
rates occur within the orifice nozzle. Fig. 8b further demonstrates that velocity curves at different axial
positions (Z) show distinct peaks within the Y-interval corresponding to the orifice nozzle, reinforcing that
the maximum flow velocity is located inside the nozzle.

Figure 8: Flow field characteristics of the jet impingement-negative pressure ammonia removal reactor: (a) velocity
distribution contour, (b) fluid velocity distribution curve along the Y-axis

As water flows from the inlet toward the orifice, the velocity curve shows a sharp increase. This occurs
because the flow cross-section rapidly contracts when passing through the orifice nozzle. The dramatic
acceleration of flow within the orifice nozzle is a direct manifestation of the principle of mass conservation
(continuity equation). As the cross-sectional area contracts, the velocity must increase to maintain a constant
mass flow rate. This conversion between pressure energy and kinetic energy is fundamentally described by
Bernoulli’s principle for incompressible flow. The high kinetic energy in the jet core is attained at the direct
expense of static pressure, causing it to plummet and trigger cavitation. This explains the physical mechanism
linking the geometric design of the orifice to the observed cavitation inception. When the pressure falls below
the saturated vapor pressure of the fluid, cavitation occurs.

Upon entering the reactor interior, the flow passage suddenly expands, causing a rapid decrease in flow
velocity and a conversion of kinetic energy. This results in the formation of a low-pressure zone near the
reactor wall. Within this low-pressure environment, pre-existing cavitation bubbles—which have relatively
higher internal pressure—expand and increase in volume. This behavior is consistent with the physical
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principles of cavitation, further indicating that changes in the flow field within the reactor promote the
initiation and development of cavitation.

3.3 Vapor Volume Fraction
Fig. 9 displays the vapor volume fraction distribution at cross-sections corresponding to different axial

positions (Z). It can be observed that the vapor phase is primarily concentrated near the inner wall of
the orifice, exhibiting a distinct annular distribution pattern. This morphology is a characteristic feature of
“sheet cavitation”, a well-documented phenomenon in confined flows where the local pressure falls below
the fluid’s saturated vapor pressure [18]. The clear visual contrast between the vapor-rich regions (non-
blue) along the wall and the vapor-free core flow (blue) confirms that cavitation initiates predominantly
at the inner wall of the orifice nozzle, where local flow conditions—such as the sharp pressure drop and
high velocity—are most conducive to its inception. The simulation’s ability to capture this typical behavior
validates its reliability. Furthermore, the high vapor volume fraction peak of 0.42 indicates that the JI-NPR
design achieves a cavitation intensity sufficient to induce strong physico-chemical effects, as the collapse of
such dense cavitation clouds is known to generate intense shockwaves and micro-jets [19].

Figure 9: Vapor volume fraction contours at different cross-sections: (a) Z = 138 mm, (b) Z = 146 mm, (c) Z = 154 mm,
(d) Z = 162 mm

As observed in Fig. 10, which shows the vapor volume fraction distribution along the Y-axis, the vapor
fraction remains nearly zero after the water enters the jacket and before it reaches the orifice, indicating no
significant cavitation occurs at this stage. As the flow passes through the orifice, the vapor fraction increases
sharply and reaches its maximum near the center of the orifice (for example, the green curve corresponding to
Z = 162 mm shows a peak vapor fraction of approximately 0.42; the exact value varies at different Z positions).
Beyond this point, the vapor fraction gradually decreases.
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Figure 10: Vapor volume fraction distribution along the Y-axis

The magnitude of the vapor fraction reflects the amount of cavitation bubbles present. A rapid increase
suggests massive generation and growth of cavitation bubbles, marking the onset of cavitation development.
The subsequent decline indicates the collapse of the bubbles, as they dissolve back into the liquid upon
implosion, leading to a reduction in the vapor volume fraction. This pattern of initial rise and subsequent
fall in vapor volume fraction illustrates the complete dynamic process of cavitation bubble development
and collapse.

As shown in Fig. 11, the relationship between fluid velocity and vapor volume fraction in the flow field
is illustrated. For the curve corresponding to Z = 138 mm, the velocity increases sharply even at very low
vapor volume fractions, quickly reaching a high value. This indicates that at this axial position, even a small
amount of vapor phase significantly enhances the flow velocity, likely due to early cavitation inception and
rapid development. The dynamic behavior of cavitation bubbles (generation, motion, etc.) intensifies the jet
flow efficiently.

Figure 11: Relationship between flow velocity and vapor volume fraction

For the other three curves, as the vapor volume fraction increases gradually from low to high, the
velocity exhibits an approximately linear upward trend. This reflects a stable positive correlation between
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vapor volume fraction and velocity at these axial positions. An increase in vapor volume fraction indicates a
greater number of cavitation bubbles in the flow field. During the process of bubble generation, deformation,
and collapse, the surrounding fluid experiences strong disturbances. On one hand, the presence of bubbles
reduces the effective flow cross-section, effectively “squeezing” the fluid within the jet channel (orifice)
and accelerating the flow. On the other hand, the observed positive correlation between vapor fraction
and velocity is reinforced by the physics of bubble collapse. The presence of vapor bubbles reduces the
effective flow area, constricting the liquid and accelerating it. More importantly, upon collapse near a wall, the
asymmetric implosion of a cavitation bubble, governed by the Rayleigh-Plesset equation and its extensions,
generates a physically destructive micro-jet. This micro-jet is a well-documented physical phenomenon that
can reach velocities of over 100 m/s [22], imparting significant momentum and creating intense local shear
and turbulence in the surrounding fluid. This energy transfer from collapsing bubbles to the bulk flow is a key
physical mechanism for the enhanced turbulence and mixing that are crucial for improving mass transfer in
the ammonia removal process.

As shown in the pressure contour (Fig. 12), distinct pressure differences are observed across different
regions. The left region, colored in blue, corresponds to relatively high pressure. As the water jet exits the
nozzle and passes through the orifice and subsequent areas, the color transitions gradually to green and
yellow, eventually turning orange in the right region, indicating a significant decrease in pressure. This
visually demonstrates the progressive pressure attenuation as the flow moves from the inlet through the
orifice nozzle. The formation of a low-pressure zone provides a favorable environment for cavitation, as
cavitation typically occurs when the local pressure falls below the saturated vapor pressure of the fluid.

Figure 12: Pressure contour of the jet impingement-negative pressure ammonia removal reactor

The variation of maximum pressure along the Y-axis is illustrated in Fig. 13. Initially, as the flow enters
from the inlet, the maximum pressure remains stable at approximately 1.17 MPa, indicating that the fluid has
not yet entered the orifice nozzle and the pressure is still dominated by the inlet condition. Once the fluid
enters the orifice nozzle, the maximum pressure first decreases to 1.08 MPa, then further drops to 0.92 MPa,
followed by a sharp decline eventually reaching −0.04 MPa. This rapid and significant pressure reduction
directly reflects the formation of cavitation bubbles in the flow field. The presence of cavitation bubbles alters
the pressure distribution, as the internal pressure of these bubbles—mainly filled with vapor or gas—is much
lower than that of the surrounding liquid. The accumulation of cavitation bubbles significantly reduces the
overall pressure within the orifice, enhancing the cavitation effect and further confirming that cavitation
indeed occurs inside the orifice, playing a critical role in pressure attenuation.
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Figure 13: Fluid pressure distribution curve along the Y-axis

3.4 Flow Field Analysis
As illustrated in Fig. 14, the complex flow characteristics within the reactor are clearly visible. In the

region near the outlet of the orifice nozzle, the velocity vectors exhibit a strong jet-like behavior with high
flow velocities, resulting in significant kinetic energy in this zone. According to the principle of energy
conservation in fluid dynamics, high kinetic energy is often accompanied by a reduction in pressure. Near
the wall surrounding the nozzle, the distribution of velocity vectors indicates that the flow pattern is altered
due to wall confinement, leading to the formation of vortex structures along the wall. The vortex structures
identified near the wall and within the jacket are critical to sustaining cavitation. The low pressure in the
core of a vortex is a result of the radial pressure gradient required to centripetally accelerate the swirling fluid
parcels. According to the governing momentum equations, the pressure at the vortex core is significantly
reduced to balance the centrifugal forces. This self-sustaining low-pressure environment, governed by the
physics of rotational flow, provides a persistent region where the pressure can remain below the vapor
pressure, thereby facilitating the continuous formation and growth of cavitation bubbles even away from the
primary orifice jet.

In the jacket section, large-scale vortices are clearly observed in the velocity vector diagram. The
structure of the jacket causes the fluid to form recirculating vortex patterns under the influence of boundary
effects. At the center of these vortices, the rotational motion of the fluid significantly reduces the pressure due
to centrifugal forces and other rotational effects, preventing the pressure from remaining high. This creates
a low-pressure environment conducive to the formation of bubbles, as bubble generation typically requires
reduced pressure to promote the release of dissolved gases or vaporization of the liquid.
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Figure 14: Velocity vector diagram of the flow field in the jet impingement-negative pressure ammonia removal reactor

4 Conclusion
This study conducted a comprehensive numerical investigation into the flow field characteristics and

cavitation effects in a jet impingement-negative pressure ammonia removal reactor using three-dimensional
CFD simulations. The main findings are summarized as follows:

(1) The flow velocity significantly increases within the orifice nozzle due to flow contraction, resulting in
a sharp decrease in local pressure that induces cavitation. The internal wall of the nozzle is identified
as the primary region for cavitation initiation.

(2) The vapor volume fraction distribution reveals the dynamic process of cavitation bubble generation,
development, and collapse. A positive correlation is observed between the vapor volume fraction and
flow velocity, indicating that cavitation enhances jet intensity and promotes turbulence.

(3) Pressure distribution analysis confirms the formation of low-pressure zones near the orifice and
within vortex cores, providing favorable conditions for cavitation. A substantial pressure drop—from
1.17 MPa to negative values—is observed along the flow direction, further validating the occurrence
of cavitation.

(4) The vortex structures formed near the wall and inside the jacket contribute to sustained low-pressure
regions, facilitating continuous cavitation and efficient mixing, which are critical for enhancing
ammonia removal.

The numerical results are in good agreement with experimental pressure data, confirming the reliability
of the applied numerical models. However, this study has certain limitations that also point toward future
research directions. The current isothermal model, while effectively capturing the hydrodynamic cavitation
mechanisms, does not account for the thermal effects of bubble collapse or the actual ammonia removal
process involving mass transfer and reactions. Furthermore, the investigation was conducted under a specific
operational condition. Therefore, future work should focus on a comprehensive parametric study to optimize
reactor performance, coupled with the development of a multiphysics model that integrates species transport
and reaction kinetics. The ultimate goal is to validate these advanced models against experimental data
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on ammonia removal efficiency, thereby bridging the gap between hydrodynamic analysis and practical
wastewater treatment application.
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Nomenclature
Symbols Description
C1, C2 Empirical constants in the turbulence model
F External body force
Gk Generation of turbulent kinetic energy due to mean velocity gradients
Gb Generation of turbulent kinetic energy due to buoyancy
g Gravitational acceleration vector
k Turbulent kinetic energy
ṁpq Mass transfer rate from phase p to phase q
N Number of phases
p Pressure
S Modulus of the mean rate-of-strain tensor
t Time
u Velocity vector/velocity component
udr , p Drift velocity of phase p
um Mass-averaged velocity of the mixture
YM Contribution of fluctuating dilatation to dissipation
αp Volume fraction of phase p
ε Turbulent kinetic energy dissipation rate
η Dimensionless parameter in turbulence model
μ Dynamic viscosity
μt Turbulent viscosity
ρ Density
ρm Mixture density
σ k , σ ε Turbulent prandtl numbers for k and ε
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τm Viscous stress tensor of the mixture
k, p, q Phase indices
m Mixture
CFD Computational fluid dynamics
JI-NPR Jet impingement-negative pressure reactor
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