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ABSTRACT: Hydrodynamic jet technologies have emerged as a promising approach for advanced wastewater
treatment, offering engineering advantages through operational efficiency and system simplicity. As a critical review,
this work examines three major hydrodynamic approaches—atomized jets, cavitation jets, and pulsed-jet systems—and
analyzes their degradation mechanisms and practical applications in pollutant abatement. By systematically evaluating
current research trends, this review elucidates the synergistic interplay between hydrodynamic effects, including
turbulent shear, microbubble implosion, and reactive radical generation, and contaminant-decomposition pathways.
Quantitative evidence from the reviewed literature further reveals significant performance enhancements achieved by
these technologies. Optimized cavitating jets (e.g., at an inlet pressure of 10 MPa) coupled with synergistic advanced
oxidation processes, such as UV/Fenton, can achieve chemical oxygen demand (COD) removal rates of nearly 80%
(up to 79.92%) in refractory antibiotic wastewater. Similarly, the integration of ultrasonic atomization with modified
photocatalysis (e.g., Ag/CB-TiO2) increases the degradation efficiency of hydrophobic organics from 40% to 65%.
Furthermore, the application of high-pressure jets in conventional activated sludge processes demonstrates notable cost-
effectiveness by reducing waste activated sludge by 65% and decreasing aeration airflow rates by 35% through enhanced
microbubble oxygenation. The review further discusses innovative applications of these hydrodynamic technologies,
including: (1) design optimization of reactor configurations for specific pollutant categories (persistent organics,
bio-recalcitrant compounds, and micropollutants); (2) performance benchmarking against conventional treatment
modalities; and (3) development of hybrid systems integrating hydrodynamic cavitation with complementary processes,
such as advanced oxidation, catalytic treatment, and biological augmentation. By synthesizing cross-disciplinary
insights from environmental engineering, fluid dynamics, and process intensification research, this work provides a
foundational framework for the design of next-generation wastewater treatment systems.
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1 Introduction

The rapid advance of industrialization has created a critical environmental challenge: the treatment of
complex industrial wastewaters, including pharmaceutical, petrochemical, chemical, and paint effluents [1].
These wastewaters typically exhibit two characteristics that challenge conventional treatment: exception-
ally high organic loading (with chemical oxygen demand [COD] often exceeding 10°4 mg/L) and poor
biodegradability (BOD5/COD < 0.3). Traditional physicochemical approaches—including coagulation-
flocculation, adsorption, and activated sludge treatment—have inherent limitations in disrupting stable
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aromatic compounds, halogenated organics, and persistent pharmaceutical metabolites. This technological
gap not only complicates compliance with increasingly stringent discharge regulations but also high-
lights the need for advanced remediation strategies that combine mechanical, chemical, and biological
destruction mechanisms.

Recently, hydrodynamic intensification through precision-engineered water jet systems has emerged as
a promising approach for wastewater valorization. Unlike energy-intensive advanced oxidation processes or
membrane separation technologies, submerged turbulent jet reactors can promote contaminant degradation
by harnessing fluid-dynamic effects in a compact process unit (Fig. 1). In recent years, several reviews have
discussed the application of hydraulic jets in wastewater treatment. Duan et al. [2] systematically summarized
the fundamental principles of cavitation, while Yang et al. [3] outlined jet atomization mechanisms and
their applications in non-Newtonian fluids. However, most existing reviews focus on a single technology or
lack a critical, integrative comparison of atomization, cavitation, and pulsed jets from the perspectives of
mechanism, engineering performance, and process synergy.
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Figure 1: Structure diagram of a free submerged turbulent circular jet (Schematic created by the authors).

The discharge of high-velocity jets (typically 15-300 m/s) generates three synergistic remediation mech-
anisms [4]: (i) microscale turbulence that enhances interfacial mass transfer by 2-3 orders of magnitude;
(ii) shear-induced molecular dissociation under localized energy densities exceeding 10 W/m?; and (iii)
cavitation-mediated radical generation through transient bubble collapse, producing localized tempera-
tures above 5000 K. Together, these phenomena enable concurrent physical fragmentation, non-catalytic
oxidation, and the formation of more bioavailable intermediates—a tripartite degradation mechanism
fundamentally different from that of conventional sequential treatment trains.

Current technological development focuses on tailoring jet hydrodynamics to specific contaminant
profiles through three principal operating modes:

o  Atomized jets (droplet diameter <50 um) exploit enhanced gas-liquid oxygen transfer for aerobic
biodegradation intensification.

«  Cavitating jets utilize shockwave-mediated pyrolysis (20~100 kHz) for halogenated hydrocarbon
mineralization.

o  DPulsed jets (frequency 10~200 Hz) generate resonance-enhanced shear gradients for nanoparticle
dispersion and biofilm detachment.

As illustrated in Fig. 2, the three jet modes—atomization, cavitation, and pulsed operation—exhibit
distinct physical mechanisms and application advantages. Atomization jets generate fine droplets through
bag, multimode, and sheet breakup, thereby enhancing interphase heat and mass transfer. Cavitation jets
induce violent bubble collapse, producing localized high temperatures and pressures together with reactive
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species such as hydroxyl radicals. Pulsed jets generate unsteady flow fields and strong mixing, which intensify

momentum transfer, energy dissipation, and oxygen dispersion.

Comprehensive Review of Jet mechanism and Application in Wastewater Treatment
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Figure 2: Three jet-technology mechanisms (Schematic created by the authors).

Building upon these mechanistic foundations, Fig. 3 illustrates the application of these jet technologies
in wastewater treatment and their integration with complementary processes. The physical effects—
including high-speed jets, hammer pressure, and intense energy dissipation—facilitate organic cleavage,
while chemical effects driven by radical generation further enhance contaminant degradation. Moreover,
jet-based systems are increasingly combined with photocatalytic technology, advanced oxidation processes,
and aeration membrane technologies to achieve synergistic treatment performance.
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Figure 3: Applications of the three jet technologies (Schematic created by the authors).

Despite empirical success in pilot-scale applications, critical knowledge gaps persist regarding (i) the
quantitative relationship between jet parameters (Reynolds number, Strouhal number, cavitation index) and
contaminant degradation kinetics; (ii) long-term stability of erosion-prone components under multiphase
flow conditions; (iii) systemic integration with downstream biological or membrane processes. Moreover,
existing literature lacks a mechanistic framework to guide the selection of jet configurations (continuous vs.
pulsed, coaxial vs. swirling) for complex wastewater matrices containing multiple contaminant classes.
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Therefore, this critical review aims to: (1) analyze and compare the core degradation mechanisms
of atomization, cavitation, and pulsed jets from a multiscale mechanistic perspective; (2) evaluate the
advantages, limitations, and applicable scenarios of each technology based on engineering application cases;
(3) systematically outline the synergistic principles and latest advancements of multi-technology integration;
(4) propose a preliminary framework for jet technology selection based on water quality characteristics
through comparative analysis; (5) identify current knowledge gaps and highlight key future research
directions to facilitate the transition of hydraulic enhancement technology from laboratory to large-scale
engineering applications.

2 Applications in Wastewater Treatment

2.1 Applications of Atomized Jets
2.1.1 Mechanism of Atomized Jets in Wastewater Degradation

Atomized jets are generated through high-pressure extrusion of liquid streams, where hydrodynamic
instability arises from the interplay of aerodynamic drag, surface tension, inertial forces, and viscous
effects. Under elevated temperature and pressure conditions, surface wave formation on the liquid jet leads
to interfacial rupture, producing micron-scale droplets. Droplets exceeding critical dimensions undergo
secondary atomization, achieving enhanced dispersion through iterative fragmentation [5,6].

Although atomized jets are widely used in industrial spraying, pharmaceutical manufacturing, and
aerospace propulsion, their direct application in wastewater treatment remains comparatively underex-
plored. Chen and Yang [7] showed that controlled droplet generation can markedly increase gas-liquid
interfacial contact, thereby accelerating surface renewal and mass-transfer kinetics. These characteristics are
particularly relevant to spray evaporation, VOC stripping, and other scenarios in which rapid interphase
transport is required.

The superior performance of atomized jet systems in wastewater intensification arises from several
coupled thermophysical effects. First, the generation of micro- to nanoscale droplets (<100 um) greatly
enlarges the specific surface area and shortens diffusion paths, which can accelerate VOC desorption
and gas-liquid mass transfer. When combined with high-enthalpy gas streams, atomized systems can
also promote rapid flash evaporation, enabling concentration of non-volatile species such as heavy-metal
complexes and hypersaline residues into recoverable solids. In addition, sustained thermal exposure at
elevated temperatures may assist the cleavage of bio-recalcitrant aromatic and halogenated structures. From
an engineering perspective, this route may reduce overall energy demand relative to conventional bulk
evaporation because finer liquid dispersion improves heat-transfer efficiency. These attributes indicate that
atomized jets are particularly promising as process-intensification units for evaporation, concentration, and
mass-transfer enhancement in wastewater treatment (Table 1).

Table 1: Comparison of atomization technologies relevant to wastewater treatment.

Investigators Experimental Subjects Influential Factors and Results

Produces finer droplets and increases specific
interfacial area, illustrating the mass-transfer advantage
of atomization-based spraying.

Spray-assisted

D t al. [8
engetal. [5] desulfurization system

The evaporation rate increased with increasing air
pressure and temperature, but decreased as nozzle flow
rate increased.

Desulfurization
Deng et al. [9]
wastewater

(Continued)



Front Heat Mass Transf. 2026;24(4):13 5

Table 1 (continued)

Investigators Experimental Subjects Influential Factors and Results

Increasing the spray angle improved droplet uniformity.
An appropriate spray angle helped avoid wall
deposition while maintaining combustion efficiency.

. Wastewater atomization
Ding et al. [10] .
and combustion

2.1.2 Engineering Applications and System Integration

The practical implementation of atomized-jet evaporation has gained prominence in coal-fired power-
generation systems. Modern limestone-gypsum wet flue gas desulfurization (WFGD) units generate
hypersaline wastewater containing Hg**, Pb**, and CI” at concentrations exceeding 10,000 mg/L. Field
trials have shown that direct injection of atomized WFGD effluent (Sauter mean diameter [SMD] <80 um)
into 120°C-180°C flue-gas streams can achieve complete moisture evaporation within a residence time of
2.3-4.1s[11].

Computational fluid dynamics (CFD) simulations coupled with pilot-scale validation have identified
optimal operating thresholds: pH 6.2-6.8 minimizes chloride volatilization (<12% CI~ emission), while
maintaining flue-gas velocities below 14 m/s prevents droplet entrainment in downstream ducts. Guo
et al. [12] developed a laser Doppler-based evaluation platform to quantify atomization efficiency under
varying compressed-air pressures (0.4-1.2 MPa) and thermal gradients. Their findings revealed a non-
linear relationship between the gas-liquid ratio (GLR 0.1-0.5) and evaporation completeness, with optimal
performance at GLR 0.32 (R* = 0.89).

In addition to evaporation and photocatalytic enhancement, atomization-based spraying can also
improve gas-liquid contacting in adjacent environmental processes. For instance, Deng et al. [8] reported
that coupling high-voltage electrostatic assistance with spray atomization produced finer droplets and more
uniform liquid distribution, which improved desulfurization efficiency by 10%-30%. Although this case
is not a direct wastewater-degradation example, it illustrates the mass-transfer advantages that atomized
spraying can provide in coupled treatment systems.

While atomized jet systems exhibit compelling advantages in specific wastewater treatment scenarios,
several implementation barriers require resolution:

»  Nozzle clogging susceptibility when processing high-solids (>5% total suspended solids [TSS]) streams.

o Trade-offs between droplet size distribution and evaporation kinetics.

o Limited operational data for hypersaline (total dissolved solids [TDS] > 200 g/L) or extreme pH
(pH < 2) effluents.

Future research directions should prioritize:

o Development of abrasion-resistant nozzle materials (e.g., tungsten carbide-cobalt [WC-Co]
composites).

o Machine learning-driven optimization of gas-liquid flow parameters.

o Lifecycle analysis of hybrid ZLD systems incorporating membrane preconcentration.

o  Pilot-scale validation under transient industrial operating conditions.

Table 2 illustrates the performance and challenges of atomization jet technology across various appli-
cations. This technology’s ultimate viability will depend on successful integration with existing plant
infrastructure and on demonstrable economic advantages over competing options such as forward osmosis,
conventional evaporative concentration, or catalytic wet oxidation.



6 Front Heat Mass Transf. 2026;24(4):13

Table 2: Overview of applications of atomized-jet technology.

Key Application Areas Typical Performance Main Challenges

Complete evaporation in 2.3-4.1 s;
>97% contaminant capture; sludge
reduction of 88%-92%

High-salinity wastewater (e.g.,
WEFGD)

Nozzle clogging with high-solids
streams (>5% TSS)

Improved atomization quality and ~ Trade-offs between droplet size
better evaporation/combustion distribution and evaporation
stability in slurry systems kinetics

Petroleum refinery (viscous
slurries)

Increased gas-liquid interfacial

Limited data for extreme
area; improved SO,/NOx removal

Hybrid systems (e.g., cyclonic

absorption) conditions (TDS > 200 g/L, pH < 2)
performance
VOC stripping agc.i thermal Enhanced mass transf(?r; rapid High thermal energy demand
decomposition pollutant desorption

2.2 Applications of Cavitation Jets
2.2.1 Mechanism of Cavitation Jets in Wastewater Degradation

Cavitation is a pressure-dependent phenomenon that occurs when the local pressure in a liquid drops
below the vapor pressure corresponding to the liquid temperature. It can be categorized into several forms,
including acoustic cavitation, cavitating jets, optical cavitation, and particle-induced cavitation. Hydrody-
namic cavitation is distinguished by its formation mechanism: cavitation bubbles develop progressively as
fluid velocity increases in a constricted region and the local pressure decreases. When the fluid subsequently
expands downstream of throttling valves, orifice plates, or venturi tubes, pressure recovery drives the collapse
of the previously formed bubbles, giving rise to cavitation jets.

The cavitation process involves a localized phase transition from liquid to vapor and back to liquid.
Rapid flow acceleration followed by downstream pressure recovery induces bubble collapse. This phe-
nomenon is unique to liquids and is fundamentally governed by this two-step phase change. The theoretical
foundation for bubble dynamics was established by Rayleigh (1917) [13], who solved the problem of cavity
collapse in liquids under isothermal gas compression. Later, Plesset (1949) [14] incorporated liquid viscosity
and surface tension into the bubble-collapse model, leading to the development of the R-P equation and
further advancing the understanding of bubble dynamics.

Cavitation jets exert three major effects in wastewater treatment: mechanical, thermal, and chemical
effects (Fig. 4). The mechanical effect arises from the high-velocity jets and shock waves generated during
bubble collapse. Experimental studies have shown that collapse-induced pressure peaks in cavitation jets can
exceed 6000 MPa (Pecha & Gompf, 2000) [15], with the mechanical effect intensifying as jet velocity and
collapse pressure increase (Ren et al.) [16,17].

The thermal effect is associated with the localized high temperatures generated during bubble collapse.
Acoustic cavitation measurements have shown that peak temperatures during bubble break-up can approach
10,000 K, sufficient to induce pyrolysis of organic pollutants [18]. This thermal effect is widely acknowledged
in the academic community as a critical factor in cavitation-induced degradation.



Front Heat Mass Transf. 2026;24(4):13 7

Collapsing Cavity
[ \ Physical Effects
u High Speed Jets
Hammer Pressure
o Intense Energy Dissipation

High Pressure

High Temperature \ Chemical Effects

Hydroxyl and Other Radicals

Figure 4: Triple effects of cavitation jets (Schematic created by the authors).

The chemical effect involves the breakdown of chemical bonds and generation of free radicals due
to the extreme conditions (high temperature and pressure) created during bubble collapse [19]. Although
bubble lifetimes are brief, the continuous generation and collapse of cavitation bubbles result in significant
instantaneous energy release, exceeding the bond energy of water molecules. This energy conversion leads
to the production of reactive species such as -OH, H, HO,, and H,O,. The presence of these strong oxidizing
radicals facilitates rapid degradation of organic pollutants [20].

Table 3 summarizes representative applications of cavitation technology in treating different wastewater
matrices. For example, Lalwani et al. (2020) reported improved oxidation performance in pharmaceutical
wastewater, whereas Wang et al. (2020) demonstrated that combining hydrodynamic cavitation with ozone
strengthened treatment of textile wastewater. Overall, these studies illustrate the versatility of cavitation-
assisted processes, although the reported outcomes are often highly dependent on wastewater composition
and operating conditions.

Table 3: Representative applications of cavitation technology in wastewater treatment.

Scholars Experimental Subject Results

Pharmaceutical industr Improved oxidation performance was reported under
Lalwani et al. [21] y p p p

wastewater hydrodynamic cavitation conditions.
) Combination with ozone enhanced decolorization and
Wang et al. [22] Textile wastewater
COD-removal performance.
. . Operating flow rate affected cavitation-bubble
Innocenzi et al. [23] High-salt wastewater p J .
transport and treatment behavior.
Combined cavitation/pH-control treatment improved
Zampeta et al. [24] Ink wastewater ) b . p
ink-wastewater handling.
Chitosan-containing Hydrodynamic cavitation promoted chitosan

Wang et al. [25 . .
5 = wastewater degradation through radical-mediated fragmentation.

Free radicals contributed to the degradation of

. 5 .
Yietal. [20] Organic wastewater polycyclic and chromophoric pollutants.
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2.2.2 Engineering Applications of Cavitation Jets in Wastewater Treatment

Cavitation jets have attracted considerable attention in mechanical engineering, nuclear energy,
petroleum, and marine science because of their high jet energy and the extreme temperatures and pressures
generated by bubble collapse. Their superior performance relative to conventional jets has encouraged
increasing application in chemical wastewater treatment. For example, Pandit et al. (2021) [27] demonstrated
effective treatment of castor-oil and saftlower-oil wastewater by hydrodynamic cavitation, outperforming
traditional hydrolysis in energy efficiency. Similarly, Kalumuck and Chahine (2000) [28] used cavitation jets
to degrade p-nitrophenol in simulated wastewater, achieving degradation rates 100 times higher than those
of ultrasonic methods. The efficiency of cavitation jets is primarily determined by cavitation intensity, which
depends on the cavitation number (C,) and the cavitation event rate (J). These parameters are defined as:

1
Cv = (P = Pv)[5pV5] = Joexp(=G) W

where P; is the fully recovered pressure downstream, pV is the saturated vapor pressure of the liquid, Vj is
the liquid velocity at the constriction, and ], and G are kinetic parameters used in the cavitation-event model.

Tao et al. [29,30] showed that, under single-operation conditions at an inlet pressure of 10 MPa, a
vertical double-cavitating-jet impingement device achieved a COD removal rate of 30.04%. When coupled
with UV/Fenton, the COD removal increased to 71.16%, and further integration with quasi-Fenton and
photocatalytic oxidation raised the maximum reported degradation efficiency to 79.92%. These results
highlight the importance of hybridization when cavitation jets are used for refractory wastewater treatment.

The mechanical effect of cavitation jets enhances mass and heat transfer by generating micro-jets
during bubble collapse. This mechanism disrupts boundary layers, prevents wall scaling, and reduces mass-
transfer resistance, making it particularly valuable in industrial applications such as food and pharmaceutical
processing. The thermal effect occurs within and near the bubble, where high temperatures and pressures
promote reactions such as pyrolysis and supercritical water oxidation of recalcitrant pollutants. For instance,
Fe** impurities in ammonium phosphate solutions were effectively removed using air-driven microchannels,
although this method remains limited in treatment scale (Cao et al., 2022) [31]. Hydrodynamic cavitation
has also been shown to enhance organic-aqueous phase mixing and interfacial contact, achieving 96.7%
extraction efficiency in a two-stage process at an inlet pressure of 0.2 MPa. The chemical effect involves
free-radical oxidation, which occurs both near the bubble and in the bulk liquid. While the mechanical
and thermal effects are bubble-dependent [32], radicals generated during collapse can migrate and react
with contaminants in regions of lower temperature and pressure. The primary reactions facilitated by these
radicals include addition, substitution, and electron-transfer pathways [20].

To optimize cavitation jet performance, external and internal factors influencing degradation must be
considered. External factors, such as inlet pressure, cavitation time, and pH, are summarized in Table 4.
Internal factors, including bubble size, vapor pressure, viscosity, and surface tension, also significantly affect
cavitation intensity and degradation efficiency. In summary, cavitation jets offer a versatile and efficient
approach to wastewater treatment, leveraging their unique mechanical, thermal, and chemical effects.
Ongoing research focuses on optimizing operational parameters to enhance their performance, making them
a promising technology for addressing complex wastewater challenges. The technical overview of cavitation
jet technology is summarized in Table 5.
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Table 4: External factors affecting wastewater degradation by cavitation jets.

Influencing Factors Cavitation Effects Degradation Rate

o Degradation increases first and then
Elevated inlet pressure [33]  Strengthens initially, then weakens &

decreases.
Significantly promotes the degradation
Cavitation time [34] Enhancement & YP ) &
of organic compounds.
Reduced liquid pH [35] Enhancement Degradation rate increases.

Table 5: Summary of applications of cavitation-jet technology.

Key Application Areas Typical Performance Main Challenges
Organic pollutants (e.g.,  Degradation rates up to 100x higher ~High energy consumption; component
p-nitrophenol) than ultrasonic methods erosion

Enhanced cavitation intensity;

Pharmaceutical , 1 . Sensitivity to operational parameters
effective oxidation of recalcitrant
wastewater . (pressure, temperature, pH)
organics
Textile wastewater Synergistic oxidation effect; improved  Limited scale-up data for industrial
(combined with ozone) color and COD removal applications
. . . . . Small treatment scale in some
High-salt and ink Effective extraction and coagulation; . .
_ L . configurations (e.g., microchannel
wastewater chitosan degradation via radicals

systems)

2.3 Applications of Pulsed Jets
2.3.1 Mechanism of Pulsed Jets in Wastewater Degradation

Pulsed-jet technology represents an important hydrodynamic-intensification route in wastewater treat-
ment because its unsteady flow field can simultaneously strengthen mixing, heat transfer, and oxygen
transfer. Previous studies indicate that pulsed jets can promote treatment through three main mech-
anisms: turbulent mixing, which disrupts pollutant aggregation and enhances contact between phases;
convective heat transfer, which can accelerate evaporation or thermal conversion in suitable systems; and
oxygenation/aeration, which supports microbial activity and improves biological-treatment performance.

o Turbulent Stirring Effect

When a pulsed jet impacts the target liquid, it generates a strong disturbance on the liquid surface
due to the high kinetic energy of the ejected water mass. Combined with the turbulent motion transmitted
to the liquid interior, this creates a wide-ranging disturbance effect across both width and depth [36,37].
Continuous pulsed jet injection further enhances internal mixing.

o  Convective Heat Transfer Effect

Pulsed jets generate highly unsteady exhaust fields that can significantly enhance heat-transfer effi-
ciency. The turbulence produced by pulsed operation has been reported to increase convective heat-transfer
coefficients by roughly two- to five-fold relative to steady jets, thereby improving droplet evaporation and
thermal transport. Pakhomov and Terekhov (2020) [38] further showed that suitable pulse forms can increase
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flow disorder compared with steady-state jets, which benefits both heat and mass transfer. These effects are
commonly attributed to rapid pressure fluctuations around droplets and to stronger turbulent mixing in the
surrounding gas phase.

«  Oxygenation Aeration Effect

Pulsed jets enable aeration through the injection of oxygenated bubbles [39-41]. High-speed water flows
pass through a streamlined mini-nozzle and enter a water-gas mixing chamber, creating a localized vacuum
that draws atmospheric air into the chamber via external guide tubes. The high-speed water flow then divides
into countless microbubbles, which, due to their large surface area and small diameter, carry a significant
amount of oxygen into the target liquid. These microbubbles enhance oxygen transfer and thereby facilitate
microbial oxidation of organic matter. Furthermore, the strong oxygenation capability of pulsed jets allows
for efficient mixing and stirring of the liquid, which can be further optimized by using recirculated water
or mixed water from aerated tanks. This technology not only improves oxygen transfer efficiency but also
supports three-phase mixing (mud, water, and gas), thereby enhancing mass transfer and enabling advanced
wastewater treatment applications.

2.3.2 Applications of Pulsed Jets in Wastewater Treatment

In earlier wastewater treatment systems, particularly in low-pollution industrial plants, pulsed-jet
agitation was commonly used for dilution due to the relatively low concentration of pollutants. However,
modern pollutants are often complex, difficult to degrade naturally, and harmful to ecosystems when
discharged in excess, necessitating more advanced treatment approaches.

o  Synergy with Activated Sludge Processes

In practical pilot-scale applications, pulsed jets enhance the efficiency of activated sludge processes
by optimizing mixing and microbial activity, demonstrating not only pollutant-removal capability but also
improved resource efficiency in conventional activated sludge (CAS) systems. Research by Yoshino et al. [37]
indicates that the microbubble effect of pulsed jets can reduce aeration air volume by 35% while achieving
65% sludge reduction, and can further enable deep denitrification with an average total nitrogen (TN)
removal rate of 97.3% under minimal external carbon-source addition. Additionally, as demonstrated by
Khan etal. [40], the application of pulsed jets in aerated artificial wetlands achieved a 99% ammonia-nitrogen
removal rate, significantly outperforming non-aerated systems (59%). These findings collectively highlight
the superior performance of pulsed jets in conjunction with activated sludge processes for enhanced nutrient
removal and resource efficiency.

o  Treatment of Complex, Viscous Wastewaters

Pulsed jets are particularly effective in treating highly viscous and concentrated organic wastewaters.
For instance, in nuclear waste management, homogenizing effluents before vitrification is challenging yet
critical for safe disposal. Pulsed jet burners generate high-temperature, high-speed exhaust jets that atomize
viscous solutions, preventing clogging and corrosion while enhancing solvent evaporation. This technology
is especially effective for treating soluble and concentrated organic effluents.

Pulsed combustion further enhances efficiency by enabling cyclic fuel injection and combustion, as
described by three distinct phases: (1) injection of fuel and air under pressure, (2) rapid combustion
accompanied by pressure rise and reactant cutoff, and (3) a stationary phase where pressure decreases,
allowing fresh fuel and oxidizer intake. This process improves combustion intensity and efficiency, addressing
limitations of conventional spray drying techniques and offering a novel approach for separating solutes in
near-saturated solutions.
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o Advanced Aeration Systems

Pulsed-jet aeration systems enhance oxygen transfer through microbubble injection. By pumping water
through a streamlined nozzle into a mixing chamber, a vacuum is created that draws atmospheric air into the
system. High-speed water flow generates microbubbles, which slowly ascend through the liquid, facilitating
prolonged contact with microorganisms and organic matter. This mechanism not only boosts oxygen
transfer efficiency but also supports energy savings compared to continuous aeration methods. Experimental
comparisons between intermittent and continuous aeration systems have shown that intermittent aeration
achieves superior denitrification efficiency at lower operational costs [41]. Intermittent aeration promotes
synergies between anaerobic ammonia-oxidizing bacteria and denitrifying bacteria during the non-aeration
phase, while increased surface contact during the aeration phase enhances overall efficiency. However, the
pulsed nature of the technology imposes higher structural demands on equipment, necessitating robust
designs to prevent wear and tear.

Overall, pulsed-jet technology offers a versatile way to intensify wastewater treatment by enhancing
mixing, heat transfer, and aeration. Through turbulent stirring, convective heat transfer, and oxygenation,
pulsed jets can improve pollutant conversion and biological-process performance across several scenarios.
At the same time, their practical deployment still depends on equipment durability, hydraulic control,
and reactor-specific optimization. The major applications and challenges of pulsed-jet technology are
summarized in Table 6.

Table 6: Overview of the applications and challenges of pulsed-jet technology.

Key Application Areas

Typical Performance

Main Challenges

Activated sludge TN removal up to 97.3%; ammonia High structural demands;
enhancement nitrogen removal up to 99% mechanical wear and tear
_ Prevents clogging; enhances . . _

Complex viscous Operational complexity; requires

wastewater (e.g., nuclear)

solvent evaporation; effective
homogenization

precise control of pulse parameters

Advanced aeration
systems

Energy savings vs. continuous
aeration; improved oxygen transfer
via microbubbles

Limited long-term stability data in
multiphase flow conditions

Intermittent aeration
systems

Enhanced denitrification
efficiency; synergies between
microbial consortia

Higher equipment costs;
maintenance requirements for
intermittent operation

2.4 Comparison and Selection of the Three Jet Technologies

Because the reported performances were obtained using different wastewater matrices, reactor geome-
tries, operating pressures, and auxiliary processes, the following comparison should be interpreted as
a technology-selection framework rather than a strictly normalized ranking. Based on the mechanistic
and application analyses presented in Sections 2.1-2.3, Table 7 summarizes the three hydrodynamic jet
technologies in terms of mechanism, target pollutants, representative performance, energy/cost implications,
scalability, durability, limitations, and recommended applications.
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Table 7: Comprehensive comparison of atomized-jet, cavitation-jet, and pulsed-jet technologies.

Aspect Atomized Jets Cavitation Jets Pulsed Jets
Core Flash evaporation via Shear, pyrolysis, and radical Intermittent turbulent
. micron-scale droplet generation from bubble mixing and oxygenation via
Mechanism . .
formation collapse microbubbles
. . . . . Systems requiring enhanced
Target High-salinity streams (ions, =~ Recalcitrant organics (e.g., . .
_ bio-contact or mixing (e.g.,
Pollutants salts), VOCs pharmaceuticals, dyes) .
activated sludge)
Rapid evaporation in WEGD  Up to 79.92% COD removal
P P P oo 65% sludge reduction and
cases (2.3-4.1 s); strong in coupled .
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Atomized jets enable volume reduction, zero liquid discharge (ZLD), and resource recovery; cavitation

jets provide strong oxidation capacity without the continuous addition of large amounts of chemicals; and
pulsed jets can intensify biological processes while offering relatively energy-eflicient aeration. Despite these
advantages, several factors still limit broader industrial application. Cavitation jets suffer from material
erosion caused by repeated bubble implosion, and the high inlet pressures required for stable cavitation
can increase energy consumption. Atomized jets are prone to nozzle clogging when treating wastewater
containing suspended solids or viscous flocs, which may require pre-filtration and raise operating costs.
Pulsed jets, although attractive for mixing and oxygen transfer, may experience valve fatigue, water-hammer
effects, and performance fluctuations if pulse parameters are not well matched to reactor design.

~

In Fig. 5, cavitation-based hybrid systems achieve the highest reported COD removal performance,
reaching 79.92% under optimized coupled-oxidation conditions. Atomization-assisted systems mainly
show advantages in evaporation/concentration and in mass-transfer-enhanced degradation, whereas pulsed
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jets display particularly strong performance in biological-process intensification, including total nitrogen
removal of 97.3%, ammonia-nitrogen removal of 99%, 65% sludge reduction, and 35% lower aeration demand
in representative studies.
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Figure 5: Key performance indicators of the three jet technologies.

3 Applications of Multi-Technology Combinations
3.1 Multi-Technology Combinations of Atomized Jets

In a typical atomized-jet reactor configuration, two symmetric liquid jets strike each other at a specific
angle to form an expanding liquid sheet perpendicular to the jet direction. In a reactor setup, two fluid
streams enter through nozzles 1 and 6 and flow uniformly along a distribution cone (8) within the annular
region between the reactor wall (4) and a diversion tube (3). The first impingement occurs in the middle of
the reactor and forms a circular impact surface, whereas the second occurs at the center. This configuration
preserves the benefits of efficient mixing and the uniform reaction characteristics of impinging flows while
maintaining flow-rate stability and reducing apparatus vibration.

The integration of atomized shock flow with photocatalysis offers a promising approach for wastewater
treatment. Atomized shock flow enhances mass transfer by creating high turbulence and thin, lamellar
liquid structures conducive to photon penetration. According to recent studies [42-44], higher Reynolds
numbers (Re =15,000~31,000) further improve degradation efficiency through reduced deflection scales and
enhanced micro-mixing. Experimental investigations by Royaee and Sohrabi (2021) [43] on p-nitrophenol
(PNP) degradation demonstrated optimal conditions: PNP concentration of 50 mg/L, catalyst loading of
0.5 g/L, and Re = 31,000, achieving removal rates of 55.78% at 180 min and 71.91% at 360 min.

3.2 Multi-Technology Combinations of Cavitation Jets

Cavitation jets generate extreme transient conditions (high temperatures and pressures) during bubble
implosion, inducing direct decomposition, free radical oxidation, and supercritical water oxidation of
organic pollutants [45]. While effective, standalone cavitation jets exhibit limitations such as high energy
consumption and extended treatment times. However, combining cavitation jets with impinging flows
enhances radical generation, improves mixing efficiency, and accelerates pollutant degradation [30]. Flow
field characterization distinguishes four zones: inlet, impingement, radial jet, and vortex regions (Fig. 6).
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Figure 6: Schematic diagram of the main reactor device [30].

In the inlet region, intense cavitation produces thermal and oxidative effects. At the impingement
zone, fluid interaction fragments uncollapsed bubbles into microbubbles, increasing surface area and
oxidation potential. The radial-jet and vortex zones facilitate rapid dispersion of hydroxyl radicals (-OH)
and other oxidants, thereby enhancing pollutant oxidation efficiency. Recent advancements include double-
cavitation-jet impingement systems [46] and multi-jet shock reactors (Fig. 7) that combine cavitation with
advanced oxidation processes such as the Fenton reaction and UV treatment. These hybrid approaches
demonstrate significant efficiency improvements, reducing H,O, demand and achieving COD reduction
rates exceeding 79%.

005 WA=t !

B-B

Figure 7: Schematic diagram of the main reactor device [46].

3.3 Multi-Technology Combinations of Pulsed Jets

Pulsed-jet technology can synergize with biofilm processes for effective organic-wastewater treatment.
As demonstrated in jet-aerated biofilm reactors (HCR) [47], these systems achieve high oxygen-transfer rates
(20%) and efficient contaminant removal (Fig. 8). Innovations such as corn cob-based biological aeration
membranes further optimize performance, although operating parameters such as aeration rate require
careful adjustment to prevent efficiency losses. These combined approaches highlight the potential of hybrid
pulsed-jet systems in modern wastewater treatment.
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Figure 8: Experimental equipment and process flow of a jet-aerated biofilm reactor (HCR) [47].

4 Conclusions and Prospects

Based on the literature reviewed in this paper, atomized, cavitating, and pulsed jets represent three
complementary hydrodynamic intensification routes for wastewater treatment. Rather than being direct
substitutes, these technologies should be understood as process-specific tools with distinct functional niches.
Atomized jets are primarily suitable for evaporation/concentration, gas-liquid mass-transfer enhancement,
and zero-liquid-discharge-oriented treatment of high-salinity wastewater. Cavitating jets are particularly
advantageous for degrading refractory organic pollutants through mechanical disruption, localized thermal
effects, and radical-mediated oxidation, especially when coupled with advanced oxidation processes. Pulsed
jets, by contrast, show strong potential in mixing intensification, oxygen transfer, sludge reduction, and
biological-process enhancement. The reviewed studies further indicate that hybrid configurations generally
outperform single-jet operation. For example, cavitating jets coupled with UV/Fenton and photocatalytic
oxidation have achieved COD removal of up to 79.92% in antibiotic wastewater, while jet-assisted activated
sludge processes have reduced excess sludge by 65% and lowered aeration demand by 35%. Representative
atomization-assisted systems also demonstrate clear advantages in rapid evaporation, interfacial renewal,
and coupled mass-transfer enhancement under optimized operating conditions.

Despite these encouraging results, the current evidence base remains fragmented. Reported perfor-
mances were obtained under different wastewater matrices, reactor geometries, pressure regimes, hydraulic
conditions, and auxiliary treatment processes, which limits direct quantitative comparison across studies.
Several barriers to engineering translation therefore remain unresolved. Atomized systems still face nozzle
clogging, droplet-size control, and energy-consumption challenges when treating high-solids or highly saline
streams. Cavitating systems are constrained by erosion, noise, pressure loss, and the high energy input
required to sustain effective cavitation. Pulsed systems, although promising for aeration and biological
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intensification, require improved control of pulse frequency, hydraulic stability, valve durability, and long-
term reliability under multiphase operating conditions. These limitations suggest that future technology
selection should not rely on a single removal index, but should instead consider pollutant characteristics,
treatment objectives, energy input, reactor scalability, material durability, operating cost, and compatibility
with downstream biological, membrane, or oxidation units.

Future research should therefore focus on five interrelated priorities. First, standardized benchmarking
protocols should be established to evaluate atomized, cavitating, and pulsed jets under comparable hydraulic
conditions, wastewater compositions, and performance indicators, including removal efficiency, energy con-
sumption, chemical demand, sludge generation, and life-cycle cost. Second, multiscale mechanistic studies
should be strengthened to link flow-field evolution, bubble/droplet dynamics, interfacial mass transfer,
radical generation, and pollutant transformation pathways, thereby supporting mechanism-based reactor
design. Third, more continuous-flow pilot demonstrations are needed under real industrial wastewater
conditions, with particular attention to long-term stability, component erosion, nozzle fouling, maintenance
frequency, and energy-aware operation. Fourth, hybrid treatment systems should be rationally designed
according to the dominant function of each jet mode: atomized jets for evaporation and interfacial renewal,
cavitating jets for oxidation enhancement, and pulsed jets for mixing, aeration, and biological-process
intensification. Fifth, data-driven and CFD-assisted optimization should become an important direction
for next-generation hydrodynamic reactors. Recent studies on jet-impact negative-pressure reactors have
shown that intelligent two-phase-flow prediction, machine-learning-driven CFD surrogate modeling, and
coupled CFD-machine-learning optimization of inlet water-jet orifices can provide efficient tools for flow-
field prediction, reactor-structure optimization, and scale-up design [48-50]. Integrating CFD, machine
learning, real-time monitoring, and experimental validation will help shift hydrodynamic jet technolo-
gies from empirical trial-and-error development toward predictive, adaptive, and application-oriented
engineering design.

Overall, hydrodynamic jet technologies provide a promising platform for process intensification in
wastewater treatment. Their future impact, however, will depend on the transition from proof-of-concept
demonstrations to standardized, energy-efficient, digitally optimized, and industrially robust treatment
systems. With improved mechanistic understanding, quantitative performance benchmarking, hybrid-
process integration, and intelligent reactor optimization, atomized, cavitating, and pulsed jets can contribute
to more efficient and sustainable solutions for complex wastewater treatment.
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Abbreviations

COD Chemical Oxygen Demand

BOD5 Five-day biochemical oxygen demand
CFD Computational Fluid Dynamics

Cv Cavitation number

GLR Gas-liquid ratio

HCR Jet-aerated biofilm reactor

] Cavitation Event Rate

PNP p-Nitrophenol

SMD Sauter mean diameter

TDS Total dissolved solids

TSS Total suspended solids

VOC Volatile organic compound

WC-Co Tungsten Carbide-Cobalt

WEGD Wet flue gas desulfurization
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