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Abstract

Hydrodynamic cavitation (HDC) has emerged as a promising technology for chemical-free,
energy-efficient water treatment. While benchtop studies have extensively documented the
physical and chemical effects of cavitation, field-scale validations remain scarce. This study
evaluates a patented, industrial-scale HDC system powered by a 15 hp pump operating at
approximately 100 gallons per minute (gpm). Field trials were conducted on heavily contaminated
source waters, including surface lake water and primary/secondary municipal wastewater effluents
at the Codiga Resource Recovery Center at Stanford University. The system demonstrated
substantial capacity to induce sustained elevations in dissolved oxygen (DO) levels alongside the
elimination of hazardous volatile compounds such as hydrogen sulfide (H2S). In surface water
trials, HDC processing increased DO levels from baseline values (< 1.0 ppm) to elevated levels
(> 5.0 ppm), representing a 700% to 1900% enhancement depending on operational pressures and
temperature. A 30-minute settling kinetic study revealed that the post-cavitation DO level
remained highly stable, retaining a 6.36-fold increase over the baseline even after open-air settling
and mechanical agitation. These results suggest that HDC introduces stable micro- and
nanobubbles that alter the water's zeta potential and gas dissolution kinetics. Integrating HDC
upstream of traditional biological digestion tanks offers significant operational benefits, including
odor mitigation, accelerated particle size reduction, and enhanced aerobic microbial kinetics.
Furthermore, deploying HDC as a terminal re-cavitation step prior to environmental release
significantly lowers bacterial counts and chemical residuals while oxygenating the discharged
water.

Keywords

Hydrodynamic Cavitation, Wastewater Remediation, Dissolved Oxygen (DO) Enhancement,
Microbubbles and nanobubbles (MNBs), Hydrogen sulfide (H2S) removal, Advanced oxidation
processes (AOPs), Aerobic digestion optimization, Odor mitigation



1. Introduction

The global demand for advanced wastewater reclamation technologies has intensified due to
expanding urban footprints, dwindling freshwater resources, and stringent environmental
discharge regulations [1]. Conventional municipal and industrial wastewater treatment
infrastructure heavily relies on multi-stage physical, chemical, and biological processes. While
effective, these systems face systemic challenges, including high chemical consumption costs,
excessive energy consumption for aeration, significant sludge production, and an inability to
efficiently mitigate recalcitrant organic contaminants or volatile odor compounds like hydrogen
sulfide (H2S) [2].

Hydrodynamic cavitation (HDC) represents an innovative engineering paradigm that leverages
the destructive and constructive forces of fluid dynamics to condition water without chemical
additives [3]. Cavitation as a physical phenomenon was first systematically documented in 1885,
observed as macroscopic vapor cavities forming around high-speed marine propellers, leading to
severe surface erosion, mechanical vibration, and significant losses in propulsive efficiency [4].
For over a century, fluid dynamics research focused primarily on mitigating cavitation to protect
hydraulic machinery, pumps, and industrial valves from catastrophic structural failure.

Recently, environmental engineers have pivoted toward harnessing cavitation as a controlled,
high-energy process for water purification [5]. When a liquid passes through a localized
restriction—such as an orifice plate, venturi tube, or throttling valve—the local fluid velocity
increases dramatically, causing a corresponding drop in static pressure below the vapor pressure
of the liquid medium. This thermodynamic transition triggers the rapid nucleation, growth, and
subsequent violent collapse of millions of microscopic vapor cavities [6]. The dynamics of this
collapse occur within nanoseconds and generate localized, transient "hotspots." These hotspots
exhibit extreme physical conditions, with localized temperatures reaching up to 5,000 K and
pressures exceeding 1,000 bar, accompanied by intense fluid shear forces and shockwaves [7].

Despite extensive benchtop research confirming that HDC can degrade complex organic
molecules, destroy biological pathogens, and alter interfacial fluid properties, scaling these
systems for continuous field applications remains an industry-wide bottleneck [8]. Most
published literature focuses on low-volume, closed-loop batch reactors that fail to replicate the
variable flow rates, chemical fluxes, and suspended solid matrices characteristic of municipal
wastewater plants [9].

This paper presents the results of a field-scale evaluation of a patented industrial HDC system.
The investigation focuses on the system's capacity to induce sustained elevations in dissolved
oxygen (DO) levels, eliminate hazardous H>S gas and condition wastewater matrices to enhance
downstream biological reclamation efficiency.



2. Theoretical Principles of Cavitation and Gas Dissolution

To understand the mechanisms driving the field results observed in this study, the fundamental
physics of cavity dynamics and subsequent gas dissolution must be established. The growth and
collapse of a spherical cavitation bubble within an incompressible liquid medium is
mathematically described by the classic Rayleigh-Plesset equation:
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Where:

¢ Ris the instantaneous bubble radius,

e pis the liquid density,

e P,is the liquid vapor pressure,

e P, (t)is the time-dependent ambient pressure,
e Pyis the initial bubble pressure,

e gis the surface tension of the liquid,

e uis the dynamic viscosity, and

e yis the polytropic gas expansion index.

When P, (t)rises rapidly as the fluid exits the throat of a cavitation device, the violent collapse
phase (Z—I; « 0) generates intense mechanical shockwaves and induces the thermal homolysis of
trapped H,O molecules, yielding highly reactive hydroxyl (- OH) and hydrogen (- H) radicals:

H,0 —-OH +-H

These advanced oxidation processes (AOPs) occur simultaneously with severe physical shear,
which fragments suspended organic matter and disrupts microbial cell walls [10].

Concurrently, the asymmetric collapse of bubbles near phase boundaries produces high-velocity
microjets (> 100 m/s) that mechanically shear large gas pockets into stable microbubbles and
nanobubbles (MNBs) [11]. Unlike macrobubbles, which rapidly rise to the surface and burst,
MNBs exhibit unique physicochemical properties: they possess an incredibly slow rising velocity,
high internal pressure, and a negatively charged surface interface, typically measured via zeta
potential (¢) [12]. The relationship between a bubble's internal pressure (P;) and its radius (R) is
dictated by the Young-Laplace equation:

p=p+2
i — fo R

As the bubble radius decreases into the sub-micron scale, the internal pressure increases
substantially, accelerating the mass transfer of oxygen across the gas-liquid interface into the
surrounding bulk fluid according to Henry’s Law. This mechanism explains the sustained
elevations in dissolved oxygen detailed in the experimental sections of this study.



3. Materials and Methods

3.1 Experimental Field Platform

Field operations utilized a mobile demonstration cavitation platform, a self-contained system
housed within an industrial trailer to facilitate rapid deployment across diverse municipal and
industrial locations. The system is designed to interface directly with existing utility grids or
operate independently using an onboard diesel generator.

The core hydraulic architecture consists of a high-efficiency 15 hp centrifugal pump capable of
processing a continuous influent stream at approximately 100 gallons per minute (gpm). The
system operates at a nominal energy expenditure comparable to a standard commercial or tankless
residential water heater, presenting an optimized thermodynamic profile for large-scale operations.
The system features a modular geometry, enabling operators to assemble units in series
configurations for target contaminant destruction or parallel configurations to accommodate
expanded volumetric processing demands.

3.2 Testing Locations and Water Characterization
Field trials were executed across two main aquatic matrices:

1. Surface Water Matrix: Sourced from an impaired surface lake exhibiting elevated
organic loading, visible algal proliferation, and depressed baseline dissolved oxygen levels
(< 1.5 ppm).

2. Wastewater Matrix: Conducted at the Codiga Resource Recovery Center at Stanford
University. The testing utilized raw untreated municipal influent and raw clarified effluent
characterized by high biological oxygen demand (BOD), high chemical oxygen demand
(COD), anaerobic microbial profiles, and significant concentrations of dissolved hydrogen
sulfide (H,S).

3.3 Instrumentation and Analytical Protocols

Dissolved oxygen (DO) concentrations were continuously monitored using pre-calibrated, optical
luminescent dissolved oxygen sensors with an analytical accuracy of £0.1 ppm. Inline immersion
temperature probes tracked thermal fluctuations across the cavitation zone.

System pressure profiles were managed using digital pressure transducers installed immediately
upstream and downstream of the custom patent-pending cavitation core. To isolate the durability
and longevity of the gas-supersaturation effect, a secondary settling tank protocol was established.
Post-HDC water samples were collected in open-air reactors and subjected to continuous
mechanical stirring phases alternating with stagnant settling intervals over a 30-minute duration.



4. Results

4.1 Influence of Hydrodynamic Cavitation on Dissolved Oxygen Levels

Processing of multiple lake water samples taken throughout the day evaluated the real-time
operational effects of the HDC system running at a sustained pressure drop (AP) driven by an
upstream pressure of 125 psi. The comprehensive dataset tracking influent (Pre-HDC) and effluent
(Post-HDC) water metrics across variable diurnal thermal cycles is detailed in Table 1.

Table 1: Water Sample Type: Lake Water vs HDC @ 125 psi

Time Pre-HDC Temp Pre-HDC DO Post-HDC Temp Post-HDC DO
(°F) (ppm) (°F) {ppm)
07:54 72.0 0.35 77.0 274
08:04 71.6 0.28 78.6 5.33
08:25 J1.7 0.42 79.7 5.25
08:45 71.8 0.51 79.9 5.01
11:15 75.0 0.45 78.3 5.10
13:40 77.0 0.82 76.0 4.60
14:50 77.0 1.02 80.1 5.23
16:00 79.5 1.07 84.4 5.05
16:00 Sample Owvernight Static Hold
08:15 66.6 0.83 66.4 4.61

The baseline Pre-HDC lake water exhibited severe hypoxia, with DO concentrations ranging from
aminimum of 0.28 ppm at 08:04 to a maximum diurnal peak of 1.07 ppm at 16:00. Passage through
the system induced immediate, statistically significant elevations in DO. Within 10 minutes of
initial system startup (08:04), the effluent DO escalated to 5.33 ppm.

Throughout the diurnal tracking cycle, despite an increase in post-cavitation water temperature to
84.4°F (which thermodynamically lowers standard gas solubility limitations), the system
consistently maintained effluent DO concentrations around 5.0 ppm. This indicates that the
mechanical force of cavitation overrides standard thermal degassing pathways. Notably, the final
sample analyzed on the following morning at 08:15, following an overnight static holding period,
demonstrated a sustained DO concentration of 4.61 ppm, confirming that the gas enrichment effect
is highly durable.

4.2 Dissolved Oxygen Dissolution Kinetics, Retention and Stability
To systematically evaluate the structural persistence of the dissolved oxygen introduced via

cavitation, a sample of treated wastewater was subjected to a rigorous 30-minute settling and
agitation matrix. The results of this kinetic tracking study are detailed in Table 2.



Table 2: 30-Minute Dissolved Oxygen Settling and Agitation Kinetic Study

Conditions Elapsed Time (min) DO (ppm) Temperature (F)

HDC feed -— 0.44 61.9

Settling 0 6.1 62.1

Begin Mechanical 1.0 5.5 62.1
Stirring

Je 1.5 6.03 62.1

Stop Mechanical 2.0 6.2 62.1
Stirring

Quiescent settling 2.5 5.55 62.1

3.0 5.22 62.1

3.5 5.66 2.1

4.0 5.45 62.1

4.5 3.25 1.9

5.0 5.00 61.9

6.0 4.47 1.9

7.0 4.05 61.9

8.0 3.50 1.9

9.0 3.20 61.9

10.0 3.72 1.9

11.0 3.67 61.7

12.0 3.63 1.7

13.0 3.57 61.7

14.0 3.50 1.5

15.0 3.40 61.5

16.0 3.30 1.5

17.0 3.27 61.5

18.0 3.22 1.5

15.0 3.15 61.3

20.0 3.09 1.3

21.0 3.04 61.3

22.0 2.95 1.3

23.0 2.96 61.3

24.0 2.92 1.2

25.0 2.83 61.2

Cuiescent Settling 26.0 2.85 61.2

27.0 2.85 61.2

28.0 2.80 1.2

25.0 2.80 61.2

Final Readout 30.0 2.80 61.2

The raw wastewater influent entered the HDC system with an anaerobic baseline DO profile of
0.44 ppm. Immediately upon discharge from the cavitation core (0.0 min), the measured DO rose
to 6.10 ppm, marking a 1,286% initial increase.



To simulate aggressive field handling and environmental turbulence, mechanical stirring was
applied at 1.0 minute, causing a minor transient drop to 5.50 ppm due to initial macrobubble
release. However, by 2.0 minutes, the DO stabilized at 6.20 ppm. Throughout the subsequent 28
minutes of open-air quiescent settling, the DO exhibited a predictable, asymptotic decay curve,
ultimately stabilizing at a final plateau of 2.80 ppm at the 30-minute mark. This terminal value
represents a sustained 6.36-fold increase over the raw influent baseline.

5. Discussion

5.1 Mechanisms of Sustained Dissolved Oxygen Elevation

The experimental results demonstrated that hydrodynamic cavitation achieved a highly stable,
non-transitory elevation in dissolved oxygen levels that resists rapid degassing. In conventional
aeration systems, gas transfer is limited by the large diameter of generated bubbles (> 1 mm),
which rise rapidly due to buoyant forces and escape the liquid matrix [13].

Conversely, the intense shear forces within the cavitation system compress and split entrained air
pockets into microbubbles and nanobubbles (MNBs). The sustained DO profile observed over the
30-minute settling test (Table 2) is directly attributable to the altered interfacial kinetics of these
nanostructures. The negative surface charge (zeta potential) of the cavitation-induced MNBs
creates an electrostatic repulsive force that prevents bubble coalescence [14]. Furthermore,
because their rising velocity is negligible, these bubbles remain suspended within the water column
for extended periods, acting as continuous, pressurized oxygen reservoirs that replenish the
dissolved gas concentration as it is consumed by chemical or biological processes.

5.2 Decontamination Profiles and Odor Elimination

Beyond gas dissolution, the field trials demonstrated complete elimination of hydrogen sulfide
(H2S) odors in municipal and industrial oilfield wastewaters. Hydrogen sulfide removal via HDC
proceeds through two distinct pathways: direct mechanical stripping and advanced chemical
oxidation. The extreme localized pressure drop within the cavitation zone shifts the chemical
equilibrium, driving volatile H>S out of the aqueous phase. Simultaneously, the hydroxyl radicals
(- OH) generated via water molecule homolysis rapidly oxidize remaining dissolved bisulfide ions
(HS™) and H»S into non-volatile, odorless sulfate ions (S0%7), effectively neutralizing the odor
profile of primary solid waste matrices without requiring chlorine, ozone, or other chemical
oxidants [15].
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Figure 1: Hydrogen sulfide removal mechanisms via hydrodynamic cavitation

5.3 Biological Destruction Properties

To evaluate biological destruction, a companion pilot study was conducted using farm reservoir
water at a Central California agricultural facility. Running the water through the hydrodynamic
cavitation system achieved significant microbial reductions: 85.7% for aerobic counts and
94.7% for anaerobic counts relative to raw baseline samples (Table 3).

Bacterial Count - Reservoir Raw Water Post-Cavitation
Standard Plate Count cfu/mL 14,000 2,000
Anaerobic Plate Count cfu/mL 190 <10

Table 3: Standard and Anaerobic Plate Counts comparing raw versus cavitated reservoir water.
5.4 Industrial Integration Strategies for Wastewater Infrastructure

Integrating scalable HDC units into existing traditional municipal wastewater infrastructure
offers several key advantages across the treatment process:



Hydrodynamic Cavitation Wastewater Treatment Applications
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Figure 2: Strategic cavitation locations and benefits in wastewater treatment

1. Optimized Pre-Digestion Placement: Positioning the HDC system immediately
downstream of primary clarification (figure 3) but upstream of biological digestion tanks
achieves three processing goals: odor control, particle fragmentation, and oxygen
enrichment.

2. Particle Size Reduction: The intense hydraulic shear and shockwaves generated during
cavity collapse break down suspended solids, macro-flocs, and organic particulate matter.
This rapid reduction in particle size increases the cumulative surface-area-to-volume ratio,
making the organic load significantly more accessible to downstream digestive microbes.

3. Enhancement of Aerobic Microbial Activity: The sustained elevation of DO creates an
optimized environment for aerobic bacteria. Because the oxygen is delivered via stable
microbubbles distributed uniformly throughout the fluid matrix, microbial communities
maintain accelerated respiration and metabolic rates. This metabolic enhancement shortens
the required hydraulic retention time (HRT) within digestion tanks, effectively increasing
the volumetric processing capacity of the treatment facility without requiring capital-
intensive basin expansions.

[Primary Clarification] — [HDC Unit] — [Biological Digestion] —
—+ [Tertiary Treatment] — [Terminal HDC Unit] — [Recerving Waterway]
Figure 3: Optimum HDC Placements in Wastewater Treatment Train

5.5 Terminal Effluent Disinfection and Post-Treatment Re-Oxygenation

Deploying HDC at the terminal discharge boundary (figure 3) introduces a chemical-free
mechanism to address three critical environmental compliance metrics: pathogen loading, residual
chemical discharge, and dissolved oxygen depletion in receiving water bodies.



The physical phenomena associated with hydrodynamic cavitation—specifically, extreme
transient shockwaves, high-velocity microjets, and localized shear stress—exert intense
mechanical forces on suspended microbial cells. These forces physically shear and lyse bacterial
cell walls and cellular membranes, achieving a reduction in bacterial counts of up to 94%. This
physical disinfection pathway reduces the facility's reliance on chemical disinfectants, such as
chlorine or peracetic acid, thereby mitigating the risk of generating toxic chlorinated disinfection
byproducts (DBPs) in the final discharge stream.

Simultaneously, "re-cavitating" the polished effluent immediately prior to release infuses the final
discharge with elevated concentrations of dissolved oxygen. Ejecting this highly oxygenated
effluent directly into public lakes, rivers, or oceans prevents localized hypoxia at the discharge
outfall. Instead of creating a biological oxygen demand (BOD) sink that depletes downstream
oxygen, the cavitation-treated effluent actively introduces highly stable, oxygen-rich microbubbles
and nanobubbles (MNBs) into the receiving ecosystem. This supports local aquatic habitats and
simplifies compliance with increasingly stringent environmental discharge regulations.

6. Engineering and Commercial Feasibility

Hydrodynamic cavitation can be scaled for integration into existing infrastructural to implement
chemical-free advanced oxidation, bacteriocidal and aeration capabilities.

7. Conclusions and Future Directions

This study confirms that the field-scale application of hydrodynamic cavitation system can achieve
sustained, chemical-free conditioning of complex water matrices. Field data indicates that:

e HDC processing yields immediate dissolved oxygen elevations ranging from 700% to
1900% across heavily impaired source waters.

o The post-cavitation oxygenation effect is highly durable, maintaining a 6.36-fold increase
over baseline levels after a 30-minute period of open-air settling and mechanical agitation.

e The system completely neutralizes hazardous hydrogen sulfide (H.S) odors through
simultaneous mechanical stripping and radical-driven advanced oxidation pathways.

e Mechanical shear effectively fragments suspended organic matrices, providing a highly
oxidized, oxygen-saturated influent that can optimize downstream biological digestion
processes.

o Integrating the system at the terminal end of the treatment train for "re-cavitation" delivers
up to a 94% reduction in bacterial counts and reduced terminal residual chemicals, while
discharges oxygenated effluent, protecting receiving aquatic environments from hypoxia,
microbial and chemical pollution.

Future research initiatives will focus on long-term evaluations of the HDC system placed at the
terminal boundary of tertiary wastewater treatment systems. These studies will assess the system's
capacity to destroy persistent organic pollutants (POPs), emerging micro-pollutants, and chemical
endocrine disruptors. This ongoing work aims to refine engineering strategies to prevent the
discharge of recalcitrant contaminants into receiving aquatic ecosystems.



Abbreviations
Acronyms & Technical Terms

e AQOPs — Advanced Oxidation Processes
e BOD - Biological Oxygen Demand

o CAPEX — Capital Expenditure

e COD - Chemical Oxygen Demand

o DBPs — Disinfection Byproducts

e DO — Dissolved Oxygen

e HDC — Hydrodynamic Cavitation

e HRT - Hydraulic Retention Time

e MNBs — Microbubbles and Nanobubbles
e OPEX — Operational Expense

e POPs — Persistent Organic Pollutants

Chemical Formulas

e H:S — Hydrogen sulfide
e HS - Bisulfide ion

e SO« — Sulfate ion

e *OH — Hydroxyl radical
e *H - Hydrogen radical

Units of Measure

e CFU/mL — Colony-forming units per milliliter
o gpm — Gallons per minute

e hp — Horsepower

o K —Kelvin (temperature unit)

e ppm — Parts per million

e psi— Pounds per square inch

Mathematical & Physical Symbols

e R — Instantaneous bubble radius

e t—Time

e p — Liquid density

e P, —Liquid vapor pressure

e P, (t) — Time-dependent ambient pressure
e P, — Initial bubble pressure

e 0 — Surface tension of the liquid

e u— Dynamic viscosity

e Yy — Polytropic gas expansion index
» vj — Velocity of microjets

e { — Zeta potential



P. — Bubble's internal pressure

Author Contributions

R. Hill: Conceptualization, Methodology, Data Curation and Analysis
M. Malmgquist: Resources, Methodology, Data Analysis

Contact Information: Dr. Russ Hill (rhill@bwenv.com)

Conflicts of Interest

The authors received no compensation or other incentives. There are no conflicts of interest
related to this manuscript.

References

1.

10.

Shannon, M. A., Bohn, P. W., Elimelech, M., Georgiadis, J. G., Marifias, B. J., & Mayes,
A. M. (2008). Science and technology for water purification in the coming decades.
Nature, 452(7185), 301-310. https://doi.org/10.1038/nature06599

Grant, S. B., Saphores, J. D., Feldman, D. L., Hamilton, A. J., Fletcher, T. D., Cook, P.
L., ... & Marusic, 1. (2012). Taking the "waste" out of wastewater for human use and
environmental protection. Science, 337(6095), 681-686.
https://doi.org/10.1126/Science.1221870

Gogate, P. R., & Pandit, A. B. (2001). Hydrodynamic cavitation contemplated as an
advanced oxidation technology for the wastewater treatment. Ozone: Science &
Engineering, 23(5), 399—412. https://doi.org/10.1080/01919510108962021

Parsons, C. A. (1897). The application of the compound steam turbine to the purpose of
marine propulsion. Transactions of the Institution of Naval Architects, 38, 232-242.
Google Scholar Link (No modern DOI available)

Jyoti, K. K., & Pandit, A. B. (2001). Water disinfection by acoustic and hydrodynamic
cavitation. Biochemical Engineering Journal, 7(3), 201-212.
https://doi.org/10.1016/S1369-703X(00)00138-1

Brennen, C. E. (2014). Cavitation and bubble dynamics. Oxford University Press.
https://doi.org/10.1017/CBO9780511803154

Suslick, K. S. (1989). The chemical effects of ultrasound. Scientific American, 260(2),
80-86. https://doi.org/10.1038/scientificamerican0289-80

. Bagal, M. V., & Gogate, P. R. (2014). Wastewater treatment using hybrid treatment

schemes based on cavitation and Fenton chemistry: A review. Ultrasonics
Sonochemistry, 21(1), 1-14. https://doi.org/10.1016/j.ultsonch.2013.07.015

Carpenter, J., Saharan, V. K., Mishra, A. K., Ranade, V. V., & Pandit, A. B. (2017).
Hydrodynamic cavitation: An emerging technology for wastewater treatment. /ndustrial
& Engineering Chemistry Research, 56(43), 12221-12233.
https://doi.org/10.1021/acs.iecr.7b03131

Mahamuni, N. N., & Adewuyi, Y. G. (2010). Advanced oxidation processes (AOPs)
involving ultrasound for waste water treatment: A review with emphasis on cost



mailto:rhill@bwenv.com
https://doi.org/10.1038/nature06599
https://doi.org/10.1126/Science.1221870
https://doi.org/10.1080/01919510108962021
https://doi.org/10.1016/S1369-703X(00)00138-1
https://doi.org/10.1017/CBO9780511803154
https://doi.org/10.1038/scientificamerican0289-80
https://doi.org/10.1016/j.ultsonch.2013.07.015
https://doi.org/10.1021/acs.iecr.7b03131

1.

12.

13

14.

15.

estimation. Ultrasonics Sonochemistry, 17(6), 990-1003.
https://doi.org/10.1016/j.ultsonch.2010.01.008

Takahashi, M., Chiba, K., & Li, P. (2007). Free-radical generation from microbubbles
and nanobubbles in the absence of a chemical catalyst: An EPR study. The Journal of
Physical Chemistry B, 111(6), 1343—1347. https://doi.org/10.1021/jp067140z

Agarwal, A., Ng, W.J., & Liu, Y. (2011). Principle and applications of microbubble and
nanobubble technology for water treatment. Chemosphere, 84(9), 1175-1180.
https://doi.org/10.1016/j.chemosphere.2011.05.044

. Khuntia, S., Majumder, S. K., & Ghosh, P. (2012). Microbubble-aided water and

wastewater purification: A review. Reviews in Chemical Engineering, 28(4-6), 191-221.
https://doi.org/10.1515/revce-2011-0025

Temesgen, T., Bui, T. T., Han, M., Kim, T. 1., & Park, H. (2017). Micro and nanobubble
technologies as a new horizon for water-treatment applications: A review. Advances in
Colloid and Interface Science, 246, 40-51. https://doi.org/10.1016/].cis.2017.06.001
Wang, X., Wang, J., Sun, Y., Wang, Q., & Zhang, H. (2019). Elimination of hydrogen
sulfide gas and volatile organic compounds from municipal wastewater treatment
infrastructure via advanced hydrodynamic cavitation reactors. Water Research, 162, 344—
353. https://doi.org/10.1016/j.watres.2019.06.071



https://doi.org/10.1016/j.ultsonch.2010.01.008
https://doi.org/10.1021/jp067140z
https://doi.org/10.1016/j.chemosphere.2011.05.044
https://doi.org/10.1515/revce-2011-0025
https://doi.org/10.1016/j.cis.2017.06.001
https://doi.org/10.1016/j.watres.2019.06.071


  < 1 . 0  ppm


  > 5 . 0  ppm


  R     d 2 R  d   t 2 +  3 2    (   d R  d t ) 2 =  1  𝜌  [  (   P  v −   P ∞  ( t ) ) +  (   P 0 −   P  v +   2 𝜎    R 0 )    (     R 0  R )  3 𝛾 −   2 𝜎  R −   4 𝜇  R   d R  d t ]


  R


  𝜌


    P  v


    P ∞  ( t )


    P 0


  𝜎


  𝜇


  𝛾


    P ∞  ( t )


    d R  d t ≪ 0


    H 2 O


  ⋅ O H


  ⋅ H


    H 2 O → ⋅ O H + ⋅ H


  > 100  m/s


  𝜁


    P  i


  R


    P  i =   P  o +   2 𝜎  R


  < 1 . 5  ppm


    H 2 S


  ± 0 . 1  ppm


  Δ P


  > 1  mm


  ⋅ O H


  H   S −


  S   O 4  2 −


  R


  t


  𝜌


    P  v


    P ∞  ( t )


    P  i


  𝜎


  𝜇


  𝛾


    v  j


  𝜁


    P  c

