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Abstract

Objective: In recent years, the medical applications of plasma activated water (PAW) have attracted
growing interest. PAW can be prepared using plasma generated by hydrodynamic cavitation bubbles
(HCB). To facilitate this application, the current study was performed to investigate the efficiency of
plasma generation in HCB.

Methods: Based on the plasma generated in HCB, an experimental system has been constructed. We
measured the characteristics of the cavitating flow, including pressure, temperature, and water flow rate,
and estimated the system and cavitation power consumptions. High-speed images of cavitating flow
were obtained to examine the evolution of the cavitation zone. Images of discharge emission at various
velocities were captured to identify the location of electrodes. In addition, optical emission spectra were
examined to determine the type of reactive species. H,O, concentration and energy efficiency were
measured and analyzed.

Results: In this experiment, the system power consumption was 1.2W. The highest cavitation power
consumption was 50.4W and increased with the elevation of throat velocities. The processing findings of
high-speed images revealed that the cavitation characteristic length was essential for plasma generation
and was necessary for establishing the location of electrodes. In addition, the UV-Vis emission spectra of
the plasma discharge demonstrated that the hydroxyl radical ‘OH was formed in situ and that cavitation
increased the yield of -OH. H,0O, was the principal active component of PAW. Plasma generated in HCB
produced H,0O, with a high energy efficiency of 77.0mol/kWh.

Conclusion: Plasma generated in HCB may provide a viable and cost-effective alternative method for
PAW preparation.

Keywords: hydrodynamic cavitation, plasma, plasma activated water, hydroxyl radical, hydrogen
peroxide
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1 INTRODUCTION

Plasma activated water (PAW) has gained increasing
attention for its application in the fields of medicine!,
food, and agriculture”™ in recent years. Plasma,
generated in liquid or at the interface of liquid-gas,
form reactive species (reactive oxygen species ROS or
reactive nitrogen species RNS) into the water, thereby
producing PAW. The gases and liquids used to generate
plasma determine the type and concentration of the
reactive species dissolved in PAW. Thus, the approach
to prepare PAW is essential®. There are two methods
of PAW preparation: one utilizes the interactions of
gas plasma with solutions, while the other directly
generates plasma in liquid™”. The most prevalently
studied approach is the interactions of gas plasma with
solutions, particularly plasma discharge in contact with
water, while direct generation of plasma in liquid has
been scarcely reported. Researchers used external raw
gas as media to directly generate plasma in liquid®®, in
which plasma is generated inside bubbles or at the gas-
liquid interface of bubbles. Therefore, this approach
highly depends on the external gas supplement and the
gas-liquid mixing mode. An innovative method using
hydrodynamic cavitation bubbles (HCB) to substitute
external gas has been provided.

Cavitation can be triggered in multiple ways"”, such
as acoustic cavitation and hydrodynamic cavitation,
which are commonly employed in the water treatment
industry"”. Hydrodynamic cavitation, which is
generated by pressure gradients in water via varied
reactor geometries''", requires less energy and is
more appropriate for large-scale use than acoustic
cavitation''>"). The collapse of HCB generates huge
temperature and pressure, which contributes to the
production of -OH. As a result, cavitation can also
promote the generation of PAW.

The method based on plasma generated in HCB
has great potential, while relevant research is scanty.
Treatment of E. coli cells with pulsed discharges with
cavitation bubbles leads to the formation of reactive
oxygen species (ROS) from the generated plasma,
which decreases the viability of the cells and induces
DNA damage in E. coli”. Thara et al.'"” analyzed
the impact of solution conductivity and discharge
frequency of discharge plasma formed in HCB on water
treatment efficiency. A nozzle-less structure reactor
has been developed to increase the efficacy of plasma
generated by HCB in water treatment''®. Abramov
et al."” investigated the efficacy of plasma generated
in HCB as a flow-through water treatment method.
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Existing research on this approach has mostly focused
on the process of disinfection and discharge, with little
consideration of the impact of cavitation performance.
Moreover, anodic oxidation, which causes secondary
pollution and raises expenses, is also omitted in these
studies.

The present paper investigated the influence of
cavitation performance on the method based on the
plasma generated in HCB. The plasma in this experiment
was propelled using a system of dielectric barrier
discharge. At various water velocities at the throat,
high-speed cavitation and discharge emission pictures,
plasma optical emission spectra, and the concertation
of hydrogen peroxide H,O, were analyzed. The
experimental results provide critical data and references
for engineering applications of the technology based on
plasma created in HCB in the preparation of PAW.

2 MATERIALS AND METHODS
2.1 Equipment Setup
2.1.1 General Equipment

Figure 1 shows a schematic representation of the
experimental setup. This system includes a hydrodynamic
cavitation reactor (HCR) with discharge electrodes, a high-
voltage pulse power source to generate plasma, two water
tanks, and a booster pump, among other components.
With the booster pump, water was pumped from tank A
into tank B through the HCR. The maximum head and
power of the booster pump were 40m and 1.5kW. The
working power of the booster pump was appropriately
adjusted with a frequency changer. The inner diameter
of the cylindrical water pipe used in the experimental
system was 12mm on the inside diameter. A turbine
flow sensor was used to measure the amount of water
flowing through the system (MIK-LWGY-DN10, MIKE,
China). Two gauge pressure sensors (MIK-P300, MIKE,
China) were fitted at both ends of the HCR to monitor
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Figure 1. Schematic of the experimental system.
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the upstream pressure p,, and downstream pressure p,,,,.
The gauge pressure sensors were installed in the range of
0~1.0MPa. A temperature sensor (MIK-LWGY-DN10,
MIKE, China) was installed near the water tank to monitor
the temperature of the water.

2.1.2 HCR

Figure 2 depicts the overall structure of the HCR,
as well as the positions of the relevant electrodes. The
HCR was constructed using 3D printing technology
and was made of clear UV-curable resin. The HCR was
placed horizontally in the experimental system. The
inner geometric structure of HCR was similar to the
Venturi tube. The HCR included three main components:
the constriction part, the throat part, and the diffusion
part. The length of constriction and diffusion were 10
and 50mm. The inlet and outlet diameters of HCR were
6mm, and the diameter of the throat of 1.5mm.

1.50 mm
6 mm

i %,

20

50 mm 10 mm

Figure 2. Structure of hydrodynamic cavitation reactor.

The inner geometric structure of HCR can change
the pressure of liquid flowing into it. When liquid flows
into the HCR, the pressure reduces with the decrease
of the cross-section diameter of the constriction. The
pressure will reach the minimum value in the throat
part. Finally, the pressure of liquid will recover with the
increase in the cross-section diameter of the diffusion.
When the pressure of liquid is less than the saturated
vapor pressure at the corresponding temperature,
hydrodynamic cavitation emerges in the HCR.

2.2 High-Speed Images Capture and Post-Processing
Method

A high-speed camera (MEMRECAM HX-7s, NAC,
Japan) was utilized to capture high-speed images of
cavitating flow. A high-power white LED was used
to continually illuminate the cavitation flow from the
backside. High-speed photos were taken with a frame
rate of 2000 frames per second in this experiment. The
post-processing technique was developed with reference
to Tomov et al.""* and Dular and Bachert"”. All
instantaneous images were normalized with a reference
image. The reference image was taken at a flow rate
where there was no cavitation. The normalization
process can be summarized as follows:
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where G, G,,, and G, are grey level, reference grey
level, and normalized grey level, respectively.

The normalized grey level pictures were used to
create the time-averaged value image and the standard
deviation image. To interpret the proportion of frames
in which cavitation was triggered at a specific spatial
position, the time-averaged value image was employed.
The standard deviation image was available to identify
the locations where cavitation changed substantially over
time''",

2.3 Plasma Generation and Measurement

The discharge reactor was primarily comprised of a
pair of opposing tungsten needle electrodes that were
each encased with a quartz glass tube (Figure 2). The
diameter of the tungsten needle electrodes was 0.9mm.
The inner and outer diameter of the quartz glass tube was
0.9mm and 1.2mm. The distance between the electrodes
and the throat is adjustable. In this study, the distance
was 20mm. On the bottom side, the electrode was
parallel to the inner surface of the HCR. The distance
between the tops of the two electrodes was Imm.

To drive the discharge reactor, a homemade high-
voltage pulse power source was employed. It can create
positive high-voltage pulses with a frequency of around
50Hz. The typical waveforms of this study are depicted
in Figure 3. The maximum voltage is approximately
2.0kV, and the maximum current is around 2.0mA.
The instantaneous discharge voltage U(z) and discharge
current /(z) were measured using a high-voltage probe
(P6015A, Tektronix, US) and a current probe (MODEL
4418, PEARSON, US). An oscilloscope was used to
record the waveforms of voltage and current (MDO3024,
Tektronix, US). These discharge emission photos were
produced by a digital camera with an exposure period of
1/40s and were taken with a flash (D40, Nikon, Japan).
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Figure 3. Typical waveforms of discharge voltage and
current.

With an observation range of 200 to 740nm, UV-
Vis spectra of plasma generated in HCR were collected
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using a UV-Vis fiber optic spectrometer (AvaSpec-
MINI2048L-OEM, Avantes, Netherlands). The optical
fiber was mounted on the HCR and directed toward the
center of the discharge gap. Each of the three UV-Vis
spectra was recorded, and the average was taken.

2.4 H,0, Measurement

In each experiment, SL of water was treated by the
plasma at room temperature in a single procedure. Each
treatment period was determined by the amount of water
that flowed through the experimental system. Following
plasma treatment, water samples were tested for residual
H,O, concentrations using an H,O, colorimetric assay
kit (E-BC-K102-S, Elabscience, China) and UV-Vis
spectroscopy, followed by additional testing (A390,
AOE, China). The reaction between residual H,0, and
ammonium molybdate may form a yellow complex,
and the absorbance of the yellowish complex at 405nm
was used to quantify the number of residual H,0, in
the solution. All tests were repeated at least thrice. The
errors and average values were determined, and the
results were depicted in the graphs below.

2.5 Parameters and Equations
The loss coefficient (/.), which is defined as follows,
was used to quantify the pressure loss caused by HCR:

_ Pu _pdown
e @

2PVE
where v,, denotes the water velocity in the throat and
p denotes the water density. The potential for triggering
cavitation is represented by the cavitation number o,
which is defined as:

— Pret — Pv

="
PVin

©)

where p,,, is the reference pressure, and p, is the
saturation vapor pressure. In this paper, the reference
pressure was denoted by the letter p,,,,. The cavitation
power consumption P, was calculated by subtracting
the power loss across the HCR from the system power
consumption Py

Pc = Q X (Pup - pdown) - Ps (4)

The average discharge power P, was calculated using
the following integral:

P,=f / "u®IBd ()

where T denotes the duration of the pulsed discharge
and f denotes the frequency of the pulses. The following
was used to calculate the energy efficiency (7; mol/
kWh):

_ A _ - Q
=% =R+p, ©
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where 4,, represents the yield of H,0,, P, represents
the total power consumption of plasma generation, and
¢, represents H,O, concentration.

3 RESULTS AND DISCUSSION
3.1 Cavitation Power Consumption

Figure 4 depicts the loss coefficient /. as a function
of the cavitation number . The /. was found to be a
decreasing function of the . The trend of /., on the other
hand, was divided into two regions. The /. decreases
significantly as the o increases in the orange region.
When compared to the orange region, the /. is mostly
constant in the white region. The critical point of the two
regions is 1.28, and the corresponding throat velocity
is 12.2m/s. In the absence of cavitation, the pressure
loss was determined by the inner geometry structure of
HCR. As soon as the cavitation inception was reached,
the cavitation power consumption P, ramped up the
power loss across the HCR, thereby increasing /.. Thus,
cavitation was found to be the most important factor
influencing /.. As a result, the orange region represents
the cavitation area, while the white region represents the
non-cavitation area.

Furthermore, the data collected in the non-cavitation
area (white region) can be used to estimate the P,. It
was discovered that P, was 1.2W in total based on data
collected in the non-cavitation area.

Loss coficient, /,

Caviation

0.0

0.4 0.8 12 1.6 2.0
Cavitation number, o

Figure 4. Loss coefficient with cavitation number.

The data gathered in the cavitation area (orange
region) could be used to calculate the amount of P..
P, can be considered an indicator of the amount of
cavitation present. The larger P. denotes the higher
intensity of cavitation.

According to equation (4) and the discussion above,
the system and cavitation power consumption is
calculated. The plot of the P. in terms of v,, is shown
in Figure 5. P, almost increases linearly with the v,
increase. According to equation (3), the o is inversely
proportional to the square power of v,. Hence the
increase of v, indicates the decrease of ¢. As a result, the
maximum cavitation power consumption P, is 50.4W in
this study, and the corresponding v,, is 22.0m/s.
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Figure 5. Cavitation power consumption with throat
velocity.

3.2 The High-speed Images of Cavitating Flow

The system and high-speed photographs of cavitating
flow are acquired and evaluated by equation (4) and
the description above. The instantaneous photographs
are captured at various throat velocities (v,,=15.7,
17.4, 18.8, 20.4, and 22.0m/s), and the instantaneous
photographs are captured at a frame rate of 2000f/s. The
time-averaged value and standard deviation of 2000
instantaneous pictures are calculated using the post-
processing approach mentioned above. Figure 6 shows
the images of the time-averaged value and the standard
deviation. A cloud of cavitation bubbles is represented by
the white hue, while the pure liquid phase is represented
by the black color. The time-averaged images may
determine the proportion of frames in which cavitation
is triggered at a certain spatial position, and the standard
deviation images are available to identify the areas
where cavitation varied dramatically over time"*. In
other words, the time-averaged images indicate the area
where cavitation bubbles cloud occur, and the standard
deviation images indicate the region where cavitation
bubbles cloud change most frequently. Images of
cavitation bubbles cloud-sheeted on the downside of
the HCR are impacted by electrodes, as depicted by the
time-averaged value and standard deviation images.
Cavitation is incepted at the throat of HCR and spread
downstream until cavitation bubbles collapse completely.
The potential of cavitation increases dramatically with
the elevation of v,. The higher v,, increases the intensity
of cavitation, and the white area thus expands in time-
averaged images. The cavitation bubbles cloud collapse
because of the pressure recovery downstream. The cloud
of cavitation bubbles constantly changes due to factors,
such as turbulence, vortex, re-entrant jet, and high-
speed micro-jet. All these factors can be enhanced with
the increase in cavitation intensity. Therefore, the white
region expands and moves downstream with the increase
of the v,

Since cavitation bubbles were used as a dielectric
in this study, the available area for plasma generation
in the HCR must be determined. In this experiment,
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Figure 6. Average and standard deviation images of
cavitating flow at different throat velocities.

the characteristic cavitation length L, was used as an
indicator to quantify the area of the cavitation bubble
cloud. The maximum value of standard deviation
was used to denote the L. In other words, a cloud of
cavitation bubbles may form within the L. Figure 7
illustrates the L. at various v,,. A larger L, denotes a wider
cavitation area, which also denotes the higher intensity
of cavitation. The L, increases as v,, increases, and an
equation is used to fit the L, data (with an R-square value
greater than 0.99). The fitting equation is as follows:

L,=3.94105v,, — 43.15398 (7)

The L. and v,, have a linear relationship. When
the v, is 12.2m/s, the cavitation bubble cloud fails to
completely cover the electrodes. The cavitation bubbles
cloud fills the discharge gap until the L, exceeds the
distance between the throat and the electrode. As a
result, the maximum distance between the electrodes and
the throat should be less than the L, at the corresponding
throat velocity.
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Figure 7. Cavitation characteristic length with throat
velocity.

3.2 Discharge Emission

Figure 8 depicts the discharge emission of low-
temperature plasma generated in cavitation bubbles
under the conditions shown. In Figure 8, the white
color represents the pure liquid phase, the purple color
corresponds to the emission of discharge, and the black
color represents the cavitation bubbles cloud, electrodes,
or the edge of the HCR. In addition, the discharge
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emission is identified by the blue dotted line circle on
the graph. When cavitation bubbles wrap around the
electrodes and fill the discharge gap, visible discharge
emission may be produced. Furthermore, the intensity
of discharge emission increases in proportion to the
length of the characteristic cavitation waveform. Despite
plasma generation at a throat velocity of 15.7m/s, such
a phenomenon is infrequent. One possible explanation
for the infrequency is ascribed to the close distance
of the end of the cavitation bubbles to the electrode
location. The ever-changing cavitation bubbles cloud
may not always wrap electrodes and fill the discharge
gap. Therefore, to ensure stable plasma production, the
distance between electrodes and throat must be greater
than L. This provides additional evidence that, as
previously proposed, the L, is important in determining
the location of electrodes.

Vin [m/s] Discharge emission images

157

174

18.8

204

220

Figure 8. Images of plasma generated in HCB.

3.3 Optical Emission Spectra

Figure 9 illustrates the optical emission spectrum
as measured by a CCD spectrometer connected to an
optical fiber. This experiment detected the -OH A *X'-
X’ (0, 0) band (309nm), H, (656nm), Hj (486nm), and
H, (434nm) as the Balmer atomic hydrogen lines. When
radiation (including alpha and beta particles, gamma
radiation, and other heavy particles) interacts with water,
a variety of reactions may occur, including the overall

decomposition of the water™”.

H,0—H+OH (8)
OH +OH — H,0, (9)

H+OH —H,0 (10)

This process may also be attributed to the dissociation
of individual water molecules in vapor as a result
of collisions with energetic electrons generated by
plasma”®**"). The reaction chain for the formation of -OH
can be triggered by dissociative electron attachment.

H.O+e—>-H+-OH+e (11)

The hydroxyl radical -OH at 309nm is one of
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the most powerful oxidizing agents. It can instantly
degrade surrounding organic pollution and kill harmful
microorganisms without selecting them"””.-OH may
serve as an intermediate in the reaction to induce chain
reactions and promote the generation of various types of
long-live active species. Figure 9 illustrates that plasma
generated in HCB has the function of generating -OH in
situ without external raw gas supply.

Intensity [a.u.]
oy oua
V) ]
o o

o
o

100 200 300 400 500 600 700 800
Wavelength [mm]

Figure 9. Optical emission spectra of plasma generated in
HCB.

The relationship between the v,, and the relative
intensity of the -OH (309nm) spectral line is depicted in
Figure 10. With increasing throat velocity, the relative
intensity of the -OH (309nm) spectral line increases.
Slight changes in the throat velocity alter the relative
intensity. It demonstrates that the cavitation intensity
has a significant effect on the -OH yield. This is because
more intense cavitation may result in more extreme
conditions, which are conducive to the generation of
-OH.

In addition, the increased intensity of cavitation
results in cavitation bubbles that are smaller in size and
have a greater cloud density than before. The behavior
of plasma within a bubble is significantly influenced by
the size of the bubble™®”. In other words, the incremental
intensity of cavitation improves plasma generation
efficiency. Thus, results from plasma optical emission
spectra indicate that plasma generated in HCB can form
‘OH in situ and that cavitation intensity can affect the
yield of -OH formation. Additionally, plasma optical
emission spectra indicate that plasma generated in HCB
can form -OH in situ.
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80

404 334

202 204 208 211 214 217 220
Throat velocity, v, [m/s]

Figure 10. Relationship between the throat velocity vy, and
the relative intensity of the -OH (309nm) spectral line.
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3.4 H,0, Concentration and Energy Efficiency

The H,0, concentration and the energy efficiency
of the PAW preparation method based on the plasma
generated in HCB are critical factors when evaluating
the method’s potential. The concentration of H,0, is
available to determine the amount of OH present, while
the application’s value can be determined by its energy
efficiency. Energy efficiency is calculated by equation
(6). The variation in H,O, concentration and energy
efficiency as a function of increasing temperature is
depicted in Figure 11. As the throat velocity increases,
the concentration of H,0O, and the efficiency of energy
conversion increase as well. The energy efficiency of
H,0, formation is proportional to the sum of the power
consumed by cavitation and discharge. According to
equation (5), the discharge power is 0.73W as a constant,
whereas the cavitation power increases as the throat
velocity increases, as shown in Figure 5. As a result,
during the hydrodynamic cavitation process, the input
power dissipates at an increasing rate.
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Figure 11. Relationship between the throat velocity and
H,0, concentration and energy efficiency influenced by
throat velocity.

As shown in Table 1, this study compares the energy
efficiency of H,0, formation in water using low-
temperature plasma generated in HCB to that of other
plasma generation systems that have previously been
reported””. Wang et al.”” used air aeration to generate
plasma in water and investigated the energy efficiency
of H,O, formation under a variety of experimental
conditions, including peak pulse voltage, air flow rate,
electrode gap, initial pH value, solution conductivity,
and activated carbon. In addition to the reduction of
the electrode gap and the increase of voltage and air
flow rate, the addition of activated carbon significantly
also boosts the formation of H,O,. The highest energy
efficiency for H,0O, formation has shown to be 81.0mol/
kWh in the presence of activated carbon, and 64.1mol/
kwh in the absence of activated carbon. Liu et al.”” used
the Ar atmospheric pressure discharge plasma between
a tungsten steel tube and an aqueous solution surface
to form H,0,. Burlica et al.””’ determined the energy
efficiency of H,0, formation from pure water exposed to
a nonthermal pulsed plasma-gliding arc reactor equipped
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with a spray nozzle.

Table 1. Comparison of H,O, Formation by Various
Plasma Generation Systems

System Energy Efficiency Ref.
(mol/kWh)

Plasma generated in HCB 77.0 This study

Plasma generated in water 64.1 Wang et al.”

with air injection

Plasma generated in NaCl 0.5 Liu et al.””
solution with Ar injection

Plasma generated in water 2.4 Burlica et
spray al.””

The energy efficiency of the plasma produced in
HCB in the present study was extremely close to the
most promising results in the literature. The high energy
efficiency arises from the fact that hydrodynamic
cavitation promotes the formation of -OH and H,0.,.
Thus, plasma generated in cavitation bubbles may
potentially provide a cost-effective alternative for the
preparation of PAWs.

4 CONCLUSION

To summarize, the intensity of cavitation in low-
temperature plasma generated in HCB with a dielectric
barrier has a significant effect on the plasma: The
higher the cavitation intensity, the more likely the
plasma to be generated, and the more ‘OH is formed.
The amount of energy consumed by cavitation can be
used to determine its intensity. Cavitation consumes
more energy as the throat velocity increases. When the
maximum distance between electrodes and the throat
is no higher than the characteristic cavitation length at
the corresponding throat velocity, HCB can generate
plasma. The emission spectrum indicates that plasma
generated in HCB can spontaneously generate the -OH
and that a high cavitation intensity produces a significant
effect on the yield of -OH. Cavitation power is a critical
factor affecting the amount of energy consumed by
plasma generated in HCB. A comparison of the energy
efficiency of the low-temperature plasma generated in
HCB to form H,0, in water with the energy efficiency
of other previously reported plasma systems to form
H,0, in water revealed an extremely high efficiency of
the plasma generated in HCB. The maximum energy
efficiency of plasma generated in HCB discovered in
the present study is 77.0mol/kWh. Compared with
other systems, plasma generated in HCB has higher
energy efficiency. According to these findings, plasma
generated in HCB may serve as a feasible method of
H,0, preparation. The variety of active species can be
increased by changing the solution composition and
injecting external gases in this method. Therefore,
plasma generated in HCB provides a potentially feasible

Mod Plasma Med 2023; 1: 1



cost-effective approach to PAW preparation.
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