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Abstract
This study seeks to characterize the effects of hydrodynamic properties on the production of
hydrogen peroxide in a gas-liquid phase plasma reactor system. Previous work has demonstrated
that changing water flow rates and the inlet nozzle diameter affects the production rate of
hydrogen peroxide. However, little work has been done to explore the effects of these parameters
on the gas-liquid interface created by using a novel two phase reactor system. The reactor studied
uses argon and water to create a gas-liquid interface where plasma propagates to initiate
chemical reactions. The conditions investigated were inlet water flow rates of 0.5, 2.5, 4.5, and
6.5 mL/min using an inlet nozzle diameter of 0.01”. Values for residence time, film surface area,
liquid and gas volume, gas flow rate, power, and hydrogen peroxide production rate were
determined and their relationships were explored.
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I.

Introduction
Background
Non-thermal plasma has been studied extensively for use in applications ranging from

water purification, chemical synthesis, and biomedical treatment1. A plasma discharge occurs
when an electric potential develops naturally, in the atmosphere for example, or is introduced by
an applied voltage at sufficient energy to ionize molecules in a system. The ionization of
molecules occurs along the length of the charged system and can result in the recombination of
molecules to form new chemical species. The energy associated with the dissociation and
recombination of molecules is given off as light and heat and is illustrated in the case of a
lightning strike in a storm. Plasma’s unique potential to transform the chemical composition of a
system makes the study of plasma based chemical reactors a topic of interest across many
industries.
Experimentally, the initiation of plasma is done electromagnetically using a power source
and electrodes to charge the system within the walls of a reactor.
Reactors developed to exploit plasma properties differ in electrode
and wall configuration as well as chemical composition2. Plasma

a)

discharges have been shown to occur in systems of pure gas, gasliquid, and pure liquid. Plasma reactor systems are generally
classified by phase and electrode configuration. Figure 1 shows an
example of point-to-point and point-to-plane electrode configurations

b)

in single and multi-phase systems1. Both electrode configurations can
be applied in a wide variety of geometrical configurations ranging

c)

from cylindrical to cubic.
The mechanism for which plasma is formed and propagates is
believed to be dependent on the phases present inside the reactor. In
the case of a pure liquid phase system, the high temperature created

Figure 1
a) point to plane liquid phase
b) point to point liquid phase
c) point to point gas-liquid phase

by the initiation of a plasma discharge results in a plasma channel in
which the ionization of molecules occurs in a vapor phase created by vaporization of molecules
in the region of plasma discharge. Propagation of plasma in gas-liquid systems occurs by two
main mechanisms. The first mechanism occurs in a reactor environment that contains water
droplets suspended in a gas phase such as humid air. In this case, propagating plasma from either
5

point to point or point to plane and comes into contact with fine water droplets along its path.
The second mechanism for plasma propagation in a gas-liquid phase system occurs when a liquid
surface is present in the two-phase system. Electrical discharge of plasma when a liquid surface
is contacting an electrode in the system results in the liquid surface also functioning as an
electrode for the plasma to propagate along. The interaction of the gas-phase-generated plasma
with the liquid phase surface along a “gas-liquid interface” results in a unique chemical and
physical behavior1.
In the case where the liquid used in a gas-liquid phase system is water, hydrogen
peroxide can be produced by the collision of electrons cascading in a plasma discharge with H2O
molecules along the surface of the water. Some of the key chemical reactions for how this occurs
are given below.
The overall chemical reaction is represented by,
(1)
Water molecules are first disassociated into hydroxyl and hydrogen radicals,
(2)
Hydroxyl radicals are than available for collision and recombination into hydrogen peroxide,
(3)
Free hydrogen radicals are also available in the system to combine with hydroxyl radicals to
form water,
(4)
The above mechanism is one of many potential chemical reactions and pathways possible
in a gas-water phase reactor1. Studies have shown the yield of hydrogen peroxide can be changed
by manipulating physical reactor configuration3 as well as by introducing other species in the gas
and liquid phases such as oxygen. There is also evidence that the hydrogen peroxide is subject to
degradation when exposed to the surface of a plasma discharge channel5. In order to mitigate
degradation studies have been conducted to find conditions that may increase H2O2 yield by
either introducing radical quenchers to prevent further reactions or altering residence times to
allow for sequestration back into the liquid phase3.
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Motivation & Past Work
The motivation for this research is to gain further insight into the effects of
hydrodynamics of the gas-liquid interface on the production rate and energy yield of hydrogen
peroxide. The reactor system developed is unique to our laboratory and employs a point to point
electrode system in which the inlet and outlet nozzles act the electrodes. A 3 mm in diameter and
4 mm in height cylinder is used as the reactor space with the inlet at the top of the space and the
outlet at the bottom. A schematic of the reactor is shown in Figure 2.

Figure 2

By introducing both liquid and gas into a mixing zone and directing the mixture into the
reactor, a gas-liquid interface or “film” is formed in the reacting zone where the plasma can
propagate from the inlet to outlet nozzle along the liquid surface.
My preliminary work was concerned with the analysis of hydrogen peroxide and other
chemical species produced by varying inlet nozzle diameters and water flow rates. We found that
there were distinct effects on the production rate of chemical species as a function of adjusting
these parameters. We propose that the changes in production rate may be due to the physical
effects the nozzle characteristics have on the internal hydrodynamic environment of the reactor.
Specifically, it was observed that the liquid film appeared distinctively “rough” but also
distinctively smooth depending on the combination of inlet nozzle diameter and water flow rate
tested.
Previous work with high-speed imaging indicated that changes in film surface area and
volume occur depending on the combination of water flow rate and inlet nozzle diameter. There
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is also evidence that there is greater recirculation of the liquid within the film, which may
increase residence time distribution4. Both phenomena may manifest in the unstable appearance
of the film. However, few experiments have been done to characterize the gas-liquid-plasma
interface and to determine the effects of the gas and liquid flow on this interface.
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Proposed Work
This study seeks to characterize the hydrodynamic environment of the reactor in which
hydrogen peroxide is formed and sequestered. In order to achieve an in depth analysis of the
hydrodynamic environment of the reactor, a reliable method of obtaining high quality photos and
videos, along with a method for quantitative analysis was developed.
In terms of the quantitative analysis, this study is most interested in the surface area of
the gas-liquid interface, its rate of change or fluctuation with time, the volumes of gas and liquid
inside the reactor, the liquid and gas phase residence times, and the liquid to gas flow rate ratio.
Chemical analysis focused on the production rate of hydrogen peroxide and its associated energy
yield. Power was measured during the plasma discharge and reactor operation. The power data
collected is then used to calculate the energy yield for hydrogen peroxide production.
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II.

Methods
Experimental Conditions
The experimental conditions considered in the study

include water flow rates of 0.5, 2.5, 4.5, and 6.5 ml/min
using a 0.01” in diameter inlet nozzle. Reactor dimensions
are based on a cylindrical region with a diameter of 3 mm, a
height of 4 mm, and a total volume of 28.27 mm3.
Dimensions of the reactor are shown in Figure 3. The
system uses argon as the gas in the gas-liquid phase reactor
studied. Argon was chosen in order to limit the chemical
species generated to hydrogen peroxide which allows for
greater precision in determining the hydrodynamic factors
responsible for its production. The plasma discharge
settings used a pulse width of 60 ns, pulse frequency of

Figure 3

1000 Hz, and voltage of 10 kV.

Equipment and Materials
The process and apparatus set up for experimentation consisted of the following
materials: Pressure regulator, Swagelok tubing and fittings, an ELDEX liquid metering pump,
KEYENCE VW-9000 Series High-speed Microscope, two large halogen light bulbs, a block of
quartz with a 4 mm internal gap distance, an inlet aluminum nozzle of 0.01” directed into the
reactor, and a 0.04” aluminum nozzle directed out of the reactor. An Eagle Harbor Technologies
NSP-120-20 NanoPulser was used to generate a plasma discharge by connecting a negative black
alligator clip to the aluminum inlet nozzle along with a positive red alligator clip to the
aluminum outlet nozzle. The NanoPulser was set to the following settings: Pulse width (ns)-60,
Pulse repetition frequency (Hz)-1k, Voltage (kV). A Tektronix DPO 3014 oscilloscope used to
monitor the electrical properties of the system in real time.
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Process Schematic
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Figure 4
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Process Description
The process begins with pure argon from an AirGas company gas cylinder. This argon is
passed through a pressure regulator set at 60 psi. The argon is directed by Swagelok tubing to a
T-Joint which connects the inlet gas and liquid flows to the reactor inlet nozzle. The water is
pumped by the electronically powered ELDEX reciprocating metering pump. This pump is set to
a desired flow rate by utilizing the electronic control panel on the pump. The water is pumped
through Swagelok tubing to meet the argon gas at the other end of the T-Joint.
The T-Joint acts as a mixing point where the argon and water are then directed downward
into the inlet nozzle and through the reactor. The argon and water enter and exit the reactor into a
beaker which collects the effluent and allows for further analysis and safe discharge. Once there
is liquid and gas flow through the reactor, the NanoPulser alligator clips may be connected and
the device may be engaged to initiate plasma discharge across the gas-liquid interface inside the
quartz reactor.
A mount for the reactor on the camera stand allows for x, y, and z movement of the
reactor. The reactor remains at an optimal distance of approximately 3.75” in front of the camera
lens. The camera body is connected to the camera monitor by thick wiring which transmit and
display all digital recordings. Surrounding the reactor at an angle of 45 degrees each, two large
halogen light bulbs housed in steal metal containers emit a powerful ambient light which
illuminates the reactor for high quality imaging.
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Data Acquisition and Processing
Obtaining High Quality Images
In order to obtain videos and images with enough quality and resolution to be processed
analytically, the frame rate, shutter speed, zoom, and focus all needed to be precisely tuned on
the High-speed Microscope. Additionally the reactor distance and illumination of the reactor
were also tuned to maximize video quality. As stated above, the optimal distance for the reactor
from the camera lens specified by the manufacturer according to the size of the region filmed is
approximately 3.75”. This distance was held constant throughout the experiments. Once the
distance is properly set, the lens can be physically adjusted using knobs on the lens itself. Three
separate knobs could be adjusted to specify zoom, focus, and aperture. The experiments were all
conducted with a completely open aperture to maximize the input of surrounding light. Optimal
focus was achieved using small adjustments in distance of the reactor from the camera lens while
the focus knob remained in the “neutral” position. Zoom was adjusted as necessary using the
physical knob on the lens as well.
The digital settings used were 1/4000 frames per second and 1/8000 seconds for frame
rate and shutter speed respectively. A trial and error of shutter speed and frame rate led to this
choice which ultimately balanced the light allowed into the lens (shutter speed) and the
resolution of the image (frames per second), while still providing enough clarity for data
analysis. However, these settings are highly dependent on the ambient light surrounding the
reactor. In order to ensure sufficient light taken in by the lens to clearly show the internal
hydrodynamic environment of the reactor, two large high wattage halogen lamps were used to
surround the reactor system and ensure the necessary amount of light was provided.
Determining Hydrogen Peroxide Concentration
To determine the hydrogen peroxide concentration in the effluent, a sample was collected
from the reactor system and analyzed using a PerkinElmer Lambda UV-VIS spectrometer6.
Before being placed in a cuvette for the spectrometer, the sample is first processed by diluting 1
mL of sample with a 2 mL solution of titanium (IV) sulfate. Once the sample is diluted it is
placed in the spectrometer which is set to a wavelength of 410 and an absorbance value is
recorded. The concentration of hydrogen peroxide is then determined based on a calibration
curve constructed relating absorbance and concentration.
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Determining Gas Flow Rate
The gas flow rate was determined using a 500 mL bubble meter in conjunction with a
liquid trap. In order to measure the gas flow rate the effluent was directed into an air tight liquid
trap with one inlet for the liquid effluent and one outlet which fed into the bubble meter. A
detailed procedure of this process can be found in the appendix.
Power Measurements.
Calculating the power required to initiate and sustain each plasma discharge was done by
using the values for voltage and current supplied to the system during the experimental period in
which plasma discharges were being initiated. These values are provided by the Tektronix
oscilloscope as waveforms seen in Figure 5. A math function was used by the oscilloscope to

Figure 5 Example waveform where blue wave indicates current, the yellow indicates
voltage, and the red indicates the math function

continuously multiply current and voltage and average the values in the unit of micro-Wattseconds (uWs) (represented by the red wave in Figure 5). The mean value for (uWs) was taken
once the value stabilized and was multiplied by the frequency of plasma discharges set by the
nanopulser in order to obtain the value corresponding to power.
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Determining Surface Area and Volume
The quantitative analysis of the hydrodynamics of the gas-liquid interface film was made
possible by developing a MATLAB script which evaluates 2-D images extracted from high
quality videos taken using a KEYENCE VW-9000 Series High-speed Microscope. Matlab was
chosen as the primary data analysis tool due to the challenge posed by the changing radius of the
interface along the height of the reactor. The change in radius with height makes a standard
surface area of volume calculation impossible without integrating over the height of the reactor
to account for the fluctuations in radius. The Matlab code developed provides a solution by
uploading an image and representing it as a matrix whose values correspond to the color and
shade of each pixel within the image. After an image is uploaded a code was developed to step
through all rows and columns of the matrix which corresponds to stepping through every pixel
within an image. The Matlab script can be found in the Appendix I, however, a description of the
programmed commands is as follows:
1) Upload a previously selected frame in which the boundary has been outlined by a distinct
color.
2) Upload one pixel of the distinct color and determine the matrix values for the red, green,
and blue components of the color chosen.
3) Split the frame uploaded in step 1 along the middle of the image.
4) Convert the matrix representing the image (AxBxC, where ‘A’ are the rows, ‘B’ are the
columns, and ‘C’ is a number 1-3 representing the dimensions of the image) into a
Cartesian coordinate system in which the maximum y-value corresponds to ‘A’ and the
maximum x-value corresponds to ‘B’.
5) Begin stepping through the each row of the matrix until the precise red, green, and blue
values corresponding to the values determined in step 2 are found.
6) Build a new matrix (D x E) in which ‘D’ corresponds to the column number, (x-values),
and ‘E’ corresponds to the row number,(y-values), in which the values for red green and
blue are located.
7) Plot the x and y values determined.
8) Define the height (H) and width (W) of one pixel in millimeters as pixW=[width(mm) of
reactor/number of pixels in x-direction] and pixH=[height(mm) of reactor/number of
pixels in y-direction].
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9) Determine total Volume and Surface Area using the formulas

and

in conjunction with a “for loop” which determines V and SA at each (x,y)
coordinate and sums that value with that of the previous (x,y) coordinate to produce a
numerically integrated value.
10) The numerically integrated value is displayed for Surface Area of the film as well as
Volumes of the gas and liquid inside the reactor.

Figure 6 Visual representation of Matlab operating sequence

Determining Interface Rate of Change
Values calculated for the interface rate of change are used as a quantitative measurement
for the fluctuation of the gas-liquid interface film seen for each experimental condition. In order
to calculate interface, or film, rate of change a total of ten still images for each water flow rate
per set of conditions over three sets were analyzed to determine the length of the interface film as
a function of time. For this measurement, the native KEYENCE High Speed Microscope
software was used. A video for the flow rate of interest is opened using the native software after
which the “multi-point still measurement” tool is used to trace the film interface. The length of
the interface was determined every ~0.003 ms for a total of 10 different values for length
depending on the still image analyzed. Once values for interface were determined, the difference
in length between successive images was divided over the time elapsed. A detailed procedure of
calibration and measurement is available in the appendix.
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Equations and Variables

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
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Statistical Analysis
Three separate sets of experimental conditions were completed and analyzed. One set
consists of the entire range of experimental water flow rates being run during the same
experimental session along with the chemical analysis. It is important to note that in order to
prevent error due to system start up and shut down for each water flow rate, the laboratory data
was conducted in “sets” and limited the amount of data that can be collected at once. Therefore,
gas flow rate and power data were collected in separate sets of experimental sessions, three total
sets for each respectively. However, the data is ultimately analyzed as three sets, or trials, of each
condition as a cumulative sum of the laboratory data collected.
The statistical analysis uses standard deviation from the mean as an indicator of
potentially significant relationships. One distinction that needs to be addresses is the error bars
displayed on figures in which hydrodynamic data is presented as the dependent variable should
not be read as “error” but instead interpreted as a function of the characteristic fluctuation of the
film interface for each water flow rate. This can be done since surface area and volume
calculations were conducted in MATLAB which used the length of the film in these calculations.
In order to mitigate any potential error associated with the fluctuating film a total of 5 still
images per water flow rate per set was analyzed in MATLAB and then averaged over the values
collected for all sets to include a total of 15 images per water flow rate.
The standard deviation was calculated using the following formula:

This formula was used for all values except for the energy yield of hydrogen peroxide
which involved the division of two values which contain potential error. Therefore the quotient
rule is applied and the standard deviation expression used is the following:
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III.

Results & Discussion
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Figure 8

Analysis of the gas to liquid flow rate ratio reveals that as the water flow rate is increased
the flow rate of gas decreases. The trend shown in Figure 8 shows a second order polynomial
relationship between the liquid to gas flow ratio and the increase in water flow rate following the
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, where “y” is liquid to gas flow ratio and x is

empirical fit,
water flow rate.
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Figure 9

Figure 9 shows that the increase in the water flow rate results in a greater volume of
water within the reactor. By increasing the volume of water inside the reactor, the characteristic
bubble which contains the gas phase is constrained, decreasing the volume of gas. We find that
there is in fact a limit to the flow rate of water possible through the reactor while still
maintaining the gas-liquid interface, after which the liquid volume overtakes the gas volume and
the reactor effectively becomes flooded. This limit is the point at which the gas flow reaches zero
through the reactor and the plasma discharge can no longer propagate.
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A particularly interesting trend which coincides with the increase in liquid to gas flow
rate ratio is the behavior of the film which forms the gas-liquid interface. Figure 10 shows the
rate of fluctuation of the gas-liquid interface. We find that as the water flow rate through the
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reactor increases, the film begins to fluctuate at a higher rate and exhibit a turbulent appearance
seen in Figure 12.

Figure 12

This phenomenon results in a noticeable increase in distribution of values for interface
length between 0.5 ml/min and 2.5 ml/min which is indicated by the error bars in Figure 11.
However, on average the length of the interface does not change significantly as the liquid to gas
flow rate ratio increases. The fluctuation in the film may be a result of the increased turbulence

Film Surface Area (mm^2)

associated with higher water flow rates surrounding the gas bubble formed inside the reactor.
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Figure 13

Given the increase in interface fluctuation between the first and second data points, one
might suspect that the surface area of the film also increases. However, it was found that the
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opposite is true as shown in Figure 13. The reason for the decrease in surface area of the
interface is due to the constriction of the gas bubble caused by the increased volume of water
inside the reactor, which decreases the radius per unit length of the reactor space. Since the
surface area is a function of the radius of the gas bubble, the combination of a fluctuating radius
and the uniform constriction with increased water flow rate results in lower surface area of the
film.
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Figure 14 Each set indicates a set of images analyzed for each flow rate taken from the same video.
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Figure 15
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The liquid and gas residence times were determined from the volumes of the liquid and
gas inside the reactor and the respective flow rates. The liquid residence time is shown in Figure
14 which shows the average values changing significantly between the first and second flow rate
and then remaining constant. However, due to the distribution of values for the liquid volume,
shown by the distribution bars, the relationship is not clearly defined. Interestingly, Figure 15
shows the gas residence time calculated using the volume of the gas bubble and the gas flow rate.
This trend is more obvious. We find that as the liquid to gas flow ratio increases, the residence
time of the gas increases, whereas the liquid residence time stays constant. In order to make
sense of this phenomenon, one must consider how residence time is calculated. Since the
residence time is a function of both flow rate and volume, it is possible to conclude that changes
in the volume of liquid and the liquid residence time are linearly proportional resulting in
constant values. Whereas in the case of gas residence time, the gas flow rate is decreasing at a
higher rate than the decrease in gas volume resulting in changing gas residence time with each
adjustment of water flow rate.
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Hydrogen Peroxide Cumulative Data
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Figure 16

Figure 16 shows the hydrogen peroxide production rate increasing almost linearly with an
increase in water flow rate.
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Amongst the most unexpected trends found is the relationship between hydrogen
peroxide production rates with surface area of the film. Originally, it was hypothesized that the
fluctuating interface would cause an increased surface area for the plasma channel to contact
water molecules, thereby increasing the production rate. However, Figure 17 shows the opposite
trend to be true. An analysis of the volume of water with hydrogen peroxide production rate may
provide more insight due to the dependency of surface area on the interface radius shown earlier.
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Figures 18 and 19 show the hydrogen peroxide production rates as functions of gas
residence time and volume of water, respectively. Since it was noted earlier that liquid residence
time may be considered constant within the distribution bars, an analysis of gas residence time
28

may be more relevant. We find a positive correlation between gas residence time and hydrogen
peroxide production rate. However, since there is no evidence the bulk gas phase plays a role in
the chemical reaction forming hydrogen peroxide, this phenomena is more of a correlation
resulting from the constriction of gas flow due to an increase in water volume. An analysis of
water volume and hydrogen peroxide production rate shows that the increase in water volume
plays a positive role in the increase in hydrogen peroxide production. This may be due to the
decrease in concentration of hydroxyl radical in the liquid phase which has been shown to
degrade hydrogen peroxide by the following chemical reaction7:
OH• + H2O2

HO2• + H2O

Preliminary calculations to quantify the rate of degradation of hydrogen peroxide can be done
using the following data7:
Table 1 Reaction Rates

OH• + OH•
OH• + H2O2

H2O2

k: 5.5*109 M-1s-1

HO2• + H2O

k: 2.7*107 M-1s-1

OH• production rate from H2O2

2.40 ± 0.25 *10-7 mol/s

In order to quantify the rate of degradation of hydrogen peroxide, the concentration of hydroxyl
radical is first estimated using the following equation:

The calculated concentration of hydroxyl radical can then be used to determine the rate of
formation and rate of degradation of hydrogen peroxide by using the reaction rates given in
Table 1. Results from this method are given in Table 2.
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Table 2

Flow Rate
(mL/min)

Volume H2O (L) H2O2 [M]

H2O

H202

H202

Residence OH [M]

Formation

Degradation

Time (s)

(M/s)

(M/s)

0.5

1.70E-06

0.002796

0.2

2.82E-02

4.38E+06

2.13E+03

2.5

5.90E-06

0.00082

0.14

5.69E-03

1.78E+05

6.25E+02

4.5

1.07E-05

0.00047

0.14

3.15E-03

5.46E+04

3.58E+02

6.5

1.28E-05

0.000308

0.12

2.25E-03

2.79E+04

2.35E+02

This table shows that the rate of degradation of hydrogen peroxide does in fact decrease as the
volume of water in the reactor increases. A comparison of the magnitude of hydrogen peroxide
formation and its degradation shows that the rate of degradation might play little role in the
change in hydrogen peroxide production rate. However, this calculation does not take into
account the spatial distribution of hydroxyl radical and hydrogen peroxide in throughout the
volume of liquid. Ultimately, more work needs to be done to determine the concentration of
hydroxyl radical in the entire liquid volume.
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Figure 20

Another key element to consider regarding the production of hydrogen peroxide is the
energy yield associated with its formation. The energy
yield is used to quantify the amount of hydrogen
peroxide produced as a function of the power required to
initiate and sustain a plasma discharge across the gasliquid interface. Essentially, it is a measure of production
efficiency. Figure 20 shows the relationship between
power required for plasma discharge and the water flow
rate. It can be seen that the power required to generate a
plasma discharge at the settings dictated by the
nanopulser (60 ns pulse, 1khz frequency, and 10kV),
increases with increased water flow rate. Two factors

Figure 21 Flow direction is from top of
image to bottom with liquid phase
surrounding the gas bubble

may contribute to the increase in power, the first is the
length of the plasma discharge, and the second is the volume of water surrounding the electrodes.
Assuming that the plasma discharge is traveling along the length of the interface, and given that
the average interface length remains constant with an increase in distribution around the average,
it is possible that interface length does not play a significant role for these experimental
conditions. The second possibility, volume of water around the electrodes, comes from the
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notion that plasma discharge through pure water requires more power than through gas or a gasliquid system5. Figure 21 shows a plasma discharge for a water flow rate of 6.5 ml/min,
corresponding to the highest power, it is possible that the fluctuating interface is creating a liquid
barrier around the bottom electrode which the plasma cannot penetrate unless the power
generated increases.

H2O2 Energy Yield (g/kWh)
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Figure 22

Figure 22 shows the relationship between energy yield of hydrogen peroxide and liquid
to gas flow rate ratio. For the purpose of reactor scale up and production of hydrogen peroxide,
one may observe that there is a significant difference between the first and second points with
only slight changes in the conditions following. One may note that this increase coincides with
the increased production rates of H2O2 with liquid to gas flow ratios. However, due to the
potential effect of interface fluctuation on discharge power, conditions with a lower interface
length distribution around the average point may be more favorable.
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Flow Regimes
An analysis and comparison of the Reynolds number and flow velocities was also
conducted in order to classify the flow regimes according to the criteria traditionally used in
small capillary multi -phase flow systems8. The follow formulas were used to determine the
Reynolds and velocity values:

v=Velocity
=Length of the region in which flow occurs
=Density
=Viscosity
Q=Volumetric Flow Rate
In order to determine the value for the diameter of the gas cavity was used for gas flow
and the annulus width of liquid flow was used. Results are given in Table 3.
Table 3

of Liquid
of Gas
Gas
Liquid
Gas
Liquid
Liquid flow Annulus
Cavity
Reynolds Reynolds Velocity Velocity
rate (ml/min) Region (mm) Region (mm) Value
Value
(m/s)
(m/s)
0.5

0.46

2.54

545.39

26.52

2.97

0.05

2.5

0.5

2.5

302.97

122.01

1.68

0.21

4.5

0.77

2.23

186.47

142.61

1.16

0.16

6.5

1.31

1.69

161.85

121.08

1.33

0.08

The most evident trend is the decrease in the gas flow Reynolds number with increasing
liquid flow rate. There is also a large change in values for liquid Reynolds number and gas and
liquid velocity values between 0.5 ml/min and 2.5 ml/min. However, one observes no clear trend
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for these values between 2.5 ml/min and 6.5 ml/min. This coincides with certain trends such as
energy yield and production rate in which the greatest change is seen between the first and
second data points. The reason for this is still poorly understood. Ultimately, by using the flow
data collected, we find that the flow regimes observed in this reactor are best classified as falling
between the churn and annular flow regimes given by Mishima and Hibiki8. Churn and annular
flow regimes best describe the system analyzed in this study since it is observed that at lower
liquid to gas flow ratios, there is a distinct gas and liquid region as expected in annular flow. As
the liquid to gas flow ratio increases, the flow regime resembles a transitioning into churn flow
in which the gas cavity collapses under the flow of surrounding liquid and the two phases
become less distinct.
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IV.

Conclusion
This analysis of the hydrodynamics inside a gas-liquid phase plasma reactor yielded both

expected and unexpected results pertaining to the hydrogen peroxide production rate. An
analysis of the data makes it clear that the liquid to gas flow ratio affects the volume of gas and
liquid inside the reactor as well as the rate of change of interface length and interface surface
area. By determining the volumes of gas and liquid inside the reactor the residence times were
determined. The gas residence time increased while the liquid residence time remained constant.
The discrepancy in residence time is believed to be a function of the rate of change of volume as
it relates to flow rate of both gas and liquid.
Coupling the hydrodynamics of the gas-liquid interface and the hydrogen peroxide
production rate yielded unexpected relationships between interface film surface area, liquid and
gas residence times, and volume of water. In regards to interface film surface area, it was shown
that the hydrogen peroxide production rate increased as surface area decreased. However, it is
important to note that the interface film surface area was a function of the liquid to gas flow rate
ratio. That is, as the flow rate ratio increased the volume of gas in the reactor decreased which
decreased the area of the gas-liquid interface surface where the plasma propagates. Along with
the decrease in gas volume and bubble surface area, the gas residence time increased whereas the
liquid residence time remained constant. The original hypothesis was that hydrogen peroxide
production rate increased with decreasing liquid residence time and increasing surface area.
However, since both of these trends were not seen, it is possible that the volume of water inside
the reactor plays a more important role. This may be due to the decrease in hydroxyl radical
concentration within the liquid phase which allows for lower rates of degradation of hydrogen
peroxide.
Other insights found form this study relate to the relationship between power for plasma
discharge and behavior of the gas-liquid interface. It was found that the gas-liquid interface
length did not significantly change although power increased. The increase in power may be due
to the fluctuating interface created instances in which the bottom electrode became submerged in
water which increased the power necessary for plasma discharge through the submerged region.
Energy yield for hydrogen peroxide production was also determined to be optimal for the
condition of 2.5ml/min water flow rate. This is due to the increase in production rate while still
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being at a relatively low discharge power as a result of smaller fluctuations in the interface which
allowed for both electrodes to remain primarily exposed to the gas phase.
Although this work provided a new data as well as new insights into the effects of
hydrodynamic properties on the production rate of hydrogen peroxide and the propagation of
plasma in a gas-liquid plasma reactor, more work needs to be done varying the inlet nozzle
diameters. This will allow for further study of the effects of liquid to gas flow rate ratio on liquid
volume, residence time, and hydrogen peroxide production rate. It is also important that in the
future, a more efficient system to analyze the 2-D images be developed to process larger
quantities of images in order to mitigate any potential error or misleading results caused by the
characteristic fluctuating gas-liquid interface.
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VI.

Appendix I
Experimental Procedure

Obtaining High Quality Images
1) De-Ionized water is placed in beaker (B-2).
2) Lights, (L-1) and (L-2), are switched on.
3) Camera monitor (CM-1) is to be turned on, which automatically turns on the entire
camera (CA-1 and CA-2).
4) Ball valve (V-1) is opened to allow for building gas flow through pressure regulator (PR1).
5) PR-1 is adjusted to 60 psi.
6) Metering Pump (P-1) is set to the proper pre-determined water flow rate.
7) Desired shutter speed (1/8000) and frame rate (4000 fps) are set on CM-1.
8) Camera focus and zoom are adjusted to display desired video quality of CM-1 by
changing focal length (lens to distance to R-1) and varying zoom on lens CA-2
respectively.
9) Video of ~1.5 seconds is taken of the internal hydrodynamic system of reactor and saved
onto CM-1.
10) Crop video frames to length and width of the internal portion of the reactor in which the
flow takes place.
11) Five images are extracted at random time intervals across the length of the video.
12) Images are saved on external hard-drive to be further processed using Microsoft paint and
Matlab on a PC computer.
Determining Hydrogen Peroxide Concentration
Steps 1-6 above are repeated
7) NanoPulser (PS-1) is set to desired settings as listed in process description.
8) NanoPulser (PS-1) is engaged once flow has been visually confirmed.
9) At least 2mL of reactor effluent is collected in beaker B-1.
10) Beaker B-1 is removed and an empty beaker is placed to prevent exiting effluent from
leaking on to surface.
11) PS-1 is disengaged.
12) 1mL of effluent is placed into clear cuvette and diluted with 2mL TiSO4.
13) Cuvette is then placed in pre calibrated UV-VIS spectrometer and absorbance at 410 nm
wavelength is recorded.
Determining Gas Flow Rate
Prior to collecting gas flow rate data an adjustment must be made to the outlet section of the
reactor.
1) Swagelok tubing is placed on the outlet aluminum nozzle.
2) A liquid trap consisting of a capped vial with two air tight holes in the cap is constructed.
3) Tubing placed on the outlet aluminum nozzle is placed in first of two holes of liquid trap.
4) Tubing is placed in second hole of liquid trap and directed into a 500 mL bubble
flowmeter.
6) Steps 1-6 from the previous section are repeated to initiate gas-liquid flow.
7) Once flow has been confirmed, a bubble is generated in the bubble flowmeter.
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8) A timer is used to track the bubble as it moves through a measured volume in the
flowmeter.
9) Time and volume in which the bubble has traveled is recorded for each given set of
conditions.
Determining Gas-Liquid Interface Surface Area and Volume of Gas
1) Open a single image in Microsoft Paint.
2) Using the pencil option and a distinct color (lime green in this case), a line is drawn from
the top of the image to bottom of the image tracing the gas-liquid film interface.
3) This image is saved as a bitmap image (.bmp) in order to maintain the integrity of the
trace line color.
4) Repeat for all images in question taken by the KEYENCE VW-9000 Series High-speed
Microscope.
5) Open blank template page on Microsoft Paint.
6) “Fill” with the color chosen as the tracing line in the reactor images.
7) Re-size image to 1 x 1 pixels.
8) Save image as bitmap image (.bmp) to maintain color integrity.
9) Open Matlab script created for post-image acquisition analysis titled “Area_Finder.m”
10) Type in file name of pure color image from step 8 in A=imread(‘filename.bmp’) and
reactor image file name from step 3 in image=imread(‘filename.bmp’) NOTE: Ensure
that a Matlab pathway is set up to read the folder in which these images are saved.
11) Run the script and record values in Microsoft excel.
12) Repeat steps 10 and 11 all images acquired for each particular set of conditions (water
flow rate, inlet nozzle size, and reactor gap size combination).
13) Utilize Microsoft excel in further analysis and comparison.
Determining Interface Rate of Change
1) A video is opened with the software.
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2) By clicking “Measurement/Text” an option to set XY calibration is provided.

3) Under Measurement/Text XY CalibrationLens Settings a window appears to set
calibration.

4) By clicking “Calibration” a new window appears to set a pre-determined reference
measurement.
5) A reference of 4mm is set for the gap length according to known reactor dimensions.
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6) Length of plasma may now be measured by returning to window 1 and clicking
“MeasurementsMain Measurement”.
7) “Multi-Point” measurement can be used to trace the length of the interface.
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Matlab Code
clc
clear
% function [ loc,loc2 ] = Area_Finder( A )
%FIRST UPLOAD IMAGE AND CALL IT "A"
A=imread('yellow.bmp'); %UPLOADS COLOR USED TO SET BOUNDARY
tR=A(1,1,1); %GIVES RED COMPONENT NUMBER
tG=A(1,1,2); %GIVES GREEN COMPONENT NUMBER
tB=A(1,1,3); %GIVES BLUE COMPONENT NUMBER
image=imread('0.5ml_.01in_4mm001.bmp'); %UPLOADS IMAGE IN QUESTION
%SPLIT IMAGE IN HALF TO DEFINE RADIUS
[q r c]=size(image);
s=r/2;
%SPLITS IMAGE TO LEFT SIDE
n1=image(1:q,1:s,:);
% CONVERTS DESIGNATED PIXEL INTO X AND Y IN ORDER TO PLOT
[L W c]=size(n1); %c [i j c] c=1,2,or 3
count=1;
count2=1;
for i=1:L;
for j=1:W;
B=n1(i,j,:);
if B(1,1,1)==tR && B(1,1,2)==tG && B(1,1,3)==tB %if the values for the colors defined are found in
the matrix
x=i; %define the row as x
y=j; %define the column as y
loc(count,1)=x; %loc-->location(matrix) row in which color is found
loc(count,2)=y; %column in which color is found
count=count+1; %builds up matrix by number of rows
break
elseif j==W %if the column is = to the number of columns in the matrix (no color found)
x=i;
y=j;
loc2(count2,1)=x;
loc2(count2,2)=y;
count2=count2+1;
end
end
end
loc(count,1)=x; %loc-->location(matrix) row in which color is found
loc(count,2)=y;
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