
1 
 

 

“This is an author-created, un-copyedited version of an article accepted for publication/published 

in Journal of Physics D: Applied Physics. IOP Publishing Ltd is not responsible for any errors or 

omissions in this version of the manuscript or any version derived from it. The Version of Record 

is available online at DOI: https://doi.org/10.1088/1361-6463/aaf132.” 

 

 

 

The Influence of Liquid Conductivity on Electrical Breakdown and Hydrogen Peroxide 

Production in a Nanosecond Pulsed Plasma Discharge Generated in a Water-film Plasma 

Reactor 

Huihui Wang 1, Robert J. Wandell 1, Kosuke Tachibana 2, Jan Voráč 3 and Bruce R. Locke 1 

1Department of Chemical and Biomedical Engineering, FAMU-FSU College of Engineering, Florida 

State University, Tallahassee, FL 32310-6046, United States 

2 Department of Innovative Engineering, Faculty of Science and Technology, Oita University, 700 

Dannoharu, Oita city, Oita 870-1192, Japan 

3Department of Physical Electronics, Masaryk University, Kotlářská 2, 61137 Brno, Czechia 

 

ABSTRACT 

The influence of liquid conductivity on electrical breakdown and hydrogen peroxide (H2O2) 

production in a nanosecond pulsed filamentary discharge generated in a water film plasma reactor 

was investigated over the liquid conductivity range from 0.01 mS/cm to 36 mS/cm by adding KCl 

to deionized (DI) water and using helium and argon as carrier gases. The plasma properties, 

including electron density, gas temperature, and plasma volume, the H2O2 production rate and 

energy yield, and the energy dissipation into the liquid were determined at different liquid 

conductivity. The energy dissipation into the bulk liquid increased as the liquid conductivity 

increased causing the total input energy to increase and resulting in a small decrease in H2O2 

energy yield. In addition, the production rate of H2O2 didn’t change significantly with conductivity 

for the helium plasma but decreased about 13 percent in the argon plasma. The energy deposited 

in the helium plasma didn’t change with conductivity, thereby causing the H2O2 energy yield based 

upon energy in the plasma to be constant with conductivity. A model based upon the electrical 

circuit was used to predict the breakdown voltage for a range of liquid conductivity up to 36 mS/cm. 

This model also showed that decreasing the rise time of the applied voltage (i.e., faster rising rate) 

significantly increased the breakdown voltage, and therefore improved the liquid conductivity 

tolerance of the plasma system allowing it to function at near sea-water conductivity. 
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Introduction 

Non-thermal plasma technology has been widely studied for water treatment since electrical 

discharges formed with liquid water generate reactive species such as hydrogen peroxide (H2O2) 

and hydroxyl radicals (·OH), and these reactive species can degrade pollutants in the liquid phase 

into partially oxidized or completely mineralized products [1-4]. Because it is based upon these 

highly reactive species, non-thermal plasma technology, also considered a type of Advanced 

Oxidation Process [5], has a much faster treatment time than conventional biological methods, and 

it can also degrade organic compounds which are difficult to degrade by microorganisms [4, 6]. 

The influence of operating conditions such as the reactor geometry, power supply characteristics 

and plasma properties, and liquid flow rate on the wastewater treatment efficiency and the yield of 

various reaction products was investigated in previous studies [7-10]. 

The effects of liquid conductivity were also studied in the previous work since many contaminated 

sources of water, including various drinking water and industrial waste water, can have a very high 

liquid conductivity, and many plasma processes where the plasma discharge contacts liquid water 

are sensitive to the solution conductivity. The effects of conductivity on the chemical and physical 

processes in electrical discharges have been studied in cases of completely submerged underwater 

discharges. For example, Shih et al. [11] investigated the influence of liquid conductivity on the 

intensity of ·OH emission and the H2O2 generation rate of a microsecond pulsed discharge 

generated directly in the liquid phase. The ·OH emission and H2O2 generation rate decreased 

approximately 5 and 4 times, respectively, as the liquid conductivity was increased from 0.005 

mS/cm to 1 mS/cm. Lukes et al. [12] reported that the UV emission increased 10 times but the 

H2O2 concentration decreased 6 times in the microsecond pulsed corona discharge generated 

directly in the liquid as the liquid conductivity was increased from 0.1 mS/cm to 0.5 mS/cm. They 

concluded that the decrease of H2O2 yield was due to increasing rates of photolysis as liquid 

conductivity was increased. Maehara et al. [13] found that the ·OH concentration decreased and 

then increased as the liquid conductivity was increased from 0.002 mS/cm to 70 mS/cm in an RF 

plasma generated directly in the liquid. 

The effects of liquid conductivity on discharges generated over and in contact with liquid surfaces, 

including bubbles and aerosol droplets, have also been studied. Kornev et al. [14] investigated the 

influence of liquid conductivity on the energy dissipation and the stability of a nanosecond pulsed 

corona discharge. In their study, the plasma was generated between two parallel plate electrodes, 

and water droplets were sprayed into the discharge zone. They found that the energy dissipation 

into the treated solution reached 30 percent of the delivered energy to the reactor when increasing 

the liquid conductivity to 45 mS/cm, and the transition of a corona discharge to a spark discharge 

took place at this high liquid conductivity. Hamdan et al. [15] reported the effects of liquid 

conductivity on the discharge characteristics of nanosecond pulsed spark discharges generated 

inside gas bubbles immersed in a liquid. They found that the discharge probability, which they 

defined as the number of successful discharge out of 200 pulses, decreased from 50% to less than 

5% and the plasma volume decreased about 5 times upon increasing the liquid conductivity from 

0.01 mS/cm to 2.00 mS/cm.  However, the electron density did not change significantly with the 

liquid conductivity. Midi et al. [16] studied how water conductivity affected the discharge emission 
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and the current distribution in a microsecond pulsed spark discharge generated on the surface of a 

liquid, and they concluded that the liquid conductivity influenced the electric field and therefore 

affected the current distribution. Akishev et al. [17] studied the influence of liquid conductivity on 

positive gas phase streamers propagating on the surface of bubbles and foams, and they concluded 

that the conductivity of the liquid decreased the strength of the electric field at the head of the 

streamer, thus affecting the electric breakdown. 

In general, the effects of liquid conductivity on the light emission, product yield, energy dissipation, 

and discharge probability were studied for different plasma systems. However, few studies 

discussed the effects of liquid conductivity on the formation of plasma and electrical breakdown. 

Yan et al. [18] investigated the effects of liquid conductivity, applied voltage, and electrode 

diameter on the generation of microsecond pulsed plasma inside liquid water using a 

computational model to simulate the formation of vapor layer on the electrodes during the pre-

breakdown process. Their model showed that the plasma was formed faster at the high applied 

voltage in the highly conductive liquid using electrodes of small diameter. But they did not report 

how liquid conductivity affects the breakdown voltage. Since the electrical breakdown is the key 

step for generating plasma discharge, it is therefore very important to determine how the liquid 

conductivity influences the breakdown in order to improve the liquid conductivity tolerance of 

plasma systems. The liquid conductivity tolerance, which we term here the maximum liquid 

conductivity where electrical breakdown occurs and a plasma discharge is formed, is usually 

related to the nature of the power supply as well as the geometry of the reactor and the means of 

contacting the plasma with the liquid. In our previous work [9, 19], an ignition coil was combined 

with a function generator to produce microsecond pulsed discharges in a small water film plasma 

reactor [20]. This type of power supply generates pulses with relatively long rise time (about 4 s) 

and pulse width (>100 s). With this power supply no discharge was generated when liquid 

conductivity was higher than 0.5 mS/cm. 

According to Zhang et al. [21] the breakdown voltage is negatively related with the pulse rise time 

in a gas phase dielectric barrier discharge. Komuro et al. [22] and Huiskamp et al. [23] showed 

that shorter voltage rise times made the emission of streamer discharge generated in air stronger 

and the propagation rate of streamer head faster than streamers generated by applying voltages 

with longer rise times. Therefore, in the present work we used a fast-rising nanosecond pulsed 

power supply with a water film gas-liquid plasma reactor to investigate the system performance 

over a wider range of liquid conductivity. The liquid conductivity was adjusted by adding KCl to 

deionized (DI) water, and the plasma properties including electron density, gas temperature and 

plasma volume, H2O2 production rate and energy yield, and discharge energy were measured. The 

influence of liquid conductivity on the breakdown voltage was also investigated through 

experiments and an electrical circuit simulation. The results showed that the fast rise time and short 

pulse system has a much higher liquid conductivity tolerance and can generate a strong discharge 

even when the liquid conductivity is as high as 36 mS/cm.  
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Methods 

Experimental setup 

The same water film plasma reactor and experimental setup, Figure 1 (a), were used as in previous 

studies [7, 24, 25]. As shown in Figure 1 (b), the liquid and gas mixture entered the reactor through 

the upper nozzle and exits the reactor through the lower nozzle. A water film along the reactor 

wall was formed as soon as the liquid-gas mixture enters the reactor due to the high pressure of 

the carrier gas (approximately equal to 200 kPa). The pressure of the mixture inside the reactor 

was estimated to be 2.5 atm using choked flow theory [26]. The upper and 

lower nozzles also function as the cathode and anode, respectively, and were connected to a 

nanosecond pulsed power supply (NSP 120-20, Eagle Harbor Technologies, LLC, Seattle 

Washington) to generate the non-thermal plasma along the surface of the water film. The liquid 

sample flowing out of the reactor was collected, and the concentration of H2O2 in the liquid 

samples was measured [9, 26-28] by adding titanium sulfonate and measuring the absorption of 

light at 407 nm through the sample with a UV-Vis spectrometer (Perkin-Elmer, Lambda 35; 

Waltham, MA). Since the water-film reactor is a continuous flow steady-state reactor, the 

concentration of H2O2 in the liquid sample is not affected by the sample collection time. The 

average production rate of H2O2 was calculated by multiplying the H2O2 concentration by the 

liquid flow rate. The residence time of the liquid in the reactor is 150 ms, therefore the production 

rate of H2O2 represents the production of H2O2 averaged over many pulses. Plasma diagnostics 

were conducted using an optical emission spectroscopy (Avantes, AvaSpec-ULS3848) with a 

resolution of 0.13 nm to measure the plasma properties including electron density and gas 

temperature. Electrical diagnosis was performed using a Rogowski coil (Pearson Electronics, 

model 6585; Palo Alto, CA) and a high voltage differential probe (Tektronix, THDP0100) with 75 

MHz bandwidth. The Rogowski coil was placed around the discharge region of the plasma to 

directly measure the discharge current [7]. A resistor chain of 5000 Ω was connected in parallel 

with the reactor to function as the voltage divider, and the high voltage probe was connected to 

Fig 1. (a) Experimental set up and (b) the sketch of water film plasma reactor 
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one of the resistors in order to protect the probe from being damaged by the high voltage pulses. 

Both the Rogowski coil and the high voltage probe were connected to an oscilloscope (Tekronix 

MDO 3014; Beaverton, OR) to display and record both the voltage and current waveforms. The 

total energy consumed in each pulse was calculated with equation (1). 

Etot = ∫𝑉𝑒𝑥𝑝(𝑡)𝐼𝑒𝑥𝑝(𝑡)𝑑𝑡                                                     (1) 

Where 𝑉𝑒𝑥𝑝 and 𝐼𝑒𝑥𝑝 are the total discharge voltage and current measured from the experiment. 

The overall energy yield of H2O2 was calculated by dividing the production rate of H2O2 (in 

grams/s) by the total consumed power (in watts). 

 

Gas temperature measurement using OH(A-X) peak 

The same two-temperature fitting method was used as in our previous work [7] since the 

abundance of water in the system makes the rotational distribution of ·OH deviate from the 

Boltzmann distribution [29, 30]. To use the two-temperature fitting method, the Boltzmann plot 

was generated using MassiveOES [31-33] as shown in Figure 2, and the plot was fitted to minimize 

the expression given in equation (2). 

min
(𝑎1, 𝑎2, 𝑇1, 𝑇2)

∑ [ln (𝑎1𝑒
−𝐸

(𝐽′,𝑁′)
(𝑘𝑇1)⁄

+ 𝑎2𝑒
−𝐸

(𝐽′,𝑁′)
(𝑘𝑇2)⁄

) − ln (
𝑛
(𝐽′,𝑁′)

2𝐽′+1
)]
2

(𝐽′,𝑁′)          (2) 

Where 𝑎1  and 𝑎2  are the linear factors for the cold and hot groups, and the 𝑇1  and 𝑇2  are the 

temperatures corresponding to the cold and hot groups respectively. The temperature of the cold 

group was found to be close to the gas temperature of the plasma [31]. Three Boltzmann plots 

T1=658 K 

T2=8472 K 

Fig 2. Boltzmann plot and two temperature fitting curve of OH (A-X) peak in helium plasma 

generated in DI water at 20 kV, 50 ns, and 2 kHz. The liquid flow rate is 1 mL/min.  
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were generated using MassiveOES for each spectrum, and the temperature measurement was 

repeated three times for each condition. The error bars for the gas temperature are based upon one 

standard deviation. For the spectrum of the plasma generated in argon as shown in Figure 3 (a), 

the ‘baseline’ of the spectrum was determined and subtracted before generating the 

Boltzmann plot since the intensity of the continuum radiation is very strong. The strong intensity 

of the continuum spectrum in the argon plasma is possibly caused by the higher electron density 

of argon plasma since the continuum spectrum is directly influenced by the electron density [34]. 

Variation in subtracting the spectrum baseline causes significant differences among the Boltzmann 

plots, and this leads to the larger error bars in the gas temperature measurement of the argon plasma. 

The baseline removal is not necessary for the helium plasma since the continuum radiation is 

Fig 3. Spectrum in the 300-400 wavelength range of (a) argon discharge and (b) helium discharge. 

The power setting was fixed at 20kV, 50ns, and 2kHz. The liquid flow rate is 1 mL/min, and DI water 

was used in this case. 
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relatively weak as shown in Figure 3 (b). Therefore, the error bars for the gas temperature of helium 

plasma are small. 

 

Electron density measurement 

The electron density of the helium discharge was measured using the Stark broadening of the Hα 

peak. The peak was first deconvoluted into the Gaussian and Lorentz profiles by fitting the overall 

peak profile to the Voigt function [35]. 

The Gaussian profile was determined by the Doppler and instrument broadening. The FWHM of 

instrument Broadening was determined by the resolution of the OES, and the FWHM of the 

Doppler broadening was calculated with equation (3) [35]. 

Fig 4. (a) Hα peak fitting in argon discharge and (b) Hα peak fitting in helium discharge. The power 

setting was fixed at 20 kV, 50 ns, and 2 kHz. The liquid flow rate is 1 mL/min, and DI water was 

used. 

wL = 0.31 nm 

wG = 0.13 nm 

(a) 

(b) 
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𝑤𝐷 = 7.162 × 10
−7𝑤𝑐√

𝑇𝑔

𝑀
                                                   (3) 

Where 𝑇𝑔 is the gas temperature, measured using the OH (A-X) peak from the experiment, 𝑤𝑐 is 

the wavelength of the center of the peak, and 𝑀 is the atomic mass of the emitter. The FWHM of 

the Gaussian profile (𝑤𝐺) was determined by equation (4) [35]. 

𝑤𝐺 = √𝑤𝐷
2 + 𝑤𝑖𝑛

2                                                           (4) 

Where 𝑤𝑖𝑛 is the FWHM of instrument Broadening. This allows to fix the Gaussian part of the 

Voigt profile which makes the fitting procedure more robust. The Van der Waals and Stark 

Broadening contribute to the Lorentz profile. The FWHM of Van der Waals Broadening was 

calculated by equation (5) [35]. 

𝑤vdw =
𝐶

𝑇𝑔

7
10

                                                              (5) 

Where 𝑇𝑔 is the gas temperature of plasma, 𝐶 is the constant determined by what type of carrier 

gas was used, and its value equals to 5.12 and 2.42 respectively [36] for argon and helium, 

respectively. The FWHM of Stark broadening was calculated by subtracting the FWHM of the 

Van der Waals broadening from the FWHM of the Voigt profile as given by equation (6) [35]. 

𝑤𝑠 = 𝑤𝐿 − 𝑤𝑣𝑑𝑤                                                           (6) 

The electron density was then calculated using equation (7) [35]. 

wS = 1.78 nm × (
𝑛𝑒

1023𝑚−3)
0.67965

                                          (7) 

Where wS is the FWHM of Stark broadening, 𝑛𝑒 is the electron density. 

The argon discharge is highly inhomogeneous[37, 38], especially when the discharge power is 

high. Therefore, fitting the Hα peak using a single Voigt function is difficult in an argon plasma. 

To take the inhomogeneity into consideration, the profile of Hα in the argon discharge was fitted 

to a combination of two Voigt functions, as in equation (8), corresponding to the high and low 

electron densities, respectively.  

𝑎𝑓𝑣,1(𝑥;𝑤𝐺1, 𝑤𝐿1) + (1 − 𝑎)𝑓𝑣,2(𝑥;𝑤𝐺2, 𝑤𝐿2)                                   (8) 

Where 𝑎 is the coefficient defining the contribution of Voigt profile 1 to the overall peak profile. 

The average electron density was calculated by equation (9). 

𝑛𝑒 = 𝑎𝑛𝑒1 + (1 − 𝑎)𝑛𝑒2                                                 (9) 

Where 𝑛𝑒1 and 𝑛𝑒2 are the electron densities calculated using the FWHM of the Lorentz profile 

(𝑤𝐿1 and 𝑤𝐿2) in equation (8), respectively.  
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The Hα peak in both argon and helium plasma was automatically fit to the equations using the FIT 

function in MATLAB, and the fitting profile is shown in Figure 4. The measurement of electron 

density was repeated three times, and the error bar was set to one standard deviation for each 

condition. 

 

Estimation of cross-sectional area of plasma channels 

Since a filamentary discharge is formed in the water film plasma reactor as shown in Figure 5, and 

the volume of the plasma is difficult to determine from the photographic images, the current 

density was used to estimate the volume of the plasma and the contact area between the liquid and 

plasma by equation (10) [7, 35]. 

A =
Ig,max

J
=

Ig,max

ne𝑒𝜇𝑒𝐸
                                                         (10) 

Where A is the cross-sectional area of a plasma channel, Ig,max is the peak discharge current 

determined by subtracting the current which passes through the liquid film from the total discharge 

current measured in the experiment, J  is the current density of the plasma, 𝑒  is the 

elementary charge, 𝜇𝑒 is the mobility of electrons estimated using Bolsig+ (version 03/2016) [39], 

𝑛𝑒 is the measured electron density, and E is the electric field estimated using the discharge voltage 

and the electrode gap distance. In addition, since the peak discharge current and the electron 

density were measured using the time and spatially averaged spectra, the cross-sectional area 

estimated using equation (10) is close to the maximum cross-sectional area of the plasma channel 

during one pulse. The maximum contact area between the plasma and liquid was estimated by 

assuming that the plasma channel is cylindrical and only half of the plasma contacts the liquid as 

in equation (11). 

Fig 5. Zoomed in photo of the discharge region and filamentary plasma channel formed along the 

surface of the water film for the argon carrier gas. 
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Area = πrp𝑙                                                            (11) 

Where 𝑙 is the length of the plasma channels, approximately equal to the length of the reactor 

which is the same as the electrode gap distance, and rp is the radius of the plasma channel.  

 

Simulation of discharge voltage and current using current balance equation 

A model based upon the electrical circuit shown in Figure 6 (a) was developed to study how liquid 

conductivity influenced the electrical breakdown. The model was constructed based on the current 

pathway as shown in Figure 6 (b). The total current of the circuit equals the displacement current 

added to the conductive current as shown by equation (12) [40, 41]. 

𝐼𝑜 = 𝐼𝑐𝑜𝑛 + 𝐼𝑑𝑖𝑠                                                         (12) 

Where 𝐼𝑜, 𝐼𝑐𝑜𝑛, and 𝐼𝑑𝑖𝑠 represent the total current passes the plasma system, conductive current, 

and displacement current, respectively. The displacement current is caused by the capacitance of 

the reactor, and the conductive current includes the current passing through the plasma channel, 

water film, and the voltage divider. The current was assumed to not flow across the interface 

between the plasma and liquid since the plasma is much more conductive compared with the liquid. 

The conductive current is dependent on the resistance of the voltage divider, liquid film, and 

plasma channel. The conductivity of plasma can be given by 𝜎𝑝 = 𝑒𝜇𝑒𝑛𝑒  [35, 42]. 

Therefore, the resistance of the plasma channel (Rp) can be estimated using equation (13). The 

resistance of plasma is a function of time, and its value at a specific time point is inversely 

proportional to the electron density [21, 43] as shown in equation (13).  

Rp ≈
𝑙

𝐴𝜎𝑝
=

𝑙

𝐴𝑒𝜇𝑒𝑛𝑒(𝑡)
                                                        (13) 

𝐴 is the cross-section area of plasma channel, and it changes with time during a single pulse. But 

since the change of 𝐴 is not as significant as electron density, the maximum cross section area 

Fig 6. (a) Description of the circuit for simulating the plasma discharge in the water film plasma 

reactor. (b) Current flow pathway in water film plasma reactor assuming the liquid is conductive. 
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estimated using equation (10) was used and was assumed to be the constant in the model. Therefore, 

the total current in equation (12) can be written as in equation (14). 

𝐼𝑜(𝑡) = 𝐶𝑝
𝑑𝑉𝑔(𝑡)

𝑑𝑡
+

𝑉𝑔(𝑡)

𝑅𝑝(𝑡)
+
𝑉𝑔(𝑡)

𝑅𝑤
+
𝑉𝑔(𝑡)

𝑅3
                                       (14) 

𝐶𝑝 is the measured capacitance of the reactor, 𝑉𝑔 is the discharge voltage of the plasma, and 𝑅𝑤 

and 𝑅3 are the resistance of the liquid film and the voltage divider, respectively. 

The total voltage in the circuit is given by equation (15). 

𝑉(𝑡) = 2𝑅𝑠𝐼𝑜(𝑡) + 𝑉𝑔(𝑡) + 𝐿
𝑑𝐼𝑜

𝑑𝑡
                                            (15) 

 𝑉(𝑡)  is the applied voltage, 𝐿  is the stray inductance of the wires, and 𝑅1  and 𝑅𝑠  are the 

resistances as shown in Figure 6 (a). The applied voltage is determined by the power supply and 

was assumed to not be affected by the outer circuit. Combing equation (14) and equation (15), 

gives equation (16). 

𝑉(𝑡) = 𝐿𝐶𝑝
𝑑2𝑉𝑔

𝑑𝑡2
+ (2𝐶𝑝𝑅𝑠 +

𝐿

𝑅𝑤
+

𝐿

𝑅3
)
𝑑𝑉𝑔

𝑑𝑡
+ 𝐿

𝑑

𝑑𝑡
(
𝑉𝑔(𝑡)

𝑅𝑝(𝑡)
) + [

2𝑅𝑠

𝑅𝑝(𝑡)
+
2𝑅𝑠

𝑅𝑤
+
2𝑅𝑠

𝑅3
+ 1] 𝑉𝑔(𝑡)     (16) 

At the beginning of the pulse, the discharge voltage and the rate of rise of the discharge voltage 

equal zero. Therefore, the initial conditions for equation (16) can be given by equations (17) and 

(18). 

𝑉𝑔(𝑡 = 0) = 0                                                           (17) 

𝑑𝑉𝑔

𝑑𝑡
|
𝑡=0

= 0                                                            (18) 

According to Simeni et al. [44], the time resolved electron density of a nanosecond pulse discharge 

over the surface of liquid water increased and decayed rapidly with discharge current. Due to the 

limitation of the instrument, the time-resolved electron density of current work cannot 

Fig 7. Assumed electron density variation with time in the argon plasma. 
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be measured from the experiment. Therefore, the electron density in our work was assumed to 

exponentially increased from 0 to 1024 m-3 and then linearly decay simultaneously with the 

discharge current in the argon plasma as shown in Figure 7. The electron density measured from 

the experiment using the time average spectrum is on the order of magnitude of 1023 m-3, therefore 

we assumed the maximum electron density to be 1024 since we expected the maximum electron 

density during one pulse to be larger than the electron density measured using the time and spatially 

averaged spectrum. The rise time of the applied voltage is about 20 ns according to the power 

supply manufacturer’s specifications. The applied voltage function was defined by equation (19). 

𝑉(𝑡) =

{
  
 

  
 

    

0                                                                                         (𝑡 < 10 𝑛𝑠)
𝑉𝑝

20×10−9
(𝑡 − 10−9)                            (𝑡 > 10 𝑛𝑠 𝑎𝑛𝑑 𝑡 < 30 𝑛𝑠)

𝑉𝑝                                                           (𝑡 > 30 𝑛𝑠 𝑎𝑛𝑑 𝑡 < 60 𝑛𝑠)

𝑉𝑝 −
𝑉𝑝

20×10−9
(𝑡 − 60 × 10−9)         (𝑡 > 60 𝑛𝑠 𝑎𝑛𝑑 𝑡 < 80 𝑛𝑠)

0                                                                                         (𝑡 > 80 𝑛𝑠)

                  (19) 

𝑉𝑝 is the peak value of the applied voltage, equal to the 20 kV constant input voltage.  

By using the two initial conditions, (17) and (18), and the equations that describe the change of 

electron density (shown in Figure 7) and the applied voltage, equation (16) was solved using 

MATLAB to determine the discharge voltage. The discharge current was then calculated using 

equation (20). 

Ig(t) = Vg(𝑡)/𝑅𝑝(𝑡)                                                       (20) 

 

 

Estimation of energy dissipation in the liquid 

The capacitance of the plasma reactor which is related to the geometry of the plasma reactor was 

estimated from the displacement current using equation (21). The applied voltage, pulse width and 

frequency were set to 200V, 20 ns and 1000 Hz, respectively, to avoid electrical breakdown. The 

voltage change was measured using a high voltage probe, and the displacement current was 

measured using a Rogowski coil placed around an HV lead.  

Idis = Cp
𝑑𝑉

𝑑𝑡
                                                              (21) 

The resistance of the liquid film was estimated using a similar method by placing the Rogowski 

coil centered on the reactor at the discharge region, and when there is no discharge generated, the 

measurement captures current passing through the liquid film. The resistance of the water film at 

different liquid conductivity was then determined by dividing the measured voltage by the 

measured current. Both the capacitance and resistance measurements were repeated three times, 

and the average value was determined and used in the circuit model. The stray inductance of the 
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wires in the circuit (L in Figure 6) was measured using an LCR meter (Agilent U1731C) by 

removing the HV lead from the output of the power supply. 

The energy dissipated in the liquid was determined using equation (22) with equation (23).  

Edissipation = ∫ 𝐼𝑤(𝑡)𝑉𝑒𝑥𝑝(𝑡) 𝑑𝑡                                                   (22) 

Iw(𝑡) =
𝑉𝑒𝑥𝑝(𝑡)

𝑅𝑤
                                                          (23) 

Iw is the current passing through the liquid film during the plasma discharge, and it approximately 

equals zero when DI water was used. 
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Results and Discussion 

Electrical diagnostics 

Figure 8 shows the comparison of the current and voltage waveforms for discharges generated in 

DI water and 36 mS/cm KCl solutions. For the discharge in DI water, the current flow increased 

 

rapidly to its peak value as soon as the voltage reached the time point of breakdown, and the current 

flow was very small before the electrical breakdown since the DI water has a low conductivity. 

For the discharge in the highly conductive KCl solution, a significant amount of the current can 

pass through the liquid film before the electrical breakdown. Therefore, more of the energy was 

dissipated in the liquid, and the rate of current rise was relatively slower than for the case of low 

conductivity.  
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Fig 8. Waveform of (a) discharge voltage and (b) discharge current for argon plasma generated in DI 

water and 36 mS/cm KCl solution. The voltage setting, the pulse width, and the frequency of power 

supply were fixed at 20 kV, 50 ns, and 2 kHz, respectively. The liquid flow rate was set at 1 mL/min. 

Fig 9. The change of Edissipation / Etot Percentage and the energy dissipated in the liquid per pulse with 

different liquid conductivity. The voltage setting, the pulse width, and the frequency of the power 

supply were fixed at 20 kV, 50ns, and 2 kHz, respectively. The liquid flow rate was set to 1mL/min. 
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The total energy dissipated in the liquid and the percentage of the dissipated energy (Edissipation) 

relative to the total input energy (Etot) increased with the liquid conductivity for both the argon and 

helium discharges as shown in Figure 9. This is because the current flowing through the water film 

generates heat and causes energy dissipation into the bulk liquid. Therefore, the percentage of the 

discharge energy relative to the total input energy, given by 100×(1 - Edissipation/Etot), decreased with 

the liquid conductivity. The dissipated energy consumed about 10 and 15 percent of the total input 

energy in the helium and argon plasmas, respectively, at 36 mS/cm. However, according to the 

two-way ANOVA test described in the appendix, the energy 
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Fig 10. (a) The discharge voltage and (b) the discharge current waveform of argon and helium plasma 

generated in 36 mS/cm KCl solution. The voltage setting, the pulse width, and the frequency of power 

supplier were fixed at 20 kV, 50 ns, and 2 kHz, respectively. The liquid flow rate was set at 1 mL/min. 

Fig 11. The total input energy and the discharge energy consumed by plasma as a function of liquid 

conductivity. The voltage setting, the pulse width, and the frequency of power supplier were fixed at 

20 kV, 50ns, and 2 kHz, respectively. The liquid flow rate was set at 1mL/min. 
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dissipation doesn’t change significantly with carrier gas. This is probably because the average 

discharge voltages for helium and argon, calculated by dividing the integral of the discharge 

voltage with time by the pulse duration, are not significantly different at each wavelength. As 

shown in Figure 10 (a), the waveform of the discharge voltage is similar in both the argon and 

helium plasmas. Therefore, the current flow through the water film determined using equation (23) 

is similar in both argon and helium plasmas, and the energy dissipation into the liquid is about the 

same at each liquid conductivity since the resistance of the liquid film is not affected by the carrier 

gas.  

Figure 11 shows the total input energy and the discharge energy consumed by the plasma as 

functions of liquid conductivity. According to the result of the one-way ANOVA test described in 

the appendix, the influence of liquid conductivity on the total input energy per pulse was not 

statistically significant in both the argon and helium cases. However, the discharge energy 

consumed by the plasma decreased with liquid conductivity in the argon plasma but didn’t change 

significantly in the helium plasma.  

 

Plasma diagnostics 

Figure 12 shows the gas temperature and electron density of the argon plasma as functions of liquid 

conductivity. The change of gas temperature with liquid conductivity was not statistically 

significant according to the ANOVA test, but the electron density increased with the liquid 

conductivity up to 28 mS/cm with a larger increase between 28 and 36 mS/cm in argon plasma. 

This is probably because the volume of the argon plasma decreased with the liquid conductivity 

especially between the data points of 28 and 36 mS/cm, which led to an increase in electron density. 

The decrease of plasma volume is probably caused by the faster compensation of space 
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charge electric field on the streamer head [12, 17]. Sunka et al. [45] found that a denser but a cooler 

plasma with lower electron temperature was formed at the high liquid conductivity for an 

underwater discharge. However, Bruggeman et al. [46] reported the transition of a DC-excited 

under water discharge from the liquid mode to the bubble mode as the liquid conductivity was 

increased, and they found decreases in both electron density and electron temperature with the 

increasing liquid conductivity. Maehara et al. [13] reported that the electron density and excitation 

temperature were constant at 2.5 ×1020 m-3 and 4500 K, respectively in an RF 
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voltage setting, the pulse width, and the frequency of power supplier were fixed at 20 kV, 50ns, and 2 

kHz, respectively. The liquid flow rate was fixed at 1mL/min. 

 

Fig 14. Plasma volume and area of plasma-liquid interface of argon plasma at different liquid 

conductivity. The voltage setting, the pulse width, and the frequency of power supplier were fixed at 

20 kV, 50ns, and 2 kHz, respectively. The liquid flow rate was fixed at 1mL/min. 
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underwater plasma discharge as the liquid conductivity was increased from 0.002 mS/cm to 70 

mS/cm. Hamdan et al. [15] also found that the electron density didn’t change significantly with 

liquid conductivity in a nanosecond pulsed discharge formed in a bubble immersed in the liquid, 

a case which is perhaps more similar to our discharge than the direct underwater discharges.  

Figure 13 shows that the electron density and gas temperature for the helium plasma were lower 

than those for the argon plasma and this is because a more diffuse plasma was generated in helium 

[7]. However, the gas temperature is about 2 times and the electron density is about 3 times higher 

in the present study than in our previous work with the same system [7]. This is probably because 

the discharge energy per pulse is about 3 times larger in the present study than in the previous 

study. Both the electron density and the gas temperature of the helium plasma didn’t change 

significantly with liquid conductivity according to the ANOVA test.  

Figure 14 shows the plasma volume and the area of the plasma-liquid interface of the argon plasma 

estimated by the current density model. The volume of the argon plasma decreased about 40 

percent with increasing conductivity, and correspondingly the area of the interface between the 

plasma and liquid decreased about 20 percent. Figure 15 shows the volume and the area of the 

plasma-liquid interface of the helium plasma. The volume of the helium plasma is much larger 

than that of the argon plasma [7]. Further, the volume and the interface area of the helium 

 
plasma didn’t change significantly with the liquid conductivity according to the ANOVA test. The 

results in Figure 12 to Figure 15 are consistent with the results shown in Figure 11 in that the 

discharge energy consumed by the argon plasma decreased about 16 percent, but the energy 

consumed by helium plasma didn’t change significantly as the liquid conductivity was increased 

from 0.01mS/cm to 36mS/cm. Therefore, the plasma properties of the helium plasma, including 

the electron density, gas temperature, and plasma volume, remain the same, but the plasma volume 

decreased and the electron density increased with the liquid conductivity in the argon plasma. 
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Future work is needed to determine what causes the different liquid conductivity effects in the 

argon and helium discharges. 

 

H2O2 Production and concentration of ·OH  

In previous work with a microsecond pulsed plasma system consisting of an ignition coil and a 

function generator [47], the H2O2 production rate dropped 62 percent in an argon discharge as the 

liquid conductivity was increased from 0.01 mS/cm to 0.3 mS/cm as shown in Figure 16 (a). Figure 

16 (b) and the ANOVA tests, show that the production rate of H2O2 in the nanosecond pulsed 

plasma system decreased about 13 percent with liquid conductivity 
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over the full range from 0.01 mS/cm to 36 mS/cm in the argon plasma but didn’t significantly 

change in the helium plasma. This suggests the nanosecond pulsed plasma system has a much 

higher liquid conductivity tolerance. The likely reason will be described in the following section.  

According to our previous study [48],  the H2O2 production rate is correlated with the area of the 

plasma-liquid interface since most of the H2O2 is formed in the film region near the interface. In 

addition, the H2O2 production rate is also affected by the electron density since the electron density 

influences the dissociation of water molecules, and therefore affects the formation of ∙OH. The 

area of the plasma-liquid interface and the electron density of the helium plasma didn’t change 

significantly with liquid conductivity as shown in Figure 13 and Figure 15. This explains the 

reason why the production rate of H2O2 in the helium discharge remained the same at different 

liquid conductivity. The plasma-liquid interface of the argon discharge decreased about 20 percent 

with liquid conductivity, which reduced the available volume for the recombination of ·OH. 

However, the increase of electron density in the argon discharge with liquid conductivity 

accelerated the dissociation of water molecules and generated more ·OH. Therefore, the effects of 

decreasing the plasma-liquid interface were partially cancelled out by the increasing electron 

density, and the H2O2 production rate only decreased 13 percent with liquid conductivity in argon 

plasma. 

According to Figure 17 and the ANOVA test shown in the appendix, the overall energy yield of 

H2O2 decreased about 16% and 21% in the helium and argon discharges, respectively, as the liquid 

conductivity was increased from 0.01 to 36 mS/cm. The decrease of overall energy yield was 

caused by the energy dissipation through the liquid water as the liquid conductivity was increased. 

This is also shown by the unchanged energy yield of H2O2 based upon the discharge energy 

consumed by the plasma as shown in Figure 17. In general, the increase of liquid 
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conductivity increased the current flow through the liquid which raised the energy dissipation into 

the liquid, but the energy consumed by the plasma discharge remained the same in the helium 

discharge and only decreased 17 percent in the argon discharge as shown in Figure 11. As a result, 

the overall energy yield decreased, but the energy yield calculated using the discharge energy 

consumed by the plasma remained the same with conductivity in both argon and helium plasma. 

Figure 18 shows the average concentration of ·OH (<·OH >) estimated using a reaction model 

which was described in detail in our previous study [7]. Briefly, the model utilizes experimentally 

determined plasma properties including electron density, gas temperature, and plasma volume and 

H2O2 as inputs to determine the concentration of ·OH. This model was used in the present work to 

estimate the average concentration of ·OH for all the helium data points and the argon data points 

except at 36 mS/cm. At 36 mS/cm, the electron density of the argon plasma was about two times 

higher than the other argon plasma data points, which made the destruction of H2O2 by electrons 

in the model extremely fast. The rapid destruction rate made the concentration of H2O2 predicted 

by the model at this high conductivity small and the model could not be fit to the experimental 

result. This result suggests the need for further investigation of the argon plasma above 36 mS/cm.  

According to Figure 18 and the ANOVA test, <·OH> decreased about 20 percent with the liquid 

conductivity increase from 0.01 to 28.6 mS/cm in the argon plasma but remained essentially the 

same in the helium plasma. The decrease of <·OH> and plasma volume resulted in the decrease

 
of H2O2 production rate in the argon plasma as shown in Figure 16. The decrease of the <·OH> in 

the argon plasma was probably due to the decrease in the discharge energy of the plasma with 

liquid conductivity as well as the slight change in plasma volume and electron density. This change 

of the <·OH> is consistent with the results in our previous study that showed lower discharge 

energy per pulse generated less ·OH [7]. The concentration of ·OH predicted by the model in the 

current study is about 2 and 4 times larger than in the previous study [7] for the argon and helium 
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discharges, respectively. This is probably because the input energy of the present study is about 3 

to 4 times larger.  

 

Circuit simulation of electrical breakdown 

Figure 19 shows that the simulated discharge voltage and current are of the same order of 

magnitude as the experimental data, and the breakdown voltage predicted by the model compared 

well to the experimental result. Figure 20 shows the comparison of the breakdown voltage 

predicted by the model and the breakdown voltage measured from the experiment for the full range 

of conductivities. The predicted breakdown voltage fits the experimental breakdown 

voltage quite well at the data points of 10 mS/cm, 18 mS/cm, and 28 mS/cm, and the slight lower 

breakdown voltages predicted by the model at the two extreme conductivities (0.01 and 36 mS/cm) 

were not statistically significant. The breakdown voltage decreased about 28 percent with the 

increasing liquid conductivity from 0.01 mS/cm to 36 mS/cm according to both the simulation and 

experiment. This is because according to the circuit model, at the time point of electrical 

breakdown, the increasing rate of discharge voltage is zero 

𝑑𝑉𝑔(𝑡)

𝑑𝑡
|
𝑡=𝑡𝑏

= 0                                                           (24) 

Using equation (24) with equation (16) gives equation (25). 

Vg(𝑡𝑏) =
𝑉(𝑡𝑏)

𝐿
𝑑

𝑑𝑡
(

1

𝑅𝑝(𝑡𝑏)
)+

2𝑅𝑠
𝑅𝑝(𝑡𝑏)

+
2𝑅𝑠
𝑅𝑤

+
2𝑅𝑠
𝑅3
+1

                                          (25) 

Where 𝑡𝑏 is the time point of the electrical breakdown. In equation (28), 𝑅𝑤 decreased and the 

term 
𝑅𝑠

𝑅𝑤
 increased with the increasing liquid conductivity. As a result, the breakdown voltage 

Fig 19. Comparison between (a) simulated discharge voltage and experimental discharge voltage; (b) 

simulated current and experiment current. The peak value of applied voltage was set to 20 kV, and the 

pulse width was set to 50 ns in the simulation. Argon was used as the carrier gas. 
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decreased since we assumed the applied voltage and conductivity of the plasma didn’t change with 

liquid conductivity.  

The decrease of breakdown voltage with the liquid conductivity can also be explained by the 

decrease of the dielectric relaxation time [49, 50]. The dielectric relaxation time is the time scale 

for the relaxation of charges, and the relaxation time of charge in liquid is approximately given by 

equation (26). 

τr =
𝜀𝑟𝜀𝑜

𝜅𝑤
                                                               (26) 

where 𝜀𝑟 is the relative dielectric constant of water, 𝜀𝑜 is the vacuum dielectric constant, and 𝜅𝑤 

is the liquid conductivity. No charges were relaxed in the gas phase since the gas was not 

conductive before the breakdown. By increasing 𝜅𝑤 from 1 mS/cm to 36 mS/cm, the dielectric 

relaxation time decreased from about 70 ns to 20 ns. This suggested that the rate of mobile charge 

relaxation increased, and the rate of charge accumulation decreased with the increasing liquid 

conductivity [17]. As a result, the breakdown voltage dropped with the liquid conductivity. 

Although the circuit model predicted the breakdown voltage accurately, the oscillations of the 

voltage and current waveforms were not simulated accurately. This is probably because the 

variation of electron density with time is different from the variation assumed in the model. It is 

possible that oscillations in the electron density lead to a secondary arc. Since the assumed electron 

density variation in the model did not include this possibility, the model does not exhibit oscillation.  

The influence of pulse rise time on the electrical breakdown at high liquid conductivity was also 

investigated using the circuit model, and the results are shown in Figure 21. The same variation 
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of electron density with time was used in two cases with different applied voltage. For the plasma 

discharge generated in 36 mS/cm KCl solution, the breakdown voltage decreased with the 

increasing rise time of the applied voltage. According to equation (25), the breakdown voltage is 

positively related with the applied voltage at the time point of electrical breakdown. This implies 

that the applied voltage with shorter rise time can reach a higher value at the time point of 

breakdown than the applied voltage with longer rise time. Therefore, a shorter rise time results in 

a higher breakdown voltage across the electrode gap. On the other hand, the breakdown voltage 

will approach zero if the rise time of the applied voltage is continuously increased. The secondary 

pulse, shown in Figure 21, generated when the applied voltage 1 was used is due to the longer 

pulse width and the rapid decay of the electron density. In the case of applied voltage 1, the applied 

voltage remained high even after 80 ns, but the plasma channel was not conductive since we 

assumed the electron density rapidly decayed to zero after the initial breakdown, and as a result, 

the voltage built up again to generate the secondary breakdown.  

The influence of the pulse rise time on the breakdown voltage can also be explained by considering 

the dielectric relaxation time. The dielectric relaxation time in water is about 20 ns when the liquid 

conductivity is 36 mS/cm, therefore the rate of charge accumulation at the electrode needs to be 

faster than the rate of charge relaxation in order to collect sufficient charge to generate a strong 

electric field. The rise time of the applied voltage directly reflects the rate of charge accumulation 

at the electrodes since the sharp increase in voltage is a result of charge accumulation. If the rise 

time of the applied voltage is longer than the dielectric relaxation time, the current or charge starts 

to flow through liquid before the voltage builds up and, as a result, the breakdown voltage drops. 

The longer rise time of the applied voltage causing a decrease of the breakdown voltage is one of 

the major reasons why the liquid conductivity tolerance of a microsecond pulsed power supply, 

Fig 21. Simulated discharge voltage when two applied voltages with different rate of rise were used. 

The liquid conductivity was set to 36 mS/cm, and the electron density was assumed doesn’t change 

under these two conditions. 
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whose pulse rise time is usually several microseconds, is worse than the nanosecond pulsed power 

supply utilized here. By combining a nanosecond pulsed power supply and a water film plasma 

reactor, the system can tolerate water liquid conductivity at least as high as 36 mS/cm.   
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Conclusions 

The influence of liquid conductivity on both argon and helium plasma discharges formed along a 

liquid water film was investigated. The liquid conductivity was adjusted by adding KCl to DI water, 

and the plasma properties, H2O2 production rate and energy yield, and the energy dissipated in the 

water were measured at five liquid conductivities.  

The results showed that the plasma properties, including electron density, gas temperature, and 

plasma volume of the helium plasma didn’t change significantly with liquid conductivity. 

Therefore, the production rate of H2O2 remained almost the same at the different liquid 

conductivities. However, since the increase of liquid conductivity reduced the resistance of the 

liquid film and caused the current to flow through the liquid, the energy dissipation in the liquid 

increased with the liquid conductivity. As a result, the overall energy yield (based upon total input 

energy) of H2O2 decreased about 16 percent with the liquid conductivity in the helium plasma, but 

the energy yield calculated using the discharge energy consumed by the plasma didn’t change. For 

the argon plasma, the increased liquid conductivity changed the plasma properties. The electron 

density was about double at the highest conductivity of 36 mS/cm compared with DI water, but 

the increase of electron density from 0.01 mS/cm to 28 mS/cm was not significant. The plasma 

volume, determined using the discharge current and the measured electron density, showed a rapid 

decrease at 36 mS/cm, but the gas temperature did not change significantly with the liquid 

conductivity. The change in the argon plasma properties led to a decrease in <·OH> concentration 

predicted by a reaction model and the measured H2O2 production rate. As a result, the increase of 

energy dissipation into the liquid water and the decrease of discharge energy consumed by the 

plasma as the liquid conductivity was increased led to a decrease in overall H2O2 energy yield in 

the argon discharge, but the energy yield calculated based upon the discharge energy of the plasma, 

as in the helium case, remained the same under the different liquid conductivities.  

The influence of liquid conductivity on the electrical breakdown was investigated using a circuit 

model. Both the simulations and experiments showed decreasing breakdown voltage with 

increasing liquid conductivity. This can also be explained by the decrease of dielectric relaxation 

time. The rate of charge relaxation increased with the increasing liquid conductivity, and the loss 

of charges through liquid undermined the electric field at the electrodes and resulted in a 

decrease in breakdown voltage. The simulation results also showed that the breakdown voltage is 

negatively related to the pulse rise time when the liquid was conductive. This is because the 

increase of the applied voltage needs to be faster than the relaxation of charges to reach the 

breakdown. The applied voltage generated by a nanosecond pulsed power supply has a shorter 

rise time than the microsecond pulsed power supply used in our previous work, therefore the 

nanosecond pulsed power supply has a much better liquid conductivity tolerance than the 

microsecond pulsed power supply. By combining the nanosecond pulsed power supply with the 

water film plasma reactor, a strong discharge can be generated when liquid conductivity is as 

high as 36 mS/cm where the energy yield of H2O2 only decreased less than 20%. This suggests 

the current plasma reactor system has the potential for treating polluted sea water and other 

highly conductive water.  
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Appendix. Analysis of variance 

The one-way ANOVA test [51] was conducted separately for data from the argon and helium 

discharges using R to test whether the influence of liquid conductivity is statistically significant 

on input energy, discharge energy, H2O2 production rate and energy yield, and plasma properties. 

The sample size was chosen to be 3 based on the statistical power analysis [52], and the normality 

of the samples was tested by Shapiro-Wilk Normality Test using R [53]. The null hypothesis is 

that the liquid conductivity doesn’t significantly influence the variables listed in Table A1 and A2. 

The p-value of the test was calculated and listed in Table A1 and Table A2. The null hypothesis 

was rejected when the p-value of the test is less than 0.05, and the rejection of the null hypothesis 

suggests the influence of liquid conductivity is statistically significant. The variables which are 

significantly affected by liquid conductivity were highlighted in the table. 

Table A1. P-values of one-way ANOVA test for argon plasma 

  Pr (>F) 

Total Input Energy per pulse  0.298 

Dissipated Energy in Liquid 4.46E-08 

Edissipation / Etot Percentage 9.73E-08 

Discharge Energy of Plasma 8.09E-03 

H2O2 Production Rate 5.96E-03 

H2O2 Energy Yield in discharge 0.34 

Overall Energy Yield 2.13E-03 

Gas Temperature 0.896 

Electron Density 4.64E-04 

Plasma Volume 1.36E-05 

Breakdown Voltage 2.65E-05 

·OH Concentration  8.77E-04 

 

Table A2. P-values of one-way ANOVA test for helium plasma 

  Pr (>F) 

Total Input Energy per pulse 0.178 

Dissipated Energy in Liquid 6.02E-08 

Edissipation / Etot Percentage 5.92E-09 

Discharge Energy of Plasma 0.861 

H2O2 Production Rate 0.109 

H2O2 Energy Yield in discharge 0.223 

Overall Energy Yield 3.46E-03 

Gas Temperature 0.723 

Electron Density 0.492 

Plasma Volume 0.0512 

Breakdown Voltage 5.35E-04 

·OH Concentration 0.158 
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A two-way ANOVA test was also conducted using R to consider the influence of carrier gas as 

well as the influence of liquid conductivity. The null hypothesis is neither liquid conductivity nor 

carrier gas significantly change the variables listed in Table A3. The variables whose p-values 

are less than 0.05 were again highlighted in the table.  

Table 3. P-values of two-way ANOVA test 

  Pr (>F) 

  
Carrier Gas Liquid Conductivity  

Total Input Energy per pulse  1.80E-04 0.0819 

Dissipated Energy per pulse in Liquid 0.0676 3.81E-15 

Edissipation / Etot Percentage 4.91E-03 1.21E-14 

Discharge Energy of Plasma 2.42E-05 0.0762 

H2O2 Production Rate 4.11E-15 5.26E-03 

H2O2 Energy Yield in discharge 7.86E-12 0.112 

H2O2 Overall Energy Yield 5.36E-13 1.68E-05 

  

The results suggest the carrier gas significantly affects the variables listed in Table A3 except for 

the dissipated energy into the liquid. 
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