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The recent focus of research with electrohydraulic discharges is on bacteria and microorganism inactivation. The processes and main
biocidal effects in which this occurs are not fully understood. In this paper a study of energy emission from electrohydraulic spark
discharge is presented. The spark discharge was generated in a cylindrical reactor 25 mm in diameter made of PTFE between a stainless
steel hollow needle electrode and a steel rod electrode. Distilled water was used and the flow was 30 ml/min. The gap between the
electrodes was 3 mm. Spark discharge energy was measured to be 1.2-1.4 J. Measurements show that over 50% of this energy is used for
heating of the reactor and electrodes, and about 2% for acoustic waves. The rest of the discharge energy, i.e. ~0.54 J, is distributed among
UV/Vis radiation, production of primary active species and ultrasonic.
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Introduction
Generation of plasmas in liquids has been studied
extensively in the past for various applications, e.g.
insulation and high power switching1, removal of organic
contaminants1-5 and water sterilization.2-3 A lot of research
in physics and chemistry of such discharges was made and
still we don’t know much about them. There is no consensus
over plasma formation mechanism and all the more on
biocidal effects leading to sterilization. It is generally
accepted that the main energy emissions from spark
discharges are heat emission, UV/Vis radiation, shock wave
formation, and energy used for chemical reactions and
formation of active species.2,6 The primary chemical
reactions inside water originated from plasma result in the
formation of chemically active species (e.g. OH•, H•, O•,
HO2•) which either recombine to form stable by-products
such as H2O2 and H2, or they return to a lower energetic
state and emit UV light.7-10
However, in the presence of impurities (organic and
inorganic compounds), primary and secondary molecular,
ionic, or radical species produced by the discharge can
attack these molecules and cause their degradation.
Alternatively, these impurities can be degraded indirectly
through pyrolysis in the vicinity of high voltage electrode or
photolysis.
In the electrohydraulic discharge like spark, the generation
of active species follows the formation and propagation of
the plasma channel. Researchers have shown that as the
plasma channel expands throughout the surrounding liquid it
forms shock wave, induces cavitations and emits UV
light.2,10
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While studies on chemical effects of the shock waveinduced cavitations and UV light are scarce, the biological
effects of shockwaves on the soft animal tissue are currently
under full investigation.11-12 Establishing the effects of
chemical species, shock wave and UV light on the
degradation of molecules in the bulk phase is extremely
important to understand their role in the sterilization of
water. To fully understand which of these effects of spark
discharge has the main influence on bacteria and
microorganism inactivation, first we need to understand the
distribution in so called electrohydraulic discharge.

Experimental set-up
Cylindrical reactor made of PTFE was 6 cm in height and
had a diameter of 25 mm. The material was chosen to be the
least chemically active and capable of withstanding high
pressure waves from the spark discharge. A quartz window
was inserted in the side of the reactor for UV/Vis emission
spectra analysis.
A pulsed positive discharge was generated between a high
voltage stainless steel hollow needle electrode and a
grounded steel rod electrode (5 mm in diameter), both
immersed in the water. The inner and outer diameter of the
hollow needle were 1.4 mm and 1.6 mm, respectively. The
discharge was generated at the edge of the hollow needle,
whereas the rest of the needle was covered with an insulator.
Spark discharge was generated when the needle-rod spacing
was 3 mm. A technical scheme of reactor configuration and
power supply is presented in figure 1. A voltage of 16 kV
was applied to the needle electrode with a frequency of 50
Hz. Positive high voltage pulses were applied to the hollow
needle electrode from a discharge capacitor C1 (2 nF). The
capacitor was charged from a DC power supply through a
resistor R (10 kΩ) and a capacitor C2 (22 nF). The pulse
repetition rate of 50 Hz was fixed by the rotation velocity of
a rotating spark gap switch. The amplitudes of the voltage
and current corona pulses were measured using a
TEKTRONIX P6015A high voltage probe and a PEARSON
2878 current monitor (Rogowski coil), respectively.
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The waveforms were observed and recorded on a
TEKTRONIX TDS 3052B oscilloscope. Pulse discharge
energy was between 1.2 and 1.4 J. Typical voltage and
current pulses are presented in Figure 2.
The acoustic energy measurements were carried out in a
30 cm distance from the source with a certified acoustic
meter SVAN 945 which measures the sound intensity in a
frequency range from 1 Hz to 20 kHz. Temperature and
relative humidity of the ambient air were 22 °C and 20%.
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Results
The distribution of energy emitted during the spark
discharge in water can be described by the balance:
Energy delivered to the spark discharge = Energy emitted
from the plasma.
Since we are not able to measure each and every form of
the energy emitted by the plasma separately such as
ultrasound and UV/Vis radiation we assume that equation
(1) has a form:

Ep = Eaq + Eus + E UV + E th  Ech

(1)

where
Ep – input energy,
Eaq – acoustic energy,
Eus – ultrasonic energy,
EUV – UV/Vis emission energy,
Eth – thermal Energy,
Ech- energy spent on chemical reactions (ionization,
dissociation and excitation).

Figure 1. Experimental set-up scheme of spark discharge reactor
and power supply. C1 = 2 nF, C2 = 22 nF, R = 10 kΩ

The energy Ep delivered by the spark discharge to the
water was calculated from the current and voltage pulses
presented in Figure 2 using standard equation:

Ep 

J.

Figure 2. Typical voltage and current pulse of the spark
electrohydraulic discharge

The UV radiation emission spectroscopy was performed
using Maya2000 spectrometer equipped with a UV/Vis
transmittable optical fibre with optical resolution (FWHM)
of 0.5 nm. Acquisition was done 5 cm from the discharge
through a quartz window.
Water volume in the reactor was 26 ml. The water was
flowing once through the reactor chamber with a flow rate
of 30 ml/min. Conductivity was adjusted with NaCl to 300
µS in order to be the similar to river water which was the
subject of our previous studies.
Temperature of the water was measured using
thermocouple placed inside the reactor immediately after the
discharge was turned off.
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 U ( t )I ( t ) d t

(2)

The Ep value varies in our reactor in the range of 1.2 to 1.4

As for the forms of energy emitted from the spark
discharge they are described below. It is worthy of noting
that in some works theoretical computations of several
energies associated with spark discharges are given.13-14
However, it seems that in these computations several
parameters can be set rather arbitrarily to obtain the desired
result.
UV/Vis light emission

Emission spectra observed in the range of 200-1100 nm
during the spark discharge is shown in figure 3. The spectra
includes a strong continuous band from 200 to 1000 nm
which is typical for highly heated solids (black body
radiation). This is an evidence that local temperature in the
plasma region is very high. Unfortunately, because of the
continuous spectra it was not possible to determine the
temperature of the plasma. It is also seen that OH, O and H
species are formed but other peaks that appear in the
emission spectra could not be identified. The spectra
observed was similar to that of Sun et al.15
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Table 1. Frequency distribution of sound intensity levels

Figure 3. UV/Vis emission spectra of spark discharge in water

It must be pointed out that UV light recorded by the
spectrometer is not the same as produced by the plasma. Part
of it is absorbed by the water and transformed into heat and
consumed in chemical reactions. Determination of exact
amount of UV energy produced by the spark discharge is
difficult. Many researchers use emission spectroscopy as a
tool for the characterization of underwater discharges but
they present only evolution of active species produced in the
plasma and estimation of rotational/vibrational temperatures
and electron densities in the plasma region. To our
knowledge there is no literature showing that spectra
emitted by the underwater discharge can be used to estimate
quantity of discharge energy transferred into UV/Vis light.
Therefore, we can only estimate UV energy in conjunction
with other forms of energy which we cannot measure
separately.
Acoustic energy emission

The frequency distribution of sound intensity generated by
the electrohydraulic discharge reactor at 30 cm distance is
presented in table 1. For this close proximity from the
source we can omit the ambient air attenuation. We assume
the spherical emission of the source. For the power
calculations the sound intensities were integrated over the
frequency spectra. The power of acoustic source is:

I

r
m
-

P 

e

4  r 2  1 .4 3 W

(3)

where:
r – distance from the discharge,
I – sound intensity,
m – sound absorption coefficient of air.
Acoustic power converted to a one pulse energy is Eac =
0.028 J. The ratio of estimated energy absorbed by the water
to the electrical energy delivered to the spark discharge is
then 2.0-2.3 %. This value is reasonable when comparing to
results obtained by Buogo et al.16 They also studied the
underwater spark discharge and found that 1.4-5.6 % of
available energy was transferred into the acoustic energy.
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Frequency, Hz

Sound intensity
level, dB

Sound intensity,
W m-2

1
2
4
8
16
31.5
63
125
250
500
1000
2000
4000
8000
16000

25.9
38.5
49.8
52.2
51.0
51.0
48.0
50.4
48.0
50.9
57.1
74.8
79.5
80.4
78.2

3.89.10-10
7.07.10-9
9.55.10-8
1.66.10-7
1.25.10-7
1.25.10-7
6.31.10-8
1.09.10-7
6.31.10-8
1.23.10-7
5.12.10-7
3.02.10-5
8.91.10-5
1.09.10-4
66.0.10-5

It is known from literature that the underwater spark
discharges produces strong ultrasounds.17 Unfortunately, we
are not able to measure this form of energy and we can only
assume that it is a part of unaccountable energy together
with UV radiation and energy spent on ionization,
dissociation and excitation of molecules in the plasma
region.
Thermal energy emission

Measuring the water temperature just after switching off
the power supply shows that during 30 s of pulsed spark
operation the temperature increases from 13.5 °C to 21.5 °C.
As was shown by Foster et al. during the underwater plasma
generation the temperature rise is rapid and essentially
linear.18 Therefore, in our experiment measuring initial and
final temperatures without intermediate points is justified.
The calculation should yield a reasonable estimate of power
deposited into the water. The energy absorbed by the water
is simply calculated from the Joule’s law:

Q  c  m  (T  T )
k p

(4)

where
c – specific heat of the medium,
m – mass of the medium,
Tp – initial temperature,
Tk – final temperature.
For the thermal energy emission measurement data was as
follows: water mass: 26 mL = 26 g, specific heat of water:
4187 J kg K-1 = 1 kcal kg K-1, specific heat of steel
electrode: 300 J kg K-1, mass of the electrodes: 4.2 g, time:
30 s.
Amount of thermal energy emission from equation (3) is
Q = 1097 J. It means that during one spark discharge pulse
about Eth = 0.73 J was emitted as thermal energy. The ratio
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of estimated energy absorbed by the water to the electrical
energy delivered to the spark discharge is then 52-61 %.
This value is reasonable when comparing to 63 % obtained
by Foster et al.18
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