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Pulsed high voltage discharges have been recently developed as sterilization method to replace the traditional 
thermal processes for the sterilization of liquid foods such as milk. The gas-liquid hybrid discharge (HD) reactor 
consists of plexiglass cylinder containing the liquid of high voltage electrode above liquid’s surface and grounded 
electrode submerged in the liquid. The HD could produce both arc discharge in gas and liquid phases. The high 
energy plasma arc produces a pressure shock wave, which kills the targeted micro organisms by causing physical 
damage to their cellular matrix either by the sudden recoil of the cell or by the micro-eddies created on the internal 
cell structure. Bacterio assay, has shown that the number survivor micro organisms after treatment by 13.5 msec 
pulse discharge N = 0.388 x 10

9
 CFU/ml versus the initial number of viable microorganisms in the control sample 

before treatment (NO) = 1.456 x 10
9
 CFU/ml which translates to log reduction of about 0.57. The applied electric field 

strength (of about 2.5 MV/m ) has more pronounced effect on inactivation the micro oraganisms than the length of 
the treatment time. The decimal reduction time or time required for a 1-log cycle reduction in the microbial population 
is about 24 msec. Bacterol analysis, has shown that the Proteus mirabilis and Enterobacteri cloacae 
(enterobacteriaceae) that were appearing in the control sample before treatment, were disappeared from treated 
sample. 
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INTRODUCTION 

 
The application of a pulsed high voltage discharge in an air 
gas phase over de-ionized water changes the liquid in 
several ways. Electrical discharges in air produce ozone and 
small amounts of nitrogen oxides. In liquids, the ozone is 
converted into hydrogen peroxide while the nitrogen oxides 
are converted into nitric acid. The corona discharges strike 
the water surface and dissociate water molecules into 
hydroxyl radicals and hydrogen atoms. Hydroxyl radicals 
may recombine to form hydrogen peroxide. Hydrogen atoms 
react with dissolved oxygen to formulate hydroperoxyl 
radicals, which recombine to yield hydrogen peroxide and 
oxygen. Recombination of hydrogen atoms produces 
hydrogen molecules. Also, the metal of the anode tip may be 
sputtered due to the high electric field strength and formation 
of anode hot spots and hence elementary metal or metal 
oxides may be found in the liquid after discharge is 
completed. In general, the pulsed high voltage discharges in 
liquid  
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generate plasma arcs that initiate a variety of physical and 
chemical effects as high electric field, intense ultraviolet 
radiation, overpressure shock waves and, especially, 
formation of various reactive chemical species acting on 
biological cells and chemical compounds. These effects 
have various important roles in different application regions 
in the liquid and the magnitude of their contributions strongly 
depends upon the energy of the discharge (Lukes, 2001)  

In pulse power discharges of several MW (Sun et al., 
1998; Willberg et al., 1996; Lang et al., 1998) a large part 
of the energy is consumed in the formation of a high 
temperature (several tens of thousands of degrees 
Kelvin) plasma channel, which emits light in a wide range 
of wavelengths (Sun et al., 1998). This radiation can 
cause photolysis effect, leading to dissociation of liquid 
molecules and formation of hydroxyl radicals. In addition, 
the expansion of the plasma channel against the 
surrounding liquid generates an intense shock wave with 
pressure on the order of hundreds of Mpa (Shah et al., 
1999). The resulting shockwave can indirectly induce 
pyrolytic and free radical reactions via electrohydraulic 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Experimental arrangement and circuit diagram of the hybrid gas-liquid electrical discharge system. 

 

 

cavitation (Suslick et al., 1999). As the plasma channel 
cools, thermal energy is transferred to the surrounding 
liquid, resulting in the formation of a steam bubbles, in 
which the temperatures and pressures are high enough 
for the formation of transient supercritical liquid. There-
fore, the oxidative degradation of organic compounds by 
such type of discharge is attributed mainly to the ultra-
violet photolysis, electrohydraulic cavitation and super-
critical liquid oxidation (Willberg et al., 1996).  

Milk provides sufficient nutrients needed to support the 
growth of a host of microorganisms. Bacteria are capa-
ble of utilizing the proteins, fats, carbohydrates and vita-
mins in milk for their growth and metabolism. Different 
bacterial species may differ in regard to the enzymes they 
have or need to break down milk components. 

New cold sterilizing techniques include sterilizing with 
pulsed electric field (PEF), ultrasonic and microwaves, 
high voltage, infrared and strong impulse of light in the 
visible wavelength. However, ultraviolet radiation is only 
effective in surface, and microwave can produce very 
high temperature not feasible for cold sterilization techi-
ques. Pulsed electric field (PEF) can easily to be mana-
ged, and is now widely applied as a methods that we can 
be expected to be feasible at the industrial level (Ayhan 
et al., 2001).  

The aim of this work is to examine the use of HD treat-

ment system and the capability of pulsed plasma arc 

discharge directly in the liquid (milk), in killing micro-

organisms. 

 
Experimental setup 
 
The experimental apparatus is shown in Figure 1. The high-voltage 
electrode (discharging electrode) is 8 mm diameter copper rod and 
is connected to the pulse forming network “PFN”and to the power 
supply via a rotating spark gap switch. The ground electrode is 
submerged in the liquid, it is made of stainless steel and has a 
semi-spherical shape with a diameter of 4 cm. The distance 
between the tip of the discharging electrode and the liquid surface 
was set to 1.0 cm while that between the water surface and the 
submerged grounded electrode was set to 0.8 cm. The reactor nF 
capacitor charged through a 50 k ohm resistor by a negative dc 
high-voltage power supply and rotating spark gap switch. The 

 
 

 
vessel has an inner diameter of 12 cm. The circuit consists of a 20 
capacitor discharges when the voltage on the capacitor reaches the 
spark-over voltage of the spark gap switch, producing a narrow 
positive high-voltage pulse. The pulse generator provides a voltage 
pulse of 25 kV with about 8 ns rise time. The voltage is measured 
by a high voltage probe and the discharge current is monitored by a 
Rogowskii coil. The voltage and current waveforms are recorded 
using a digital storage oscilloscope (Lecroy Model 9300C)  

The electrical circuit for production of high voltage pulses is 
based on discharging the capacitor into the liquid sample inside of 
the reaction chamber. The capacitor is negatively charged via a 
resistor and the negative side of the capacitor is grounded via the 
triggered rotating spark gap switch; hence, a positive pulse appears 
on the anode. The main advantage of a spark gap connected to the 
ground is that the trigger circuit can be kept at low voltage.  

A pulse-forming network (PFN) accumulates electrical energy 
over a comparatively long time, and then releases the stored 
energy in the form of pulse. In practice a pulse-forming network 
PFN is charged by means of a high voltage power source, and then 
rapidly discharged into a load via a high voltage switch such as a 
spark gap or thyratron. A pulse-forming network (PFN) consists of a 
series of a high voltage energy storage capacitors and inductors. 
The combination of high voltage source, PFN, high voltage switch is 
sometimes called a power modulator or pulsar. A common form of a 
pulse-forming network (PFN) used in our experiment is the 
Guillemin type E-network, in which the capacitance and inductors 
are the same in each mesh and there is mutual inductance between 
adjacent coils. The rise time is determined by the rise time of the 
first mesh in the network, closest to the load. The value of a 
capacitor (C) and the inductance (L) of one a pulse-forming network 
(PFN) section are 5 nF and 4.5micro H respectively.  

The experiment is conducted by injecting the sample (raw milk) 
into the treatment chamber, which is pre-cleaned and sterilized.The 
high voltage pulse generator parameters are adjusted to provide a 
25 kV output voltage at 25 Hz discharge frequency for 300 s. After 
the treatment the sample is taken out of the chamber and placed in 
a sterile bottle. A control sample of raw milk is also placed in a 
sterile bottle. 

 

RESULTS AND DISCUSSION 
 
A Lecroy 200 MS/s 4-channel digital storage oscilloscope 
model (9300c) was used to recorded voltage and current 
waveforms, via a high voltage probe and a pulse current 
transformer, respectively; and to calculate the pulse 
energy and discharge power.  

The measured peak value of the discharge current was 
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Figure 2. Typical discharge current and the voltage waveforms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Fourier transformation of the discharge current pulse.  
 

 

approximately 750 A during the pulse. Figure 2 shows the 
current and voltage waveforms measured as a func-tion 
of time at an input energy of 9 J (maximum applied 
voltage 30 kV) at atmospheric conditions (air pressure of 
1bar).  

Fourier transform of the current pulse, as shown in 
Figure 3, shows the different frequency components in 
the pulse. It can be seen that most of the energy in the 
discharge current is between 100 kHz and 50 MHz. The 
spectrum have several peaks at different frequencies with 
the fundamental frequency component at 100 kHz and 
the harmonic frequency components at 6.25, 11.7 and 
35.2 MHz. It is clear that the energy is spread over a wide 
frequency range, which is characteristic of short pulse 
discharges.  
In an electrohydraulic discharge, cavitated bubbles are 

generated by the pulsed arc discharge and induce shock- 

 
 

 

like pressure, which rises in the cavitation zone near the 
discharge electrodes. These cavitated bubbles are a 
major source of ultraviolet emission and radical species 

such as ozone, OH, H2O2, etc. Such chemical and 

physical reactions occur simultaneously in the cavitation 
zone and are expected to affect the treatment of the liquid 
(milk). Thus electrohydraulic discharge processes provide 
multiple mechanisms to achieve microbial inactivation. 
 
The standard approach to describing changes in micro-

bial population as a function of time uses the survivor 

curve equation: 
 

log [N / N0 ] = -t / D 

 

where: 
N = microbial population at any time, t 

N0 = initial microbial population  
D = decimal reduction time, or time required for a 1-log 

cycle reduction in the microbial population. 
 
When microbial populations are exposed to pulsed elec-
tric fields (PEF), the applied electric field intensity should 
be above specific threshold determined by the critical 
electric field intensity for the target microorganism. A 
model similar to those for temperature and pressure can 
be used to describe the influence of electric field intensity 
on the rate of microbial population reduction. The 
proposed model would be (Peleg, 1995; Peleg and Cole, 
1998; Anderson et al., 1996): 
 

log [D / DR ] = -( E – ER ) / Z 

 

where: 

DR = decimal reduction time at a reference electric field 

intensity (ER). 
 
The electric field coefficient in this model is defined as: 
z(E) = the increase in electric field intensity (E) required 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Rate of inactivation in log-reduction as a function of 

energy release (J) 
 

 

to reduce the decimal reduction time (D) by 1-log cycle at 
a specific temperature and pressure. 

A similar model has been proposed and used by 

Hulsheger and others (1981) (Hülsheger, 1981) and was 
applied by Jeyamkondan and others (1999) (Jeyam-

kondan et al., 1999), given by 
 

log [N / N0 ]= log [t / tc ] {-( E – Ec ) / K 

} where: 

t = treatment time, which is the product of number of 
pulses and pulse width. 

tc = critical treatment time or treatment time below which 
no inactivation of microorganisms occurs  
Ec = critical electric field strength or electric field strength 
below which no inactivation of target microorganism 
occurs.  
K = specific rate constant (a coefficient with magnitude 
based on the slope of the survivor curve obtained at 
several levels of electric field intensity.) Larger magni-
tudes of the coefficient K would suggest a higher resis-
tance to changes in electric field intensity.  

The left hand side is the standard log-reduction and 
one log reduction refers to 90% reduction in the initial 
population of microorganisms. The electric field strength 
has more pronounced effect on inactivation of the micro-
organisms. The effect of electric discharges on the 
microorganisms (bacteria) in the raw milk is shown in  
Figure 4.  Changes in the  populations  of  bacteria  (N) 
in  the treated  milk relative  to the  initia l populations 
(No ) as a  function of discharge energy (J) released 
during the treatment. Raw milk with electrical conductivity 

< 10
-12

 ohm 
-1

 cm
-1

 was used, pulse repetition frequency 
less than 50 Hz and the initial concentration of bacteria 

was 1.5*10
9
 colony-forming units ml

-1
. Pulsed high 

voltage discharge generates high electric field intensities 

 
 
 
 

 

,which is considered superior to traditional heat treatment 
of foods because it avoids, or greatly reduces, the detri-
mental changes of the sensory and physical properties of 
foods (Quass, 1997). The large field intensties are 
achieved through discharging a capacitor into the 
reaction container. The energy at the reactor is generally 
converted into high E-field intensities, ultraviolet radiation, 

shock wave, and radical species such as O3 , H 2O2 , O 

and OH by intense spark discharge. The liquid will also 
experience temperature rise due to thermal effects from 
thew arc, the joule heating is eminent and large fraction 
of energy will also be transferred to heat. The temprature 
of the liquid was measured using thermometer about 
42°C  

The strong arc disharge needs strong E-field and this 
field is proportional to the shock wave intensity. There-
fore, these results mean that the shock wave is an effec-
tive parameter of the destruction of microorganisms in 
food. Discharge characteristic depend largely on the vol-
tage capacitance and milk conductivity. During the dis-
charge, it is noted that the phenomenon of sono-
luminescence that is, emission of light by bubbles in a 
liquid (milk) excited by sound waves. Cavities are gene-
rated in a fluid (that is, bubbles) when the tensile phase 
(negative pressure) of the acoustic wave is sufficiently 
strong to rip the fluid apart. 

The tensile phase of the shock wave is large enough to 
generate violent cavitation events. Shock waves of 
sufficient intensity (function of the discharge circuit, pulse 
duration, liquid conductivity, electrode size, gap distance 
and reactor configuration) will break the attractive forces 
in the existing molecules and create gas bubbles (Hart 
and Henglein, 1985; Shah et al., 1999).  

These gas bubbles grow until they reach a critical size. 
Upon reaching the critical size, the gas bubbles implod or 
collapse. The implosion of microscopic gas bubbles of a 
liquid ruptures the cell membrane and collisions with 
other organisms and particular matter can also cause 
further mortality within the target area (Pétrier and 
Francony, 1997; Suslick et al., 1999). 

 

Conclusion 
 
The HD treatment was effective in the destruction of 
different types of bacteria. Enterococcus spp (Gram-posi-
tive) short chains or pairs of cells. “Fecal” strepto-cocci 
(but are not coliform); common in fecal matter, but also in 
the dairy farm environment. Used as indicator organisms 
in some foods. Acid producers. Some strains have some 
heat resistance. Also Proteus mirabilis spp (Gram-
negative) destructed through generation of ultra-violet 
radiation, shock wave, ozone and free radicals. 
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