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A Fast Pulsed Power Source Applied to Treatment of
Conducting Liquids and Air
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Abstract—Two pilot pulsed power sources were developed It is observed that when a cell membrane is exposed to an
for fundamental investigations and industrial demonstrations of  electric field larger than about 25 kV/cm, irreversible electric
treatment of conducting liquids. The developed heavy-duty power paadown of the cell membrane occurs [5]. The extent of inac-
sources have an output voltage of 100 kV (rise time 10 ns, pulse,. . .
duration 150 ns, pulse repetition rate maximum 1000 pps). A pulse tlyatlon depends on the _strength_, duration, and form of the elec-
energy of 0.5-3 J/pu|se and an average pu|5e power of 1.5 kWt”C pulses [6] PulseS W|th durat|0n Of 100-200 ns are reported
have been achieved with an efficiency of about 80%. In addition, to provide an efficient inactivation of microorganisms [7].
adequate electromagnetic compatibility is achieved between the  Nevertheless, the results with PEF published in literature
high-voltage pulse sources and the surrounding equipment. . gpqy jarge differences in lethal effects and levels of energy [5],

Various applications, such as the use of pulsed electric fields - . .
(PEF’s) or pulsed corona discharges for inactivation of microor- [8] under apparently S|mllar COI’ldIt!OﬂS. The s_c_atter in lethal
ganisms in liquids or air, have been tested in the laboratory. For €ffects may be due to different media, the condition of the bac-
PEF treatment, homogeneous electric fields in the liquid of up teria [9], the treatment procedure, or the change with medium
to 70 kv/cm at a pulse repetition rate of 10-400 pps could be temperature of the susceptibility of the microorganisms to
achieved. The inactivation is found to be 85 kJ/L per log reduction pulsed electric field [10].

for Pseudomonas fluorescersnd 500 kJ/L per log reduction for If tast dfood lti tthei tant |
spores ofBacillus cereus aste and food qualities are not the important issues, a more
Corona directly applied to the liquid is found to be more efficient ~ €ffective pulsed power method for inactivation of microorgan-
than PEF. With direct corona we achieve 25 kJ/L per log reduction isms is direct application of pulsed corona in the liquid. This
for both Gram positive and Gram negative bacteria. For air dis-  pulsed corona method (PCOR) is based on the creation of inho-
infection using our corona pulse source, the measured efficiencies ,q5eneous electric fields that are sufficiently high to generate
are excellent: 2 J/L per log reduction. - . - . .
U _ corona discharges in the liquid. Discharge products such as radi-
_Index Terms—Cold pasteurization, inactivation of microorgan- cais ozone, aqueous electrons, and ultraviolet rays are produced
isms, membrane breakdown, pulsed corona, pulsed electric fields directly in the liquid to inactivate the bacteri
(PEE’s), pulsed power. irectly in the liquid to inactivate the bacteria. _
An airflow can also be treated with pulsed corona to kill or
to remove microorganisms. Here, a similar interaction of dis-
. INTRODUCTION charge products and organisms is the supposed mechanism. A

HE USE of high-intensity pulsed electric fields (PEF’s) ir§econd possi.ble meghanism in gases is eIectrostati'c precipita-
T food applications such as milk and fruit juices has gaindtPn of bacteria. In this case, the collected dust of microorgan-
much popularity and is claimed to represent a most promisifghns would have to be collected in an extremely careful way to
nonthermal alternative to conventional pasteurization method€ach the required considerable reduction on a log scale.
Supposed mechanisms of inactivation of bacteria cells withBoth PEF and PCOR require high voltages that are gener-
PEF is perforation of the cell membrane due to high voltag@ed across a liquid load. To effectively apply high voltage to a
across the membrane or due to current concentration in fRrducting liquid, fast rise times and narrow pulses are needed
pores. In a cell membrane, protein channels and pores iédeduce the amount of dissipation. If the crucial effects to the
present [1], [2]. The opening and closing of many channejguid are limited to either high electric field or corona activity,
constituted by proteins depends on the transmembrane voltideuld be sufficient to maintain the pulse voltage only for a
difference [3], [4]. When PEF is applied, many voltage-sensime that is on the order of the achievable rise time.
tive protein channels may open, and when the voltage difference h€ liquid, considered as a combination of resistance and
reaches 150-500 mV, the lipid bilayer breaks down. capacitance, responds to the pulse by means of characteristic
RCtime constants and voltage division over impedance ratios.
Various subsystems in the liquid have different constants. The
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to 1 kHz. The output voltage rating is 100 kV, and the pulse
width is 150 ns. The source initially was developed for air treat-
ment. For that application, the high output impedance of200
was found adequate. The combination of this source and a liquid
treatment chamber leads to rise times of about 10 ns. In low fre-
guency approximation the impedance division between source
and load produces a considerable reduction in output voltage.

Further developments are needed to reduce the source
impedance and to increase the load resistance and to effectively
take advantage of time constants of subsystems. The result can
lead to faster rise times and higher electric fields in the liquigtig. 1. Types of treatment chambers for inactivation of microorganisms by
Part of this work needs to concentrate on the effect of shorteised power: (a) perpendicular flow, (b) parallel flow, (c) bubbling needle, and
pulses & 150 ns) at a high repetition rate. (d) wire cylinder.

resonant circuits that are switched by two thyristors, and the pri-

[l. TREATMENT CHAMBERS mary winding of the pulse transformer. The high-voltage part
Various types of treatment chambers have been designed Hififdes the secondary winding of the pulse transformer, an en-
tested. Fig. 1 gives an overview of four basic layouts. ergy storage capacitdr, a triggered spark-gap SG for 32-kV

To apply PEF, the liquid cell is provided with electrodes. A§Witching, and finally a transmissron-line transformer (TLT) tp
least two electrodes are mounted either parallel [11] or perpé?{gduce the 100-kV pulses. The hl_gh-voltage chargmg capacitor
dicular to the flow in the test cell. Since the high voltage applie%2 is resonantly charged to 32 va n _5&' Ther1 the low-induc-
across the electrodes can be up to 100 kV, the distance betwiBIF€ SPark-gap (50 nH, coaxial with the high-voltage capac-
them was kept sufficiently large to avoid discharge activity. Vart_or) drschqrges the capacitor into the TLT. The reliability of the
ious shaping electrodes were added to avoid high local fielfRark gap is excellent; after 1@ulses (total transferred charge
around the electrode structure. The test cell was immersedio KC). only minor electrode Wea%;"'s"?'e- The gap has to be
transformer oil to avoid discharge activity on the external parftlé'Shed contlnuou_sly with air (30 Nrh typically). The TLT is
of the electrode structure. Inside the cell, the field is nearly h§iade of four coaxial cables, eachG@nd 12 m long (RG218).
mogeneous and reaches 70 kV/ecm maximum. This should hel "€ output high voltage is measured by means of a capac-
sufficient to attack bacteria membranes. itive sensor, and the output current is measured by means of

The PCOR method can be applied in liquids as well as in aﬂ,single-turn Rogowski coil. From th_ese signals,_the deIiver(_ed
e.g., in a wire-cylinder geometry. As an alternative, we usedP@er and energy are calculated. During an experiment, the high
liquid cell that has a hollow needle as central electrode and’ %Itergr:e, current, po:/ver, and energy are mqgr':_ored corr:ngutr)]usly.
remote ring-shaped conductor as second electrode in the quui(yv't respect to electromagnetic compatibility, methods have
[12]. The hollow needle was fed with air or nitrogen to be bul2€€" developed to effectively suppress interference, in a sys-

bled through the liquid. High-voltage pulses were applied to tﬁ%matic and reproducible manner, by appropriate guidelines and

needle. During each pulse, intense corona discharges develo} Iﬁs for the layout [15]. Sensitive electrical equipment can op-

the bubbles near the needle. The discharges disrupt the bubt f@éle relie_lb_ly_closedtp thr? pulse sorar_ce.;:qlr(;"r_puters an(_j net\(/jv_orks

in many microscopic fragments and also lead to discharge prd¢'0Se vicinity and in the surrounding buildings remain undis-

ucts in the liquid. turbed.h . ith oul isch rectlvi
For applications in air, we used the normal wire-cylinder ge- For the experiments with pulsed corona discharges directly in

ometry. The reactor has a length of 3 m and a diameter of O.tﬂ? liquid, a different pulse source of 50 W, 20 kV was used_. It
m. has a longer pulselength (&) and can run at up to 50 pps. This

pulse source will be described in Section VI.

lll. PULSE SOURCE IV. TYPICAL VALUES FORAPPLICATIONS IN CONDUCTING

For most of our experiments, we used a heavy-duty pulse LIQUIDS WITH BACTERIA

source developed during the past years. The unit produce$f homogeneous high fields are applied, an important field
100-kV pulses (10 ns risetime, 150 ns wide) at a maximum raegehancement across the membranes can occur due to inhomo-
of 1000 pulses per second (pps). An overall efficiency of up tgeneities in the material constart@andp, the dielectric per-
80% was obtained for the energy transfer from main’s ac powsittivity, and the specific resistivity. The membranes will have
to corona energy in gas flows at pulse repetition rates belgsoperties that differ considerably from those of the surrounding
600 pps. The pulse energy can vary between 0.5-3 J/pulseter. The value of of the membrane is assumed to hey;
Failureless operation of this unit has passed the 400-h mafk; = 10—40) times its value in the water, whereas the resis-
The design has been patented [13]. tance will bex2(10-40) times its value in water. However, as a
Fig. 2 gives the basic principle of the pulse source. The ciresult, the time constants = £p of the media membrane and
cuit and the measuring circuits are described in detail in [14iquid both are in a range around 1 ns.
The circuit can be separated into a low-voltage and a high-If the actual time constants are close together, we have a diffi-
voltage part. The low-voltage part consists of a rectifier, tweulty in attacking membranes in liquids. Suppose that we have a
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[11]. The electrodes are connected to the output of the 100-kV

pulse source shown in Fig. 2.
column Pseudomonas fluorescer3337 was grown overnight in
of liquid nutrient broth at 30C. During this incubation, concentrations
of 10° colony forming units (cfu’s) per milliliter were reached.
In order to prepare spore suspensions, sporulatidBaoflius
cereusP5 was achieved on nutrient agar plates containing 7
mg/L manganese. After incubation for seven days at@GQ
spores were washed from the surface with sterile distilled
Fig. 3. Electrical model of membrane in a liquid. water. The final concentration of the suspension wésspores

per milliliter. The levels of the spores were checked by plate

pting on plate count agar containing 1% of skim milk

membrane

homogeneous membrane without pores and a homogeneousct%(f:MA

interior with properties equal to those in the surrounding Watéﬁ )'_ . _ . O

An electrical model connected to this picture of membrane ca.Bacterial or spore suspensions were diluted in sterile distilled
i) . . . - -~ _1

pacitance, and resistance resembles the picture of a void iygjer to obtain an |_n|t|al mocullum level of 1610° mL™" to

dielectric fluid (Fig. 3). If the membrane is a disk perpendic(-:arry out the experiments. This level was checked by surface

ular to the electric field, the high-frequency field enhancemeﬁrtr_?ﬁk'ng onl PCthA' during th . ‘ ledini
in the membrane ia;. This occurs for times shorter thap, e, € samples taken during the experiment were cooled in ice
water. The levels of vegetative bacteria surviving the treatment

(With 7water < Tmembrane)- ONalongertime scale, itis the resis- i .
tivity that determines the field enhancement. The enhancem e d(_atermmed by plate counting on PCMA. TO. count the con-
in this case isty. In the simple case that = a; = as, the divi- centration of spores, a heat treatment of 10 min at@Qvas
' ’ %]%rried out to inactivate vegetative bacteria and to only detect
t

sion ratio of the membrane over the liquid is constant and equ . :
ad.F/V. Here,E is the undisturbed electric field in the liquid, e spores. Following this heat treatment, the samples were also

V is the applied voltage, antis the thickness of the membrane.IOIated on PCMA' The qu reduction is _cz_;nl_culated as the con-
The voltage across the membranevidE. It is often assumed centration of microorganisms or spores initially present (log cfu

that 1 V across the membrane will lead to inactivation [5]. F&f spores per milliliter) minus the concentrations surviving the

typical values off = 2 - 10~ cm anda = 20 we find that the tregtmeqt (log <I:fu orlsporeﬁ Fr)fr ﬂ;1l||l|ltsl’). ising. Fig. 4
appliedE field needed to reach 1 V across the membrane is%{ﬁg xperimental results with this chamber are promising. Fig.

KV/cm. To calculate the needed source voltage, the reducti ows the results of an experiment carried out at an electrical
due to source over liquid impedance also has t(') be taken i d strength of 66 kV/em. It gives a plot of the lag reduction

account. A typical value would be a reduction of two. For ahtrsus the input energy (kJ/L). The input energy was measured

electrode distance of 1 cm, the applied voltage source theref@?‘ethe sum of th? energies ofthe app"e‘?' pulses. _The s_,amples for
should produce 50-kV pulses. microbial investigations were taken at intermediate time steps

after start of the pulse source. At a temperature ofGdoth
Pseudomonas fluoresceand Bacillus cereusspores were in-
activated, respectively, by more than 3 and by 0.8 log reduction.
The treatment cell [shown in Fig. 1(a)] has a diameter of 4The maximum energy input was up to 430 kJ/L. The resulting
mm and is placed in series with a closed-loop circulating floefficiency to inactivate is 85 kJ/L per log reduction f@seu-
system of 0.5 L total volume. The liquid is water with a resisdomonas fluorescerand some 500 kJ/L per log reduction for
tivity of 35 ©2-m. The flow is 200 L/h, the energy per pulse iBacillus cereuspores.
1.85 J, and the repetition rate is 215 pps. The electrodes are peifhe input energy also is a measure of the duration of the real
pendicular to the flow, and the distance between them is 16 ntreatment time, that is, the time that each fluid element has been

V. PEF TREATMENT IN WATER
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Fig. 4. Inactivation of bacteria and spores in tap water by 66 kV/cm PEF at 215 pps and a pulselength of 150 ns.

in the cell while the pulse source was running. The real treatmemitrient agar. Following incubation at 3@, the plates and the

time in seconds is the input energy (in kJ/L) divided by 20 (isurviving bacteria were counted.

kJ/L/s). The number of 20 is given by the energy per pulse (in The results of the tests are given in Fig. 6 for the inactivation

kJ) times the repetition rate (in pps) divided by cell volume (iof the entire bacterial population: the sum of Gram positive and

L). Therefore, in our case, 430 kJ/L means a real treatment titBeam negative bacteria. A near log 3 reduction can be obtained

of 21.5 s. for energy densities of 75 kJ/L. The microbiological properties
of the present flow system are insufficient to obtain better re-

VI. PCOR TREATMENT IN WATER duction rates.

The results of variation of voltage and polarity show that the

In this experiment, we used a culture of Gram positive an X . :
: - effects of these parameters are not considerable. It is mainly
Gram negative bacteria insteadRsfeudomonas fluorescegusd . . : L
the energy density that is the key factor for the inactivation ef-

Bacillus cereusvegetative cells and spores that were used %nct The type of gas flown through the needle also has some

Section V. An energy input of 14-19 W by 16-44 pps pulseg X -
. . . . nfluence. Air leads to an efficiency of 25 kJ/L per log reduc-
corona is applied to the cell with the bubbling hollow needl| ion, whereas N2 needs 32 kJ/L per log reduction. This could

The treatment cell is shown in Figs. 1(c) and 5. Air or nitrogen IS that Cf disch ducts. al
fed to the needle at a rate of 39.5 mL/min. The cell is connected - 'at apart Irom aqueous discharge products, aiso ozone

to a closed-loop flow system with a pump in series. The liquid %nd oxygen radicals might play a role.
water with a resistivity of 152-m. The total volume is 43670
mL. The active corona volume is a small area near the needle VII. PCOR TREATMENT IN AIR
tip. The liquid was pumped at 100 L/h in the closed loop. An airflow of 197-967 mi/h was fed to a 147-L wire-cylinder
The important parameter is the energy density in kilojouléseatment chamber. The reactor of Fig. 1(d) is connected to the
per liter of the entire liquid volume. This parameter was deducgdlse source of Fig. 2. The air was environmental air from the
from the time-resolved measurements of voltage and current dndlding. The corona power during all experiments was 612 W
from the average value of volume and pulse repetition rate. Theerage. The pulse voltage is 100 kV, the repetition rate 600 pps,
applied voltage is either 10 or+20 kV, and the pulse width is and the pulse width 150 ns (at 50% peak voltage).
6 s (at 50% peak value). The pulse source is of a different typeAchieved reductions of bacteria, spores, and yeast in the ap-
here: a spark gap that discharges a capacitor directly onto ied environmental airflow are estimated by means of PCA and
needle (see Fig. 5). The capacitor is dc charged, continuou§i$gY sampling. Total counts of PCA and OGY (total microor-
via a resistor. In this configuration, the repetition rate is set lganisms including yeasts) before and after processing are pre-
the values of charging voltage, gap setting, and resistor valueented here. The sampling technique was performed using a ro-
The microbial population was prepared from the accumulgating collector during 8 min in the air flow. Instrumentation was
tion of a pure culture of Gram negative and Gram positive baitie RCS Airsampler of Biotest, Germany.
teria. The culture was diluted into standard samples of 50 mLIn the 967 ni/h flow, we achieved at least one log reduction
of water. One to five minutes before the start of an experimeut, an energy density of only 2 J/L. The reduction efficiency may
a standard sample was injected into the wad&¥30 mL) in the very well prove to be higher when more detailed measurements
corona treatment chamber. The resulting initial total counts &me done.
the unprocessed liquid are in the range of40) counts per  Particle charging in a corona discharge is a well-utilized ef-
milliliter. After PCOR treatment, samples were extracted froriect in electrostatic precipitators. The charged particles are sub-
the processed liquid and the setup was decontaminated. Bkequently transported by the electric field and collected at the
samples were analyzed microbiologically by surface plating avalls of the discharge chamber. To investigate whether the ob-
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Fig. 5. Setup with the bubbling needle for PCOR treatment of microorganisms in water. The flow is pumped in a closed loop containing the treatment chamb
The high-voltage electrode in this chamber is the needle.
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Fig. 6. Inactivation of gram negative bacteria by PCOR in a needle versus ring configuration. The hollow needle is flushed with air or nitrogesesTére pul
=10 kV, 44 pps, 14 W; or +20 kV, 16 pps, and 19 W. The pulselengthyis.6

served reductions in air are a direct consequence of the letafiect of corona discharges that is responsible for the observed
effects of corona discharges or are the result of charging amdiuctions.
precipitation, we also measured the particle collection efficiency

of the pulsed discharges. We found that particles of more than

5 pm diameter are removed for more than 90% in a flow of 967

m3/h. In a flow of 197 ni/h, this figure is near 100%. Most of  Various types of pulsed power treatment of microorganisms
the considered microorganisms, however, are in the next smaiteiwater and in air were investigated. Efficiencies were ex-
size range of 0.xm <size<;xm. For particles in this size range,pressed in terms of energy density per log reduction and are
the precipitated fractions are only 25% and 34%, respectivebppmmarized in Table I.

Since the inactivation of microorganisms is much higher, it is For liquids, PEF treatment remains preferred if food is to be
not the particle collection but more probably the direct lethg@lasteurized. Parameters for PEF inactivation were estimated for

VIII. DISCUSSION
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TABLE | [14] H. W. M. Smulders, S. V. B. Van Paasen, and E. J. M. Van Heesch,
SUMMARY OF EFFICIENCIES OFVARIOUS TESTED METHODS ON “Pulsed power corona discharges for air pollution contri®FE Trans.
INACTIVATION OF MICROORGANISMS Plasma Scj.vol. 26, pp. 1476-1484, Oct. 1998.
[15] P. C. T. van der Laan and A. P. J. van Deursen, “Linear EMC-methods
Medium  Treatment type Efficiency applied to power systems,” ifroc. 10th Int. Symp. High-Voltage Engi-
(kJ/L per log neering vol. I, Montreal, P.Q., Canada, Aug. 25-29, 1997, pp. 59-66.
reduction)
Air PCOR, wire-cylinder 0.002
Water PCOR, needle - air bubbles 25
Water PCOR, needle - N, bubbles 32 : E. J. M. van Heeschwas born in Utrecht, The
Water PEF, bacteria 85 " Netherlands, in 1951. He received the Master's

Water PEF, spores 500 degree in physics from Eindhoven University
of Technology, Eindhoven, The Netherlands, in
1975 and the Ph.D. degree in plasma physics and
fusion-related research from Utrecht University, The
Netherlands, in 1982.

Since 1986, he has been leading Eindhoven

Corona and Pulsed Power Research Group. Prior

a test cell with homogeneous electric field. A voltage of 1
across the membrane would coincide with a bulk E-field of son
25 kV/em. This value may vary by a factor of two, dependm_g 0 to that, he was occupied with fusion technology in

actual values of material parameters. The effect would be simifar Jutphaas, The Netherlands; in Suchumi, Russia; and

for bacteria and spores. However experiments show that Spdgeéaskatoon, Canada. Among his designs are a toroidal fusion experiment
) ’ -GW pulse power), a particle beam diagnostic, a substation high-voltage

are inactivated only at much higher energy densities. V_Ve n_eec&rfé%xsuring system, and a unit for continuous pulsed power corona.
compare the supposed mechanism with another possibly impor-

tant effect; the current concentration in the pores of organisms in
the high E-field. Local heating in the pores could transform the
pores into lethal perforations of the membrane. Spores wot " * A. J. M. Pemen (M'98) was born in Breda, The
suffer much less from this effect, which might be one possib y Netherlands, in 1961. He received the B.Sc. degree
hint for their hard inst PEE in electrical engineering from The College of
It 1or " eir _ar nes_s aga'ns ' o Advanced Technology, Breda, in 1986.
To arrive atindustrial applications, reliable pulse sources su Before joining the High-Voltage & EMC Group
as the one demonstrated here have to be further developed of the Eindhoven University of Technology in 1998,
. . . . he worked for KEMA T&D Power in Arnhem, The
made more powerful with longer proven life time. High ener
gies are needed even for direct corona treatment. Further deyig

Netherlands. He is leading the Eindhoven Corona
‘ and Pulsed Power Research Group on tar cracking
opments are needed to improve the efficiencies to values be
10 kJ/L per log reduction.

in thermally generated biogas. His research interest

includes high-voltage engineering and pulsed power.

Among his achievements are design guidelines for vacuum insulation systems

and the development of an on-line monitoring system for partial discharges in
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