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ENERGY EFFICIENCY OF THE DISINFECTION TREATMENT OF LIQUID
FOODSTUFFS BY HIGH-VOLTAGE PULSE EFFECTS

Purpose. Experimentally determine the rational modes and energy efficiency of decontamination treatment of flowing food
products using high-voltage impulse actions in comparison with traditional pasteurization. Methodology. We used pulse
generation method with the help of a step-up transformer, high-voltage pulse capacitors and spark gaps with a system of peaking
of pulse front to obtain high-voltage pulses in working chambers - the generator load. The pulses on the load were measured by a
low-resistance resistive voltage divider, were transmitted over a broadband coaxial cable and recorded using an analog C8-12
oscilloscope or a Rigol DS1102E digital oscilloscope with a bandwidth of 100 MH? for each. The working chambers were filled
with water, milk or milk whey and consisted of an annular hull made of PTFE and metal electrodes forming the bottom and the
chamber cover having flat linings of food grade stainless steel for contact with the food product inside the chamber. Results. We
obtained high-voltage pulses on the generator load with a base duration of 300 to 1200 ns at pulse repetition rates up to 500
pulses per second. We obtained experimentally the amplitude of the voltage pulses on the generator load up to 75 kV, and the
electric field strength up to 35 kV/cm in working chambers with a gap of 22 mm and up to 50 kV/cm in working chambers with a
gap of 15 mm. These characteristics of the pulses allowed complete and irreversible inactivation of microorganisms in food
liquids in working chambers. Originality. We showed that there are modes of treatment food products with the help of high-
voltage pulse actions, which allow better to preserve the biological and nutritional value of the products in comparison with heat
treatment with their complete disinfection and at a significantly lower specific energy consumption. Practical value. The
experimental regimes for treating milk, whey and water with reduced specific energy consumption open the prospect of industrial
application of a complex of high-voltage pulse actions for the disinfecting treatment of water-containing food products.
References 7, tables 3, figures 10.

Key words: generator of high-voltage pulses, transformer, capacitor, multi-gap discharger, multichannel switch, working
chamber, disinfecting food treatment.

Llens. DxcnepumenmanvHo onpedenumsv pAyUOHAIbHBIE pPeEHCUMbL U IHEP20IPPhexkmusnocms o00e33aparxcusaiouient
00pabomKu meKyuux RUWEEHLIX NPOOYKMOE NPU NOMOULU GbICOKOBOIbMHBIX UMNYIbCHBIX 6030€liCHEUIl 6 CPAGHEHUU C
mpaouyuonnoii nacmepuszayueii. Memoouka. /na nonyuenus 6vlCOKOBOIbMHBIX UMNYIbCO6 HA PAOOYUX KaAmMepax —
Hazpy3Ke zeHepamopa npuMeHeHa MemoOuKa 2eHepUPo8anUs UMNYIbCO8 RPU ROMOULU NOGbILLAIOUW €20 MPaHChopmamopa,
6bICOKOBOILMHBIX UMHNYIbCHBIX KOHOCHCAMOPO8 U PA3PAOHUKO8 C CUCHEMOU 000CmMpeHus Gponma umnyapcos.
Hmnynvcol Ha nazpy3Ke UsMepAIUCy RPU NOMOUU HUZKOOMHO20 PE3UCMUBHO20 0eIumeNsn HARPAINCEHUS, NePeOasanuch no
WIUPOKOROIOCHOMY KOAKCUANbHOMY KAOenl0 u pezUcmpuposanuct npu noMouiu ananozo8020 ocyunnozpaga C8-12 unu
yugposozo ocyunnozpaga Rigol DS1102E ¢ nonocoii nponyckanus 100 MI'y y kaxcoozo. Pabouue kamepuvl 3anonHANUCH
60000, MOI0KOM UNU MOJIOYHOU CBHIGOPOMKOU U COCMOANU U3 KONbUeoOPA3H020 KOpnyca, 6bINONHEHHO20 U3
¢moponnacma, u memannuueckux INeKMpPo008, 00PA3YIOUUX OHO U KPIUWIKY KAMepPbl, UMEIOWUX NI0CKUEe HAKNAOKU U3
nuwiesoil Hepicageowiell cmanu 01A KOHMAKMA ¢ RUuieevim npooykmom enympu kamepwl. Pesynomamur. Ionyuenst
6bICOKO0BOIbMHBIE UMNYJILCL HA HAZPY3Ke 2eHepamopa ¢ OnumeabHocmovio no ocuosanuio 300-1200 nc npu wacmomax
cnedosanua umnyavcoe 00 500 umn/c. DKcnepumenmanvHo ROJIYYEHHblIE AMHAUMYObl UMRYIAbCO8 HANPANCEHUA HA
Hazpy3Ke cenepamopa — 00 75 KB, a nanpascennocmu snekmpuueckozo nons — 00 35 kB/cm 6 pabouux kamepax c 3a3opom
22 mm u 0o 50 kB/cm 6 pabouux kamepax c 3azopom 15 mm. Ykazaunvie xapakmepucmuku UMRYIbCO8 NO3601UNU
ocyuiecmeums HOAHYI0 U HEOOPAMUMYIO UHAKIMUBAUUIO MUKDOOP2AHUIMOE 8 NUULEBLIX HCUOKOCMAX 6 PADOUUX KaMmepaXx.
Hayunas nosusna. Ilokazano, umo cywjecmeyiom pescumsl 00padomKu RUWLeGbIX NPOOYKMOE RNPU HOMOUYU
GbICOKOBOILMHBIX UMNYIAbCHBLIX 8030€lICMEUll, NO3601AI0WUE AYUUle COXPAHUNMD OUOI02UYECKYI0 U NUUE8YI0 YEHHOCMb
NPOOYKMO6 no CPAGHEeHUI0 C MEn080ll 00pabomKoll npu UX NOTHOM 00€33apaxcueéanuu U npu CYujecCmeeHno MeHbULUX
yoenvhvix 3Inepzozampamax. Ilpaxmuueckas 3nauumocms. IlonyuenHnvle IKCNEPUMEHMATLHO PpedCUMbL 00padomku
MOJI0OKA, MOJIOUHOU CbIGOPOMKU U 600bl C YMEHbUIEHHBIMU YOCIbHLIMU IHEP2O3AMPAMAMU OMKPLIEAIOM HEPCHEKMUBY
NPOMBIUINIEHHO20 NPUMEHEHUA KOMNIEKCA 6bICOKOBONbMHBIX UMNYIbCHBIX 6030elicmeull 013 obe3zapasxcusarouieii
00pabomku 6000codeprcauux nuugesvix npodykmos. budn. 7, tadn. 3, puc. 10.

Kniouesvie crosa: reHepaTop BBICOKOBOJBLTHBIX HMIIYJIbCOB, TpaHcGOpPMATOpP, KOHAEHCATOP, MHOI03a30PHbINH Pa3psIHUK,
MHOIOKaHaJbHBIH pPa3psiIHUK, pabo4yasi kaMepa, 00e33apakuBaOLIasi 00pad0oTKa NUILEBLIX NIPOAYKTOB.

Introduction. Traditional thermal methods of
disinfecting treatment (pasteurization and thermal

liquid food products are water-containing. Therefore, the
important question is also about rational modes of

sterilization) of liquid food products, wine materials,
beverages are energy-consuming and do not allow to
preserve their initial biological and nutritional value to a
sufficient extent [1, 2]. One of the most promising ways of
non-thermal disinfection treatment of products is the way
of processing by means of a complex of high-voltage
impulse actions (CHVIA). The English-language scientific
literature uses the term PEF-treatment (PEF — pulsed
electric field, treatment with a pulsed electric field). Most

decontaminating water treatment by using CHVIA.

The goal of the work is to experimentally determine
the rational modes and energy efficiency of
decontaminating treatment of liquid food products by
means of high-voltage impulse actions in comparison with
traditional pasteurization.

Experimental installation. To carry out
experimental studies, we used a facility, which was first
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described in [3]. The electrical circuit of the installation
with the control system is shown in Fig. 1.
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Fig. 1. Electrical circuit of the CHVIA installation
with a control system

The installation consists of low-voltage and high-
voltage parts. The high-voltage part consists of a generator
of high-voltage pulses and a load — a working chamber
WCH. The generator contains a start cascade (C1, DC1)
and two cascades of sharpening (C2, DC2 and C3, DC3).
Each cascade contains a capacitor and an discharger. The
discharger DC1 of the start cascade is multi-gap. All
arresters are multi-channel. In the simplest mode of
operation, only the first cascade is used. The disadvantage
of this mode is the insufficient steepness of the pulse front
on the load — the WCH working chamber. Therefore, the
main amount of the experiments was carried out using all
three cascades.

After connecting to a three-phase power supply,
during flow processing, pressing the button SB/ starts the
pump electric motor M which pumps the processed
product through the WCH working chamber. Pressing the
button SB3 energizes the relay K2, its contacts K2.1, K2.2,
K2.3 are closed, and the phase voltage of the power
network through the filter L0 - CO is fed to the primary
(low-voltage) winding of the transformer 77 starting the
installation. As a result, on the load — the WCH working
chamber, pulses are formed of high voltage (up to 120 kV)
and current of both polarities with repetition frequency up
to 500 pulses. The button SB4 switches off the supply of
voltage to the filter L0 - CO and to the primary winding of

the transformer 7r. By pressing the button SB2, the pump
electric motor M is switched off.

Working chambers. The working chambers (WCH)
which are the load for the CHVIA installation are divided
into stationary and flowing. In stationary chambers,
portions of the product are replaced manually, and in flow
chambers through the flow through the chamber which
provides the pump and a pumping system. The Ilatter
contains containers for feeding and receiving the treated
liquid product and hoses. It is in the WCH that energy is
released which is initially stored in the main high-voltage
capacitor of the installation.

Typical stationary and flow chambers are shown in
Fig. 2 and Fig. 3, respectively.

Fig. 2. Variant of stationary WCH with cover — electrode
located near

E output

Fig. 3. a - variant of the design of the flowing technological
WCH: 1, 2 — electrodes, 3 — internal volume of the chamber,
4 — dielectric housing; b — WCH
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Experimental studies of CHVIA methods for the
treatment (PEF-treatment) of food products and water
treatment. We experimentally investigated the effect of
CHVIA treatment on microbiological contamination,
sanitary and hygienic properties and organoleptic
parameters of milk, milk whey and water. The
investigations were carried out in different treatment
modes in stationary and flowing WCHs at the CHVIA
installation described above.

A photo of an operating CHVIA installation during
the experiments is shown in Fig. 4. The product to be
processed was poured into a WCH which was previously
sterilized with an alcohol burner, and the chamber was
closed with a sterilized lid. Two types of cameras were
used: with an interelectrode gap (the distance between the
disk cover of the chamber and its bottom) of 15 mm and
with an interelectrode gap of 22 mm. We varied the
treatment time from 10 s to 30 s. Fig. 5 shows a WCH with
an interelectrode gap of 22 mm.

Fig. 4. Photo of operating CHVIA installation

To measure the characteristics of pulses on the load
of the CHVIA installation - the working chamber, a
resistive low-resistance voltage divider with a division

coefficient £,~1000 was used. As the recording device an
analog storage oscilloscope C8-12 with a bandwidth of
100 MHz and a digital oscilloscope RIGOL DS1102E with
a bandwidth of 100 MHz were used.

To protect against electromagnetic interference, the
oscilloscope was located in a shielding cabin with a door
screened circuit along the contour. The signal from the
low-voltage arm of the voltage divider to the oscilloscope
in the measuring cabinet was fed using a coaxial cable
with a double braid. The door in the measuring cabinet can
be opened and closed tightly both from the outside and
from the inside.

Fig. 5. Working chamber with an interelectrode gap of 22 mm:
a — body made of fluoroplastic, b — cover, ¢ — interelectrode gap
of 22 mm, d — cover near the chamber
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The inactivating effect of CHVIA on various milk
products (milk, whey, yogurt), as well as water, was
investigated. To do this, our colleagues, co-executors from
the National University of Food Technologies (NUFT), the
city of Kiev, prepared water for experiments. They took
water «Sofia Kiev» and infested it with bacteria of the
E-coli group. At each treatment mode of all the fluids
studied, three repetitions were performed.

The values of the interelectrode gap in the spark
dischargers had the following values: for a multi-gap
discharger (MGD), the value of an individual gap is
approximately 5 mm, for the first sharpening discharger
approximately 20 mm, for a second sharpening discharger
approximately 20 mm. At the same time, the number of
gaps involved in the MGD was from 4 to 7 inclusive.

The treatment of samples of liquid products and
water in the WCH in all modes was carried out by pulses
of both polarities. During the period of 20 ms of the AC
network voltage during the half-period of the positive
voltage of 10 ms, approximately 4 pulses of the same
polarity were applied to the WCH, and about 4 pulses of a
different polarity were applied to the WCH during the
half-period of the negative voltage of 10 ms.

Results of experimental studies of the methods of
CHVIA treatment (PEF-treatment). Fig. 6 shows an
oscillogram of pulses on the WCH with milk at 7 ruptured
gaps of 8 in a multi-gap discharger — MGD without the
influence of electromagnetic interference and with a
clearly visible pulse front.

Fig. 6. Typical oscillogram of the voltage pulse on the WCH with
raw milk. The scale division along the time axis is
50 ns/div; along the axis of the process is 20 kV/div.
In multi-gap discharger 7 gaps of 8 are ruptured.
The gap in the WCH is d =22 mm

It follows from the oscillogram that the pulse front
duration in milk is about 20 ns and the pulse duration
along the base before passing through zero is about 300 ns.
Amplitude of the voltage pulse is not less than 60 kV.
From this it follows that the amplitude of the electric field
strength in milk is 60/2.2=27.3 kV/cm. It is also important
that in milk which has a resistivity less than tap water or
table water, the pulse shape is slightly oscillatory.

Fig. 7 shows a typical oscillogram of the pulse
voltage on the WCH with water, contaminated with E-coli.
The oscillogram was obtained using a digital oscilloscope
Rigol 1102 E.

From the oscillogram in Fig. 7 it follows that the
amplitude of the voltage on the WCH with water in this
mode is not less than 72 kV, the pulse duration on the base

is approximately 1200 ns, and the pulse shape is aperiodic,
unipolar, does not pass through the zero line. The zero line
is shown in Fig. 7 and further by the arrow located to the
left of the oscillogram.

RIGOL STOF F =T .8

EIFER 16,613 Time 200.8ns @0, 0066S
Fig. 7. Typical oscillogram of the voltage pulse on a working
chamber with water «Sofia Kiev» seeded by E-coli. The scale
division along the time axis is 200 ns/div; along the axis of the

process is 20 kV/div. In the multi-gap discharger 6 gaps of 8 are
ruptured. The gap in the WCH is =22 mm. A low-resistance

resistive voltage divider with division coefficient
k;~2000 is used

Two additional bursts at the fall of the pulse on this
oscillogram, as well as on other oscillograms, are due to
the presence of three high-voltage capacitive storage
devices: the main one and two sharpening ones. The front
part of the pulse is due to the last (second) sharpening
cascade with the second sharpening capacitive storage, the
first additional burst at the pulse decay is due to the
presence of the first cascade of sharpening with the first
sharpening capacitive storage, and the second additional
surge at the pulse decay is due to the presence of the main
high-voltage capacitive storage device.

The results of microbiological analyzes of water are
given in Table 1.

Table 1

Detection of the bacteria of the family E.coli in water
The name| Results of |Approximated|Calculated|Treatment

of the |investigations,| treatment | treatment | duration
indicator | CFU/cm® mode, mode, (¢, 8)
(units of (E, kV/cm) (E,
measure kV/em)
CFU/cm’)
Water
sterile.

Dilution
E.coli 10°

Water
sterile.
Dilution
E.coli 10°

Water
sterile.
Dilution
E.coli 10°

Water
sterile.
Dilution
E.coli 10°

*Note: CFU — colony forming units.

210 30 20.09 10

31.8 20

60 30 19.0 10

0 30 1.8 20
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Fig. 8 shows a typical oscillogram of pulse voltage on
the WCH with milk whey.

£

RIGOL STOP F =T .56l
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Fig. 8. Typical oscillogram of the voltage pulse on a working
chamber with milk whey. The scale division along the time axis
is 200 ns/div; along the axis of the process is 10 kV/div. In the
multi-gap discharger 6 gaps of 8 are ruptured. The gap in the
WCH is d=22 mm. A low-resistance resistive voltage divider

with division coefficient k; =1000 is used

The pulse duration along the base on the oscillogram
(Fig. 8) is approximately 350 ns. The pulse shape is
oscillatory with a large decrement of oscillations. The
amplitude of the voltage pulse on this oscillogram is
approximately 45 kV, and the amplitude of the voltage is
approximately 20.45 kV/cm.

In Fig. 9 shows a typical oscillogram of the pulse
voltage on the WCH with raw milk.

The results of microbiological analyzes of milk whey
treated with CHVIA pulses, a sample oscillogram of which
is presented in Fig. 8, are given in Table 2-5.

RIGOL STOF £ =T .5al

[CH 1 W T Time 20868.8ns D40, 60065
Fig. 9. Typical oscillogram of the voltage pulse on a working
chamber with raw milk. The scale division along the time axis is
200ns/div; along the axis of the process is 10 kV/div. In the
multi-gap discharger 6 gaps of 8 are ruptured. The gap in the
WCH is d=22 mm. A low-resistance resistive voltage divider

with division coefficient £,;~1000 is used

Table 2
The results of the analyzes on the detection of E.coli family
bacteria in milk whey after CHVIA treatment

The name of the indicator, units of measure Result,
CFU/em’ E.coli CFU/cm’
at E=30 kV/cm, total treatment duration 30

=10 s and dilution 10°
at E=30 kV/cm, total treatment duration 0
=20 s and dilution 10°

at E=30 kV/cm, total treatment duration
=10 s and dilution 10°

at E=30 kV/cm, total treatment duration 0
=20 s and dilution 10°

20

Table 3

Physicochemical parameters of initially raw milk after CHVIA treatment

The name of the
indicator, units of
measure

ND for testing techniques

Investigation result

Indicator value in
accordance with ND

Compliance with ND

1 2

3 4 5

Determination of the mass portion of vitamin C by titrimetric method in food products

mass part of vitamin C,
ppm

GOST 30627.2-98

5.0

not regulated corresponds to ND

Determination of peroxidase by the method of qualitative analysis in food products

peroxidase for baked,
ultra-pasteurized,
sterilized milk

DSTU 7380:2013

detected

absent does not correspond

Determination of phosphatase of milk and milk products by method of qualitative analysis

phosphatase for

pasteurized milk DSTU 7380:2013

not detected

absent

corresponds

From Table 2 it follows that after complete treatment
of milk whey in the WCH during 20 s by high-voltage
pulses (see Fig. 8) complete inactivation of E.coli bacteria
is guaranteed. When treated during 10 s from 20 to 30
colony forming units remain not inactivated. Thus, the
existence of a mode of complete guaranteed inactivation at

The pulse duration along the base on the
oscillogram in Fig. 9 is approximately 350 ns. The pulse
shape is oscillatory with a large decrement of oscillations
(weakly vibrational). The amplitude of the voltage pulse
on this oscillogram is approximately 60 kV, and the
amplitude of the electric field strength is approximately

CHVIA treatment of products was confirmed 60/2.2=27.3 kV/cm.

experimentally. In control (not treated by CHVIA) samples The results of laboratory studies of the
of milk whey, a continuous growth of E.coli bacteria physicochemical parameters of milk after CHVIA
(>>1000 CFU/cm®) was observed. treatment (see Fig. 9) are given in Table 3.
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From the results given in Table 6 it follows that in
CHVIA treated milk there is a peroxidase enzyme, the
absence of which is characteristic of baked, ultra-
pasteurized, sterilized milk, that is, milk that was amenable
to processing at high temperatures (greater than 100 °C).
However, in CHVIA treated milk, no enzyme phosphatase
was detected, the absence of which is characteristic of
pasteurized milk. In addition, from the data of Table 6 it
follows that the amount of vitamin C which is very
sensitive to different treatments, after CHVIA treatment
has remained at the level meeting the requirements of
normative documentation (ND), that is, CHVIA treatment
is soft processing. All analyzes (microbiological and
sanitary-hygienic) of treated and control samples of water-
containing foods and water were conducted by specialists
of the public utility «Sanepidservice» (public unity «SES»,
the Kharkiv city). This enterprise is accredited by the
National Agency of Ukraine for Accreditation
(Accreditation Certificate No. 2H1207 of 25.02.2015).

Energy efficiency of high-voltage prototype of
CHVIA installation. Energy efficiency is determined by
two components: high degree of microbiological
(microbial) disinfection of the processed product at a given
specific energy input and reduced specific energy
consumption in comparison with known methods (for
example, thermal sterilization and pasteurization). The first
component can be estimated by conducting CHVIA
processing and making the corresponding microbiological
analyzes of the processed product (water, milk, milk
whey). The second component of energy efficiency can be
estimated on the basis of what part of the energy consumed
from the power supply network by the CHVIA installation
was delivered to the WCH and there it was dissipated
leading to the required degree of inactivation of
microorganisms in the water. Since in all elements of the
CHVIA installation, including in high-voltage capacitors, a
transformer and dischargers, not more than 0.1 total energy
consumed from the network dissipates in total, efficiency
of the installation can be estimated as 0.9, or 90% [4-6]. It
is more difficult to estimate how much energy is dissipated
in the WCH. We do this with the help of oscillograms of
voltage pulses on the WCH with the treated product. A
typical oscillogram of the voltage pulse on a chamber with
water being treated is shown in Fig. 10.

RIGOL STOP F B . @au

[MEFED 18.8U13 Time 288 .0ns bHE,E8E0ES

Fig. 10. Typical voltage pulse oscillogram on a working chamber
with treated water

The three peaks (maximums), as mentioned above,
on the oscillogram correspond to the processes of
discharge of three capacitors (C1, C2, C3) on the load —
the working chamber, in this case filled with water (see
Fig. 1). The first (largest) peak after the pulse front is the
maximum voltage on the WCH due to the energy input to
the chamber from the most low-inductive discharge circuit
with the capacitive storage C3. The second peak
corresponds to the process of connecting and discharging
capacitor C2 on the WCH. The third peak corresponds to
the process of connecting to the discharge on the WCH of
capacitance C1, more remote from the WCH and having
the greatest inductance.

Energy which is released in the WCH during
processing can be estimated by the formula

E =nT | iudt = nTiugut, (1
where i is the current as a temporal function, u is the
voltage as a temporal function, i,, is the averaged current,
u,, is the averaged voltage, ¢ is the duration of one pulse at
half-height — the length of time during which the energy of
the pulse is released in the WCH, n is the pulse repetition
rate, T is the treatment duration.

We suppose that water in the WCH is a purely
resistive load. The pulse duration is determined from the
oscillograms.

According to the voltage oscillogram, it is possible to
find the active resistance R, of water in the chamber,
knowing the value of the high-voltage capacitance C;, in
which energy is accumulated before after transformation in
the transformer MOM 100/100 [7]

(t/07) = Rwah'Chvs (2)
where ¢ is the pulse duration at half-height, and #/0.7 is the
pulse duration before the measured value decreases from
the amplitude value in e =~ 2.71828 time.

For our installation C,, =~ 10° F, ¢ = 380 ns (see
oscillogram in Fig. 10). Thus

Ryen = (#0.7)/C, = (3.8-107/0.7)/10® = 54.3 Q.

Taking into account that u,, =~ 40 kV, i,, = uy/Ryep =
= 40000 V/54.3 Q2 = 736.65 A. From here it follows that at
n =400 pulses/s, T=10s, t = 3.8:10" s, the energy E,
dissipated in the chamber is E,,.,=nTi, .t = 400 pulses/s x
x 10's X 736.65 A x40000 V x 3.8 x 107 s = 16 x 736.65 x
x 3.8~44.8 kJ.

Here, the averaged power P consumed in the WCH
with water approximately equals P = E,,;,/T =44.8 kJ/10 s =
~4.5kW.

The energy E|c; initially stored in the high-voltage
discharge circuit in the capacitor C1 before each discharge
can be estimated by the formula

Eic1 = Cluc®/2 = 10°%(50-10°)/2 = 12.5 J.

We estimate the total energy E¢; accumulated in C1

during time T
Eci =nTE ¢ =400 pulses/s x 10 s x 12.5] =
= 50000 J =50 kJ.

E/Ec) = 44.8/50 = 0.896.

The resistivity of the water in WCH can be estimated
by the formula

P = RS/, 3)
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where S is the cross-sectional area of WCH with the liquid
to be treated relative to the current flow direction, / is the
length of the interelectrode gap in the WCH i.e. its
(working chamber’s) height.
At §=3.144.75>10*=7.1-10" m’, /= 1.5:10 ° m:
p=543Qx71x%x10°m%1.510° m=25.7 Q-m.

We estimate the heating Af of water in a non-current
(stationary) WCH for 7' = 10 s with energy E = 44.8 kJ
dissipated in the chamber. If we assume that half of this
energy was used to heating the water, and the other half to
heating the metal electrodes - the covers of the WCH and
its insulating (fluoroplastic) housing, then

E=2.cVyAt ie. At=0.5-E/(c-V-y), 4)
where ¢ = 4200 J/(kg'K) is the specific heat of water, V' is

the water volume in the WCH, y = 10° kg/m’ is the density
of water.
V=81=7.110"m"1.510"m= 10" m’.
So:
At =0.5-44.8-10°7/(4200 J/(kg'K)x
x107* m*10° kg/m*) = 53.3 K.

The obtained calculated result is in good agreement
with the experimental result on heating water in a given
WCH under CHVIA treatment. The measurements were
carried out with a M890G tester using a thermocouple. The
measured temperature drop from the initial (start) f,, to
the final t;,,, was At,., = tpw — tuan = 74 — 20 = 54 K.
Hence the conclusion follows that practically all the
electromagnetic energy reaching the WCH is released in
it in the form of heat. This is of fundamental importance,
since both electromagnetic factors (electric and magnetic
field strength, voltage and current in the WCH) and
thermal energy  are synergistically  directed
(unidirectional) factors. This unidirectional effect leads
to an increase in the degree of inactivation of
microorganisms in the flowable liquid products processed
in the WCH. At the same time, all energy supplied to the
WCH is used for its intended purpose — microbiological
disinfection of the product processed in the chamber. If
we now assume that all the heat released in the chamber
is transferred through a heat exchanger to an unprocessed
product that has not yet passed through the WCH, then
the efficiency 7, for the given technological process
Ne = 85-99.5%.

An important indicator is also the specific energy
consumption of FE, that is, the amount of energy
expended for processing a unit (for example, units of
volume or mass) of the product. At CHVIA processing in
industrial flowing option, when rational heat exchange is
involved, this is the amount of electromagnetic energy
Ejoy introduced into the WCH which in the chamber
passes into thermal energy. Here, the product heating
Atg,,, 1s guaranteed in the flow mode, while it flows
through the WCH, by several K (for example, by 5 K)
and the transition from the subcritical temperature to the
supercritical temperature of the product which ensures
irreversible inactivation of microorganisms under the
action of high external pulsed electric field.

Estimation of Ej,,, and E,

Ejow = ¢-V-p-Atgo, = 4200 J/(kg-K)x10™* m*x10° kg/m*x
x5 K=21001J;

Eyy = Epo/V = cp-Dtgy = 2100 J/10* m’ = 2.1-107 J/m’ =
=2.1-10* kJ/m’ = (21000/3600) kW-h/m’ =
=5.83 kW-h/m’.

Thus, the estimated value of the specific energy
consumption in the flowing mode at CHVIA treatment of
products is E, = 5.83 kWh/m’. AT the traditional scheme
of microbiological milk disinfection (with the help of heat

treatment —  pasteurization), the specific energy
consumption is more, at least 4 times [1, 2].
Conclusions.

1. Rational modes of operation of CHVIA installation
for the tested working chambers take place at amplitudes
of pulsed electric field strength £ ~ 30 kV/cm in the liquid
in the working chamber and at the treatment duration of
20 s with high-voltage pulses of duration 300-1200 ns at
pulse repetition rate n =~ 400 pulses/s.

2. At rational modes in the treated water, milk whey and
milk, the demonstrative E.coli bacteria are completely and
irreversibly inactivated. In this case, the enzyme
peroxidase in milk is preserved. Consequently, the tested
rational mode of disinfecting milk treatment is milder than
the mode of thermal sterilization, and approximately
corresponds to pasteurization.

3. The amount of vitamin C, highly sensitive to various
treatments, after treating milk in rational modes is
maintained at a level that meets the requirements of
regulatory documentation, that is, CHVIA treatment is a
soft treatment that preserves the biological and nutritional
value of the products.

4. Estimated value of specific energy consumption in
flowing mode AT CHVIA treatment of products is
E, =6 kWh/m®, which is about 4 times less than at
traditional heat treatment. At the same time, the energy
efficiency of the proposed complex of high-voltage
pulse actions is 4 times higher compared with
pasteurization.

5. The results of the performed investigations open the
prospect of the industrial application of a complex of high-
voltage pulse actions for the disinfecting treatment of
water-containing food products.
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