Progress In Electromagnetics Research C, Vol. 168, 26-38, 2026

(Received 11 January 2026, Accepted 19 February 2026, Scheduled 30 March 2026)

A Low-Gurrent Pulsed Electric Field Treatment System for Fruit
Juices: Air-Gap Optimisation and Assessment of Microbhial
Inactivation

Thomas Mohan"?", Aswini S. Choolangal3, Noorul H. M. Noor*, Krishnan J. Suja 1
Karakkat M. Sunitha®, and Tharamel V. Suchithra?

! Department of Electronics & Communication Engineering, National Institute of Technology Calicut, India
2Department of Electronics & Communication Engineering, Mar Athanasius College of Engineering, Kerala, India
3 Department of Bioscience and Engineering, National Institute of Technology Calicut, India
4Department of Electrical Engineering, National Institute of Technology Calicut, India

ABSTRACT: The use of electromagnetic fields to inactivate microorganisms and preserve food items is gaining increasing popularity.
Among the different electromagnetic treatments used for fruit juice preservation, Pulsed Electric Field (PEF) treatment is a prominent
method. However, in the Pulsed Electric Field treatment chambers currently used, the current flow and energy dissipation within the
juice are very high. These high currents cause unwanted electrochemical reactions inside the juice, increasing its temperature. This work
introduces a method to prevent it by reducing the current flow with the help of an air gap inside the Pulsed Electric Field treatment chamber.
A mathematical model of the proposed system was created, and the reduced current values were calculated. Simulations using COMSOL
Multiphysics software were conducted to analyze the electric field distribution and the increase in juice temperature. The optimum value
of the air gap that can be provided inside the chamber without the risk of electrical breakdown was determined through simulations of
the electric field intensities and later confirmed through experiments. The effectiveness of the proposed system in inactivating microbes
was assessed through microbiological experiments using Escherichia coli in watermelon juice. According to the experimental results,
the proposed system successfully achieved bacterial inactivation with a low current value and without any measurable increase in the
juice temperature. To the best of our knowledge, there are very limited studies addressing the reduction of current flow within a Pulsed
Electric Field treatment chamber through the incorporation of air gaps. In the future, this novel method for preserving fruit juices could
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be highly beneficial to the food processing industry.

1. INTRODUCTION

ulsed Electric Field (PEF) treatment is an emerging electro-

magnetic field—based technique for food preservation. In
PEF treatment systems, food items, such as fruit juices, are ex-
posed to a uniform distribution of high-intensity electric fields
to extend their shelf life. Compared to conventional thermal
treatment, PEF treatment is better at preserving aroma, color[1,
2], and nutritional components, such as Vitamin C and polyphe-
nols [3-5]. During PEF treatment, high-voltage pulses cause
irreversible electroporation in the cell membranes of microor-
ganisms, which kills them [6,7]. Typically, electric fields of
the order of tens of kV/cm are applied to fruit juices during
PEF treatment [1, 4, 8]. The existing PEF treatment techniques
also have certain drawbacks. Because fruit juices are highly
conductive, the application of such high electric fields creates
hundreds [9, 10] or even thousands [6, 11] of amperes of cur-
rent through the juice. Such a high current flow causes elec-
trochemical reactions at the electrode-juice interface, which re-
leases small quantities of metal ions and other harmful chemi-
cals [11, 12] into the juice.
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A high current flow also increases the juice temperature. Pre-
viously published results [3, 4, 13] indicate an increase in juice
temperature of nearly 20°C after PEF treatment. This local
heating causes partial evaporation of the water in the juice, cre-
ating gas bubbles that can trigger undesirable electrical break-
down within the treatment chambers [14, 15]. A large temper-
ature rise also affects the freshness [16] and physical proper-
ties of food materials [17]. Additional cooling mechanisms in-
stalled in the PEF treatment chamber to control the tempera-
ture [18, 19] increase the setup cost. Furthermore, to supply
hundreds of amperes of current through the juice, expensive
PEF signal generators with high current ratings are required.
For these reasons, it is desirable to have a smaller current flow
through the juice during PEF treatment.

The objective of this study was to design a PEF treatment sys-
tem with lower current flow through the juice. The current was
reduced by introducing an air gap below the top electrode in the
parallel-plate electrode system. Owing to the high impedance
of the air gap, only a small amount of current flows through
the chamber. One drawback of this method is that the air gap
results in a lower electric field intensity across the juice. Tim-
mermans et al. [20] achieved successful microbial inactivation
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by providing lower electric field strengths for longer durations.
Similarly, in this study, the reduction in the electric field due to
the air gap was compensated for by increasing the number of
pulses used for treatment.

Watermelon juice contains high quantities of spoilage mi-
croorganisms and has a short shelf life [21]. Under normal
refrigeration conditions, fresh watermelon juice is reported to
have a shelf life of only 4 hours [22,23]. Compared to other
juices, such as orange and apple juices, there are fewer studies
on PEF treatment of watermelon juice. Therefore, watermelon
juice was used to test the proposed system. First, the current
flow through the chamber is calculated using a mathematical
model. Finite Element Analysis using COMSOL Multiphysics
software has been successfully employed for thermal analysis
in various studies [24]; therefore, it was utilized in our study to
calculate the temperature rise within the juice. An electric field
analysis using COMSOL was employed to determine the opti-
mal height of the air gap that dissipated the maximum power
inside the juice without causing electrical breakdown, which
was subsequently validated through experiments. Finally, the
effectiveness of the proposed treatment chamber in inactivating
microbes was assessed using microbiological experiments.

Most existing studies on PEF treatment have reported high
current flow and an unwanted increase in juice temperature.
The air gap in our study enabled low-current juice process-
ing without a significant increase in temperature. While some
studies have investigated the usage of ceramic-coated elec-
trodes [6, 10,25] to reduce the current flow, this work intro-
duces a novel method for PEF treatment chambers with air gaps.
The physical implementation, field distribution characteristics,
breakdown constraints, and system-level implications of the
proposed air-gap configuration differ fundamentally from those
of ceramic-coated electrode systems. Watermelon juice was
used for experimental validation in our study. In the future, this
study could be further improved and extended to the treatment
of other fruit juices.

2. MATERIALS AND METHODS

2.1. Mathematical Modelling

2.1.1. Voltages and Currents inside the Chamber

In the proposed system, a high-voltage double exponential volt-
age pulse with an amplitude of 20kV, rise time of 1.2 ps, and
pulse width of 50 ps (full width half maximum value) was used.
The general equation for a double exponential signal is given
by
v(t) = Vok(e™® — e7PY) e
where Vj is the amplitude; o and g are characteristic mathe-
matical parameters; and £ is the amplitude factor. Based on the
required specifications of the pulse, the parameters were calcu-
lated as @ = 14868.04, § = 1629782.1, and k£ = 1.05 using
the equations described by Magdowski and Vick [26].
The proposed treatment chamber contains a layer of air be-
low the top electrode. This air gap acts as a capacitor, whose
high impedance lowers the current through the chamber. Fig. 1
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shows the equivalent electrical model of the chamber. The wa-
termelon juice inside the chamber was modelled as a parallel
combination of a resistor (f2jyice) and capacitor (Cjiyice).

For a cylindrical column of juice with depth [ and area of
cross section A, the resistance and reactance are calculated as
follows:

Rjuice = l/O’A (2)
Xjuice = l/(QTfEOETA) (3)

where o is the juice conductivity; f is the applied signal fre-
quency; € is the absolute permittivity of free space; and ¢,
is the relative permittivity of the watermelon juice. For o =
2.3mS/cm, €, = 95 [27], and f = 10kHz (center frequency
of a pulse of width 50 ps), the ratio of Xjyce
4352 : 1. Because Xjuice >> Rjuices Xjuice 18 ignored in
the parallel combination, and the juice is modelled with resis-
tor R = Rjyice. This assumption works well for frequencies
in the range of kHz, though at much higher frequencies in the
order of MHz, it can lead to errors in the final computed values.
From the simplified equivalent circuit, the applied voltage can
be expressed as follows:

v(t) = vo(t) + Ri(t) 4)

where ve(t) is the voltage across the air gap, and i(t) is the
chamber current. Using Eq. (1) in Eq. (4) and rearranging, we
obtain the following linear differential equation:

: Rjuice =

dve
dt

(Y] - Vok

¢ _ 0 —at —pBt
RC " RO\ ™)

(5)

By solving this linear differential equation and applying the
initial value condition that vo = 0 at ¢ = 0, the expression for
V¢ 18 obtained as

; Vok;[ e~ot e Pt }
c = HA -
RC %—a %—ﬁ
Vok —t/RC —t/RC
N ] IO
"e~® we B

From Eq. (6), the current flowing through the chamber is ob-
tained, as shown in Eq. (7).

VO]C |:Rlcef/RC _ aeozt:|

itt) = 5

1
RC — @

_Wok
R

(7

1
e — B

1 _—#RC _ p,—Bt
RGC Be 1

As the thickness of the air gap increased, the current de-
creased, and the energy dissipation within the juice decreased.
Hence, smaller air gaps result in higher levels of microbial in-
activation. Air gaps ranging from 1.0 cm to 4.5 cm were con-
sidered for the analysis. Air gaps thinner than 1.0 cm were
excluded, as they may be susceptible to electrical breakdown.
This assumption was experimentally validated. To analyze the
significance of the air gap in limiting the current, scenarios with
and without an air gap were compared.
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FIGURE 1. Electrical equivalent model of the proposed treatment chamber. Capacitance C represents the air gap above the juice.
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FIGURE 2. (a) Applied double exponential voltage (b) Current through juice — with air gap (2 cm) and without air gap. Inset contains a selected

portion of the graph for time t up to 10 ps.

2.1.2. Comparison with Currents in the Absence of Air Gaps

A chamber without an air gap was modelled with resistor R
(resistance of the juice) across the applied voltage. Here, the
current is given by:

Vok

i(t) =

(7™ —e™) (8)

A comparison of the plots of currents without an air gap and
with an air gap (2.0 cm) obtained using Eq. (7) and Eq. (8) is
shown in Fig. 2. With an air gap, the peak current was found
to be low, and the spike was very narrow. Therefore, power
dissipation occurred only for a short duration, thus limiting the
increase in juice temperature.

2.2. Finite Element Analysis

Simulations using COMSOL Multiphysics software had two
objectives. The first was to analyze the temperature increase
inside the juice, and the second was to determine the thick-
ness of the air gap at which undesirable electrical breakdown
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occurred. The simulation results were subsequently validated
through experiments.

2.2.1. Simulation of the Rise in Juice Temperature

The Electric Currents, Heat Transfer, and Electromagnetic
Heating modules in COMSOL were used for the simulation.
The Electric Currents module used Eq. (9) to calculate the total
current density, J.

J=0oE + 0D/t + J. )

where o is the conductivity of the medium; E is the electric
field intensity; 9D/t is the displacement current density; and
J. is the externally generated current density. The electric field
intensity was calculated using the following equation:

E=-VV (10)

where VV is the electric potential gradient. The Heat Trans-
fer module solved the transient bioheat equation [28] given by
Eqgs. (11) and (12) to calculate the associated variables.

pCLOT [0t + pCyu.VT +V.q = Q + Qea  (11)
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FIGURE 3. Determination of the dimensional parameters of the meniscus of watermelon juice on a vertical acrylic plate.
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FIGURE 4. Geometry of the chamber used for simulation.

q=—kVT (12)
where p is the density of the medium; C), is the specific heat
capacity at constant pressure; 7" is the absolute temperature; u
is the velocity vector; V is the vector differential operator; q is
the heat flux by conduction; Q44 is the thermoelastic damping;
O is the additional heat sources, such as Joule heating; and & is
the thermal conductivity. According to Timmermans et al. [29],
Eq. (13) can be used to calculate the energy density per pulse U
from the electric field intensity E, conductivity of the medium
o, and treatment duration 7.

U=Eor1 (13)

U gives the energy per unit volume per pulse for treatment with
square pulses, where E is constant. So, for treatment with dou-
ble exponential pulses with varying values of E, the specific
energy input per pulse can be calculated by taking the volume
integral of the product (E?.c) and integrating it over the entire
pulse duration. So, the specific energy input to the juice of mass
m for n double exponential pulses is calculated using Eq. (14),
and the values are mentioned in Section 3.2.6.

Specific energy input = 2/ /// (E?-o)dt (14)
m pulse width |4

The meniscus of the juice along the chamber wall affects the
height of the air gap and intensifies the electric field. So it
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was also included in the chamber geometry. To measure the
dimensions of the meniscus, a vertical acrylic plate was dipped
in watermelon juice (Fig. 3). The contact angle of the meniscus
was measured as described by Medina et al. [30]. To measure
the height of the meniscus, a photograph of a ruler taken from
the same distance was superimposed on the picture as shown in
Fig. 3.

The geometry consists of a hollow cylindrical chamber with
an inner diameter of 150 mm, as shown in Fig. 4. The cham-
ber wall, 5 mm thick, was made of Polymethyl Methacrylate
(PMMA), with a heat capacity of 1420 J/(kg.K), relative per-
mittivity of 3.0, density of 1190 kg/m?, and thermal conductiv-
ity of 0.19 W/(m.K). The electrical conductivity of PMMA is
10714 S/m [31]; the heat transfer coefficient is 10 W/(m2.K);
and the surface emissivity is 0.96 [32].

The watermelon juice inside the cylinder was 10 mm in
depth. The material properties assigned were electrical con-
ductivity of 0.23 S/m, relative permittivity of 95 [27], density
of 1033 kg/m? [33], heat capacity of 4050 J/(kg.K), and ther-
mal conductivity of 0.616 W/(m.K) [34]. The space above
the juice was filled with air with an electrical conductivity of
7.09 x 107 S/m [35] and a relative permittivity of 1. The
air surrounding the treatment chamber is represented by a large
block of air, which is hidden in Fig. 4. The electrodes were
made of UNS C26000 brass, 3 mm thick. The top electrode
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FIGURE 5. The chamber fabricated for PEF treatment. (a) Chamber in opened state. (b) Chamber in closed state. (c) PEF treatment using the

chamber.

edges were rounded off (smoothing radius of 1 mm) to reduce
the electric field intensity at the edges. The ambient tempera-
ture of the system was set to 298.15 K. The temperature increase
after applying the double exponential pulse was simulated for
different air gaps (d = 1.0cm to 4.5 cm), and the results are
discussed in Section 3.1.1.

2.2.2. Simulation of Optimum Air Gap

To prevent electrical breakdown inside the chamber, the thresh-
old height of the air gap for breakdown is required. Although
the breakdown phenomenon depends on various factors, such
as the electric field intensity, pressure, temperature, and elec-
trode shape, it can be approximately predicted using the elec-
tric field intensity. The Electrostatics module in COMSOL was
used for the simulation. The chamber geometry and material
properties were the same as those described in Section 2.2.1.
The electric field distribution inside the chamber for different
values of air gap d was simulated to identify the threshold air
gap that caused the breakdown, and the results are discussed in
Section 3.1.3.

2.3. Experimental Assessment of Microbial Inactivation

Microbiological experiments were conducted to verify the ef-
fectiveness of the proposed method in inactivating microorgan-
isms.

2.3.1. PEF Treatment Chamber

A parallel plate chamber was fabricated, as shown in Fig. 5,
to perform the PEF treatment of watermelon juice. A parallel
plate design was selected because it produces a uniform electric
field distribution [36-38]. The chamber was made of acrylic,
and brass electrodes were used. The bottom electrode is fixed.
By adjusting the nut on the top connector rod, the top electrode
can be moved vertically, allowing the air gap to be varied. The
edges of the electrodes were rounded off to minimize the corner
effect in the electric field.

30

2.3.2. Preparation of Juice

Watermelons (Arka Manik variety) were peeled; seeds were re-
moved; and the juice was extracted by grinding the flesh for
3 minutes. Pulp was removed by filtering the juice through a
0.25-mm stainless steel sieve. E. coli was inoculated in 5 ml
of freshly prepared and autoclaved nutrient broth and incu-
bated overnight in a shaking incubator at 37°C. 1.25 ml of the
overnight culture was used to inoculate 250 ml of sterilised wa-
termelon juice for PEF treatment.

2.3.3. Experiment Procedure

The treatment chamber was filled to a height of 10 mm using
inoculated juice. Double exponential pulses with the specifi-
cations mentioned in Section 2.1.1 were applied to the treat-
ment chamber at a rate of 1 pulse per second using a modular
AC/DC/impulse generator (W.S. Test Systems, Bangalore, In-
dia). Three treatment levels were used for each air gap, that is,
100, 200, and 300 pulses. Experiments were conducted in trip-
licates for each treatment level. Juice samples were collected
in sterile Eppendorf tubes before and after treatment and kept
on ice for microbial testing.

2.3.4. Microbiological Analysis

The collected samples were serially diluted using sterile dis-
tilled water to obtain 10~%, 102, 10~2, and 10~* dilutions.
Then, 100 uL of each diluted sample (inoculum) was spread
on nutrient agar plates and incubated at 37°C. The number of
colonies on each plate was counted after 24 hours. Only plates
with colony counts between 20 and 300 were considered for
calculating colony-forming units (CFU/mL) using Eq. (15), and
the results are discussed in Section 3.2.2.

Number of CFU/mL = Number of colonies

y Dilution factor
Volume of sample taken (in mL)

(15)
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2.3.5. Statistical Analysis

To evaluate the effect of the treatment parameters on micro-
bial inactivation, a two-way Analysis of Variance (ANOVA)
test was performed at a 99% confidence level (P < 0.01). The
air gap and number of pulses were considered as independent
factors, whereas microbial inactivation was the dependent vari-
able. Tukey’s multiple comparison test was used for further
analyses. Both analyses were conducted using OriginPro soft-
ware (OriginLab Corporation).

The survival curves obtained for different treatment levels
were fitted to a Weibull model [13] given by:

logy, % - [gr

where NN is the number of microbes (in CFU/mL) that had sur-
vived the treatment; Ny is the initial number of the microbial
population; n is the number of pulses applied; p is the shape
parameter; and 0 is the scale parameter of the curve. The esti-
mated scale and shape parameters were determined using non-
linear regression in origin. Based on the fitted model, the num-
ber of pulses required to achieve a 5-log reduction was also cal-
culated. The results of the statistical analysis are discussed in
Section 3.2.3.

(16)

2.3.6. Role of Dissolved lons in Microbial Inactivation

Once microbial inactivation was achieved for a particular air
gap, it was necessary to determine whether it was caused by the
electric field or dissolved gas ions in the juice. Partial or full
electrical breakdown in air can result in the creation of negative
air ions [39]. Furthermore, if the juice is exposed to the high
energies associated with the breakdown, it can dissociate water
molecules in the juice into hydrogen and hydroxide ions [40].
The ability of negative air and hydroxide ions to inactivate mi-
croorganisms has already been reported [41—43]. Hence, it was
necessary to check whether negative air and hydrogen ions were
introduced into the juice during treatment.

The introduction of ions into a fluid can increase its conduc-
tivity [44,45]. Therefore, if any gas ions were introduced into
the juice owing to electrical breakdown during the treatment,
the conductivity of the juice would increase. Additionally, the
introduction of hydroxide and hydrogen ions can change the pH
of the juice. Hence, the conductivity and pH values of the juice
were measured before and immediately after PEF treatment.
The conductivity was measured using a Conductivity Meter 304
(Systronics, Ahmedabad, India), and the pH was measured us-
ing a p pH System 361 (Systronics, Ahmedabad, India). The
results of these measurements are discussed in Section 3.2.5.

3. RESULTS AND DISCUSSION

3.1. Simulation Results

Simulations were conducted for different air gaps (10, 15, 20,
25, 35, and 45 mm) using COMSOL Multiphysics software. In
the following sections, only the sample results for certain air
gaps are presented.
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3.1.1. Simulation of Power Dissipation and Temperature

A sample power dissipation density (loss density) surface plot
at a vertical cross-section passing through the middle of the
chamber, for an air gap of 2 cm at t =0.25 ps, is shown in Fig. 6.

Power Dissipation Density (W/m?) _><1105
0.9
Air gap Top electrode 0.8
0.7
40 0.6
30
mm 20 0.5
10 0.4
0 03
0.2
mm
Bottom Juice Acrylic sidewall L 0.1
electrode of the chamber 0

FIGURE 6. Surface plot of the power dissipation density obtained
through simulation. Plots were prepared for various air gaps ranging
from 1.0 cm to 4.5 cm. As a sample plot, the distribution for an air gap
of 2 cm is shown.

Power dissipation was higher towards the edges of the juice,
where the electric field was more intense owing to the corner
effect. In addition, power dissipation decreased as the air gap
increased. When analyzed over time, it was observed that the
loss was considerably greater during the initial regions of the
pulse, where the current waveform exhibited a spike, as shown
in Fig. 2 (with an air gap). Then, volume plots of the juice
temperature before and after applying the pulse were generated,
with the ambient temperature set at 298.15 K. A comparison of
the plots indicates that there is only a negligible increase in the
juice temperature after applying one pulse. A sample tempera-
ture plot with a 2 cm air gap is shown in Fig. 7. The simulation
results indicated that treatment with hundreds of pulses did not
cause any measurable increase in juice temperature.

3.1.2. Electric Field Distribution

The uniformity of the electric field distribution inside the cham-
ber was analyzed with the help of contour plots. Filled contour
plots were drawn for different air gaps ranging from 1.0 cm to
4.5 cm, as shown in Fig. 8. The figure displays only the electric
field distribution within the juice. The contour plots show that
the electric field is uniformly distributed throughout most of the
juice, with minor variations confined to small regions near the
juice meniscus and electrode edges. Maintaining this uniform
electric field is essential to preventing inconsistent microbial
inactivation within the chamber. The results also show that the
electric field intensity increases as the air gap is reduced. So,
lower air gaps can produce higher microbial inactivation.

The electric field distribution inside the chamber for differ-
ent air gaps was analyzed to identify any potential chances of
electrical breakdown. A sample volume plot of the electric field
intensity inside the chamber for an air gap of 1.5 cm is shown
in Fig. 9. The inset shows the surface plot of a selected portion
of the vertical cross-section. Higher values of the electric field
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FIGURE 7. Volume plot of the temperature (along with the maximum value) inside the juice. Plots were prepared for various air gaps ranging from
1.0cm to 4.5 cm. As a sample plot, the distribution for an air gap of 2 cm is shown. The chamber and air gap sections are hidden in the figure. (a)
Juice temperature before treatment (b) Juice temperature after one pulse is applied.
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FIGURE 8. Filled contour plots of the normalized electric field intensity inside juice for different air gaps. The minimum value of electric field
intensity is also shown. The chamber and air gap sections are hidden in the figure.

were observed near the edges of the electrodes and juice menis-
cus edge. If the electric field intensity in these regions exceeds
the minimum threshold value for initiating the breakdown in
air, it could lead to a breakdown in the air gap. Therefore, fur-
ther analysis was conducted to determine the minimum air gap
that could be provided without causing breakdown.

3.1.3. Optimum Air Gap through Simulation

The optimum value of the air gap is the one that produces the
maximum power dissipation for microbial inactivation while
preventing an electrical breakdown. Because the current sig-
nal was an impulse, the power dissipation at the instant that
the current reached its peak was high. The peak values of the
power dissipation density (power dissipation per unit volume
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of juice) for various air gap values are shown in Fig. 10. As ex-
pected, the peak power dissipation density increased exponen-
tially when the air gap was reduced. Atlower air gap values, the
peak power dissipation density exceeded 1000 W/m>. Hence,
from the simulation results, it was deduced that smaller air gaps
were more effective in inactivating the microorganisms.

To check whether these smaller air gaps trigger electrical
breakdown, electric field intensity plots, similar to those shown
in Fig. 9, were analyzed. An imaginary cutline was drawn by
joining the points of the maximum electric field intensity, as
shown in Fig. 11. In the volume and surface plots of the electric
field intensity, points near the edge of the top electrode and the
juice meniscus were observed to have the highest values of elec-
tric field inside the chamber. Therefore, a cutline was drawn to
connect these points, ensuring that it contained the points with
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FIGURE 9. Normalized electric field intensity inside the chamber. Plots
were prepared for various air gaps ranging from 1.0 cm to 4.5 cm. As
a sample plot, the distribution for an air gap of 1.5 cm is shown.

the maximum values of field intensity in the air gap. The elec-
tric field intensity plots along this cutline for different air gaps
are shown in Fig. 11.

The zero point on the x-axis in all plots corresponds to the
edge of the top electrode, and the opposite end corresponds
to the juice meniscus. The minimum value of the electric
field strength required to initiate electrical breakdown in air is
30kV/cm [46], and line L1 denotes that level. For a curve, if
the electric field strength at any point is above the level L1, then
it could initiate electrical breakdown. Also, the minimum field
strength required for sustained propagation of the breakdown in
air is 4.7kV/cm [47], and line L2 denotes that level. For a par-
ticular curve, if the electric field strength at all points is above
L2, then an initiated breakdown can be sustained. Plots for air
gaps of 1.0cm and 1.5 cm indicated a higher chance of electri-
cal breakdown, as the field intensity near the juice meniscus ex-
ceeded L1. Therefore, a minimum air gap of 2.0 cm is required
inside the chamber to prevent electrical breakdown. Hence,
from the simulations, the optimal air gap inside the chamber
was identified to be 2.0 cm. This method of estimating the air
gap for electrical breakdown based on electric field values alone
has its limitations. For greater accuracy, additional factors such
as temperature, pressure, and other conditions also need to be
taken into account. Therefore, the simulation results were later
validated through experiments for a more comprehensive con-
clusion.

3.2. Experimental Validation of Simulation Results

3.2.1. Validation of Optimum Air Gap

During the experiments, the watermelon juice inside the cham-
ber with different air gaps was treated with double exponential
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FIGURE 10. Peak values of power dissipation density for different air
gaps. The power dissipation density values were obtained through
simulations.

pulses with an amplitude of 20kV. The applied voltage wave-
form captured using a Tektronix DPO 5104B Digital Phosphor
Oscilloscope is shown in Fig. 12(a). The displayed image
shows the voltage waveform after the attenuation in the ratio of
425 : 1, with the maximum voltage of the applied pulse reaching
20.825 kV. For each air gap, 20 pulses were applied at a rate of
one pulse per second, and the number of visible breakdowns in
the air gap was counted. For certain air gaps, electrical break-
downs occurred in the air gap associated with a cracking sound
and bright light, as shown in Fig. 12(c). As expected, break-
downs occurred near the chamber sidewall, where the field in-
tensity was higher.

The results of the experiments conducted in triplicate are
shown in Fig. 13. Breakdowns occurred across the air gap when
it was kept at 1.0 cm and 1.5 cm. Breakdown was not observed
for air gaps of 2.0 cm or higher. These results match those ob-
tained from the simulations. Hence, it was determined that a
minimum air gap of 2 cm was required inside the chamber for
PEF treatment of watermelon juice using double exponential
pulses with an amplitude of 20kV.

3.2.2. Microbial Inactivation Results

Microbiological experiments were conducted to verify the level
of microbial inactivation in juice. Because air gaps below 2 cm
were found to cause electrical breakdown, only air gaps of 2 cm,
2.5cm, 3.5 cm, and 4.5 cm were considered for microbiological
experiments. Microbial inactivation was measured using the
procedure described in Section 2.3. The set of sample results
obtained for an air gap of 2 cm with a 102 dilution is shown
in Fig. 14.

Figure 14 illustrates that the PEF treatment caused some
level of microbial inactivation. For the actual calculation of
CFU/mL as per Eq. (15), only plates with 20-300 colonies
were used. The mean value of microbial concentration in the
untreated sample was obtained as 1.65x 106 CFU/mL from trip-
licate measurements. The plot of log(CFU/mL) vs. the level of
PEF treatment is shown in Fig. 15.
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FIGURE 11. (a) Illustrative diagram of the imaginary cutline used to analyze the peak values of electric field strength within the air gap. (b) Plot of
electric field strength along the cutline. Plots for various air gaps ranging from 10 mm to 45 mm are shown.
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FIGURE 12. Electrical breakdown experiments conducted for various air gaps ranging from 1.0 cm to 4.5 cm. Sample images of the experiment with
1.5 cm air gap are shown. (a) Applied pulse captured using an oscilloscope after an attenuation in the ratio 425:1 (b) Chamber with an air gap of
1.5 cm, before applying the pulse (c) Chamber at the time of electrical breakdown of air.

For a particular treatment level, the number of microbial
colonies decreased as the air gap decreased. Additionally, for
a specific air gap value, the number of colonies decreased with
an increase in the number of pulses. This was because the re-
duced air gap and increased number of pulses resulted in greater
power dissipation in the juice. Thus, inferences made from the
simulations were experimentally validated.
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3.2.3. Statistical Analysis of Experiment Results

ANOVA test results indicated a significant difference (P <
0.0001) in microbial inactivation levels when the number of
pulses varied. Variation in air gaps also resulted in signifi-
cantly different inactivation levels (obtained P value < 0.0001).
Tukey’s multiple comparison test was performed for further
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TABLE 1. Temperature readings before and after the PEF treatment for various air gaps.

Air gap (cm) | Initial temperature (°C) | Temperature after 300 pulses (°C)
4.5 28.1 28.1
3.5 28.6 28.6
2.5 27.2 272
2 27.8 27.8
I Number of breakdowns obscrvedl 20.00 6.5
201 17.33 i 0 Ia )
o 6.0 T
§ abc
[}
% 154 ~ 551
i 5
s
= 10- % 5.0
5 k=
£ = 45+ .
Zs 54 —&— 4.5 cm air gap
4.04| —*— 3.5 cmair gap f
—&— 2.5 cm air gap
0 0.00 0.00 0.00 0.00 s —&— 2.0 cm air gap
r 3. T T

4?5 3?5 2?5 2 1.5 1
Air gap (cm)
FIGURE 13. Number of electrical breakdowns observed inside the

chamber during the experiment. Values are shown as mean £+ SD of
readings in triplicate.

200 pulses

300 pulses

FIGURE 14. Spread-plated samples used during microbiological ex-
periment. Microbiological experiments were conducted for various
air gaps ranging from 2.0 cm to 4.5 cm. Only the plates for 2 cm air
gap with a 102 dilution are shown in the figure.

analysis. The results of the Tukey test are indicated using let-
ters a—f in Fig. 15. It was observed that the PEF treatment with
air gaps of 4.5 cm and 3.5 cm had no significant effect on the
microbial count, even when 300 pulses were applied. How-

35

0 100 200 300
Number of pulses

FIGURE 15. Plot of log(CFU/mL) vs. number of pulses. Values are
shown as mean £ SD of measurements in triplicate. Values with dif-
ferent letters a-f are significantly different (P < 0.01) based on the
Tukey test.

ever, air gaps of 2.5 cm and lower seemed to have a significant
effect on the inactivation levels. The PEF treatment at 2.0 cm
with 300 pulses resulted in the most significant reduction in the
microbial counts (log(CFU/mL) reduced by 2.18 from the ini-
tial value) compared to all other treatment conditions and hence
was the most effective among the considered treatment condi-
tions.

The treatment parameters required to achieve an accept-
able 5-log microbial reduction were estimated with the Weibull
model using Eq. (16). For the treatment with a 2 cm air gap, it
was estimated that a 5-log reduction can be achieved with 770
pulses.

3.2.4. Experimental Validation of Temperature Rise

The simulation results in Section 3.1.1 indicated that, in the
absence of electrical breakdown, the temperature of the juice
would not have any measurable increase. To validate these
findings, the temperature of the juice was measured using a
digital thermometer with a resolution of 0.1°C. For each air
gap, readings were taken before applying any pulses and af-
ter applying 300 pulses, as shown in Table 1. Since air gaps
of 1.0cm and 1.5 cm were not considered for microbiological
analysis due to the electrical breakdown, temperature readings
were not taken for these cases. The results indicated that even
after applying 300 pulses, there was no increase in temperature,
as predicted by the simulation results. This also confirmed that
there was no uncontrolled discharge of current into the juice,
which could have caused microbial inactivation.
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TABLE 2. Conductivity and pH readings of watermelon juice before and after the PEF treatment with a 2.0 cm air gap.

Processing stage

Before PEF treatment

After treatment with 300 pulses

Conductivity (S/m) | pH
0.29 5.39
0.29 5.39

TABLE 3. Comparison table of microbial reduction levels and specific energy inputs for PEF-based studies.

Reference Microorganism | Log reduction Treated medium PEF treatment method Specific energy input
Kantala et al. [4] E. coli 5.95 Thai Orange Juice Direct contact 66.7kJ/L
Timmermans et al. [48] E. coli 5.0 Apple juice Direct contact 67kl/kg
Narsetti et al. [9] E. coli 4.0 Water Direct contact 40kJ/L
Toepfl et al. [49] E. coli 33 Ringer solution Direct contact 80kJ/kg
Timmermans et al. [20] E. coli 2.0 Orange juice Direct contact 25kJ/kg
Novac et al. [6] E. coli 6.0 Water Ceramic coated electrodes 0.1kJ/L
This work E. coli 2.18 Watermelon juice Chamber with an air gap 0.5kJ/kg

3.2.5. Results of Conductivity and pH Measurements

From Section 3.2.2, it was observed that microbial inactivation
was achieved with an air gap of 2.0 cm without any visible elec-
trical breakdown. However, it was essential to verify that mi-
crobial inactivation was not due to negative air ions or hydrox-
ide ions generated by partial breakdown. As explained in Sec-
tion 2.3.6, the conductivity and pH of the juice were measured
before and immediately after PEF treatment with a 2.0 cm air
gap, and the results are presented in Table 2. Even after treat-
ment with 300 pulses, no change was observed in the conduc-
tivity or pH of the juice. These results indicate that no dissolved
ions were introduced into the juice as a result of PEF treatment.

3.2.6. Discussion on Inactivation Mechanisms

This study achieved microbial inactivation using electromag-
netic fields without any noticeable increase in juice tempera-
ture. Previous studies on PEF treatment have reported simi-
lar or higher inactivation levels, but they have been achieved
with an associated rise in temperature [4, 13]. This temperature
rise was due to the high amount of specific energy (in the order
ofklJ/kg) that was input to the juice through the electric pulses.
In this study, because the current pulses used were sharp im-
pulses without any flat portions, the energy dissipated was sig-
nificantly reduced, resulting in a negligible temperature rise.
Because the conductivity and pH readings remained the same
even after the PEF treatment, it could be concluded that mi-
crobial inactivation was not triggered by any partial electrical
breakdown during the PEF treatment.

The main reasons for microbial inactivation in this study
were the peak power dissipation density of the impulse signals
and the increased number of pulses. As discussed in Section
3.1.3, the value of the power dissipation density at the peak of
the applied impulse signal was high. Additionally, the num-
ber of pulses applied in this work was much higher than that
in previous studies. Therefore, repeated application of these
pulses with a high power density triggered electroporation in
microbial organisms. Even though the electric field strength
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was lower across the juice than across the air gap, the applica-
tion of these pulses in large numbers contributed to the lethal
effect.

To compare the results of this study with previous studies, the
specific energy input has been calculated from simulated elec-
tric field intensities using Eq. (14). Table 3 compares this study
with various studies that used PEF treatment for the inactiva-
tion of E. coli. It is observed that the log reductions reported
in various studies differ significantly. This variation arises be-
cause key processing parameters, such as electric field inten-
sity, type of treated medium, pulse width, treatment duration,
and chamber configuration, vary widely across studies. Stud-
ies with high specific energy inputs have used a direct-contact
treatment method, in which both electrodes were in direct con-
tact with the treated medium. Hence, high current flow and
associated Joule heating were present in those cases. The en-
ergy requirements for chambers without direct contact are much
lower. Novac et al. [6] obtained a 6-log reduction with only
0.1 kJ/L using electrodes coated with ceramic that prevented the
Joule heating. However, the inactivation was achieved with a
very high electric field of 200kV/cm. In contrast, the present
study employed a lower electric field strength, which justifies
the lower level of microbial inactivation.

In this study, a 2-log microbial reduction was achieved us-
ing 300 pulses. According to the results of the Weibull model
estimation in Section 3.2.3, applying 770 pulses can achieve
a 5-log reduction, which is a commonly accepted level of in-
activation. Microbial inactivation can also be increased by re-
designing the chamber to accommodate a thinner air gap with-
out causing electrical breakdown. Further research on this treat-
ment method could lead to higher levels of microbial inactiva-
tion with lower current consumption compared with previous
studies.

4. CONCLUSIONS

A method to reduce the current requirement during PEF treat-
ment by introducing an air gap inside the chamber was pro-
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posed. Using a mathematical model, the current flow during
the proposed treatment was proven to be much smaller than
that reported in previous studies. Simulations using COMSOL
Multiphysics software revealed that PEF treatment using the
proposed system did not cause a noticeable increase in temper-
ature. Simulations of the electric field distribution were used
to determine the minimum air gap value that could be intro-
duced into the chamber without causing electrical breakdown.
The accuracy of this result was verified by performing PEF ex-
periments with a fabricated chamber. Both the simulation and
experimental results indicated that PEF treatment with 20kV
pulses could be performed without electrical breakdown if a
minimum air gap of 2 cm was maintained inside the chamber.
The effectiveness of the proposed system for microbial inacti-
vation was assessed through microbiological experiments with
varying air gaps. High-voltage pulses were applied to water-
melon juice inoculated with E. coli and the extent of microbial
reduction was measured after different levels of PEF treatment.
In the experiments, the application of 300 double exponential
pulses to the chamber with a 2 cm air gap resulted in a 2-log
reduction in microorganisms. Higher levels of microbial inac-
tivation can be achieved by applying more pulses or modifying
the chamber design to accommodate thinner air gaps without
electrical breakdown. Thus, the proposed system of treatment
chambers containing air gaps can be used for future PEF treat-
ments with pulse generators having low ampere ratings.
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