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Abstract: Electroporation is an effective phenomenon of 

inactivating viable pathogens present in the liquid food for pulsed 

electric field (PEF) applications. It is a technique which depends 

on applied electric field strength for causing pores on cell plasma 

membrane. The various parameters which affect the 

electroporation efficacy are, the electric field intensity, pulse 

width, number of pulses, pulse interval and the electrode. The 

electrode provides a contact between the high voltage pulse 

generator and the liquid food, and it plays an important role in 

getting the required inactivation outcome. The electric field 

distribution varies based on electrode designs. Parallel plate 

electrodes are generally used due to the uniform electric field it 

delivers in the inactivation area, where high possibility of 

microbial inactivation will occur. This paper analyses the 

effectiveness of round edged parallel plate electrodes immersed in 

water which provides uniform electric field distribution in the 

inactivation area. Analyses have been performed on electric field 

distribution through four kinds of materials such as glass, 

alumina, quartz and plexiglass, which contains these electrodes in 

the center filled with sterile water. The electrodes are circular, and 

edge smoothened and hence the field distribution is also analyzed 

on electrode edges. The distance between the electrodes including 

the surface material is kept at 5 mm. The diameter of the 

electrodes are 40 mm and the electric field simulations are 

implemented in ANSYS MAXWELL v 15.0. Based on results it is 

reported that alumina required less peak voltage for generating 20 

kV/cm field strength (nominal field required for bacterial 

inactivation) when compared with other materials. Also alumina 

exhibited less reduction of field travelling through it, and resulted 

in 82% of field application in the inactivation area which is 

comparatively higher than other materials. The results indicate 

that alumina is highly recommended for future noninvasive 

pulsed electric field applications. 

 

Index Terms: Noninvasive PEF applications, pulsed electric 

field, Surface materials, Water electrodes.   

I. INTRODUCTION 

Pulsed electric field (PEF) treatment has been prevailing for 

the past two decades as the successful nonthermal food 

preservation technique due to it’s low energy consumption, 

retaining of food’s quality attributes such as taste, color, 

freshness, texture and especially the nutritional qualities 

when compared with heat treatment methods [1]. The high 
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voltage pulses can be delivered to liquid foods through 

electrodes where the cell inactivation takes place by means of 

electroporation phenomenon [2]. The configuration of 

electrodes and the electric field distribution inside the PEF 

treatment chamber is supposed to have a greater impact on 

bacterial inactivation. There are many electrode 

configurations available where parallel plate electrodes were 

used in initial studies, and stainless steel was used as the 

electrode material for most of the PEF applications [3-5]. The 

electric field distribution inside the PEF chamber depends on 

the configuration of the electrodes. Parallel plate electrodes 

provide more uniform electric field distribution in the 

inactivation area i.e., between two electrodes, where high 

possibility of inactivation takes place [6]. The main drawback 

of PEF treatment exists, when the frequency of electrode 

usage increases during every PEF treatment resulting in the 

release of metallic particles from the electrodes [4]. These 

metallic particles get mixed with the liquid food during the 

treatment which gives a metallic taste, which questions the 

safety of foods when consumed [4].  Recent research focuses 

on using noninvasive electrodes, where direct contact of 

liquid with electrodes will be prohibited so that the major 

drawback of PEF treatment i.e., electrolysis will be 

prevented. Such efforts include adhering high permittivity 

ceramic cylinders with the electrodes, metal coating on 

electrodes etc [7,8]. This paper focuses on application of high 

electric field through electrodes which are immersed in water 

for PEF applications. The applied peak voltage across the 

electrodes is 10 kV. Four kinds of surface materials are used 

for containing water where the electrodes are immersed in the 

center. By this arrangement, the electrodes are made 

noninvasive, where the electric field cannot be directly 

applied to the liquid food and will travel through the 

respective materials to reach the inactivation area. These 

materials include quartz, alumina, plexiglass and glass. 

Hence, direct contact of electrodes will be prevented paving a 

way for achieving successful noninvasive PEF applications. 

The electric field distribution in the inactivation area and the 

field reduction on the electrode edges are analyzed, which 

may be helpful for future noninvasive PEF applications using 

these materials.  

II. MATERIALS AND METHODS 

A. Electroporation 

Electroporation is a technique where due to the application of 

high voltage short duration pulses of nanosecond to 

microsecond duration, temporary hydrophilic pores will be 

created on the surface of the cell plasma membrane.  
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Here electric field plays a major role in inducing 

transmembrane potential of approximately 1V which is the 

minimum potential required to create pores on the membrane 

surface leading to cell inactivation [9,10]. The corresponding 

electric field responsible for inducing TMP of 1V is known as 

critical electric field Ec below which inactivation does not 

occur.  This condition is known as reversible electroporation 

where the pores can reseal itself and survive after pulse 

application [9,10]. If the induced TMP increases greater than 

1V, then the radius of the pores will become larger going 

beyond critical electric field leading to a condition where the 

cell cannot reseal its pores and survive. This condition is 

known as irreversible electroporation [9,10]. In our research, 

the electric field distribution is analysed through electrodes 

and the surface materials, so that the required field 

application can cause electroporation of cells embedded in 

liquid medium in the inactivation area under practical 

implementation. 

B. Parallel plate electrodes 

Fig. 1 shows the parallel plate electrode designed in 

ANSYS MAXWELL v 15. The diameter of the electrodes is 

40 mm. The edges are smoothened to avoid electric field 

enhancement [6]. 

 

 
                      Fig 1. Parallel plate electrodes immersed in water 

 

The electrodes are 5 mm apart (including the surface material 

adhered with the electrodes) and the distance gap can be 

varied based on specific electric field requirement. The 

diameter of the containing material is 100mm and height is 

50 mm. The electric field generated between two parallel 

electrodes can be calculated theoretically as [11] 

  

                                                                           (1)                   

  

Where V is the charging voltage (Volts) and d is the distance 

between two electrodes (cm). The upper electrode is the high 

voltage, or the live electrode and the lower electrode is at 

ground potential. When a voltage is applied, a conducting 

path will be obtained from high voltage to ground electrode 

where high probability of inactivation is expected to take 

place. The electrodes are immersed in water to have 

temperature control during the treatment because temperature 

increase is a crucial factor in PEF, which should not exceed to 

create thermal effects on the liquid food. Hence temperature 

should be maintained below pasteurisation temperature 

during PEF studies.  

C. Ansys Maxwell 

The designed parallel electrodes are analyzed in ANSYS 

Maxwell v 15 [12]. It is a commercial software, which has 

been used in many fields of engineering. The ANSYS version 

15.0 is used to analyze the electric field distribution of the 

designed electrode for the applied voltage. The three 

dimensional modelling will help to understand the electric 

field behavior before building a prototype.  

D. Properties of materials used 

(i) Stainless Steel  

The material used for the electrode in the simulation is 

stainless steel. The electrical properties considered for the 

material are its resistivity or conductivity and its relative 

permittivity. The resistivity and relative permittivity of the 

stainless steel used are 6.9 x 10 -7 Ωm at 20 ̊C and 1 

respectively [13]. This material is used as a state of art 

material in PEF applications. Stainless steel is a steel alloy 

containing high percentage of iron, chromium and nickel and 

has excellent corrosion resistant properties [13].  

 

(ii) Sterile water 

It is a clear, colourless, odourless, sterile, hypotonic, and 

nonpyrogenic liquid, which contains no bacteriostatic or 

antimicrobial agents. In this research, sterile water was used 

as a medium for immersing the electrodes. 

 

(iii) Properties of water containing materials 

Properties of containing materials having electrodes and  

water are fed to the model and meshed. The data are shown in 

Table I. The materials are basically nonconductive and hence 

conductivity is taken as zero. 

  

                                           Table I 
Material Conductivity 

(S/m) 

Permittivity 

Quartz 0 3.8[14] 

Alumina 0 9.2[15] 

Acrylic 

(Plexiglass) 

0 3.4 [16] 

Glass 
 

0 5.5 [16] 

III. RESULTS AND DISCUSSION 

A. Electrode Design 

 

The electric field distribution of round edged electrodes is 

modelled using ANSYS MAXWELL v 15 as shown in Fig 2. 

Here, three dimensional modelling may aid for better 

understanding of the electrode shape and it’s behavior for the 

applied voltage in XYZ coordinates.  
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Fig 2. Electric field distribution with plexiglass as surface material 

 

The red color shows maximum field value of 20 kV/cm 

which can be present in the central circumferential region in 

the inactivation area where electrodes are present behind the 

surface material. Shades of blue color is for minimum field or 

even zero as given in the legend. The various colors between 

two extremes represent the electric field in between 

maximum and minimum values. These intermediate field 

variations can occur, due to change in properties at the 

junctions between the electrode and surface material. The 

maximum field gradually decreases to zero while reaching 

the sides of the chamber. 

When modeling the electrodes, the overlapping cannot be 

done between associated models. So, the electrodes which 

are modelled and placed inside the water are subtracted from 

the water body inside the containing material. Then the 

properties of each material are applied and meshed as shown 

in Fig 3. 

 

 
 

Fig 3. Meshed top view of the electrode in water at 20 kV/cm 

 

The high voltage electrode model is then assigned a 

nonzero excitation voltage where the potential for the ground 

electrode will be zero. All the simulations were run at a 

desired electric field intensity of 20kV/cm, which is the 

nominal electric field value required for bacterial inactivation 

[6]. The result thus obtained in solving the model can be 

interpreted in the form of change in electric field distribution 

with respect to distance in mm which are shown in Fig. 4a 

and 4b. The field distribution is observed from high voltage 

to ground electrode through each surface material chosen and 

also on the sides of the chamber. 

  

 

 

 

 
 

a)  
 

 
 

b)  
 
Fig 4. a) Field from high voltage to ground electrode b) Field reduction on 

sides of the chamber  
 

Observation I 

In the data shown in Table II, the peak voltage required 

to obtain a desired field intensity of 20 kV/cm and percentage 

reduction of field from the point where field starts to reduce 

till the minimum field value obtained at the sides of the 

chamber are furnished. From this observation the 

performance of surface materials in obtaining 20 kV/cm 

electric field in the inactivation area can be understood. 

 

                                          Table II 

 
Material Required peak 

voltage to obtain 20 

kV/cm in the 

inactivation area 

Percentage 

reduction of field on 

the chamber sides 

Quartz 15.5 24 

Alumina 12.5 21 

Plexiglass 16 24 

Glass 14 22 
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The circular electrode has uniform distribution of 

electric field intensity in the inactivation area. The field 

distribution is compared when passing through four extreme 

materials. They are quartz, alumina, plexiglass and glass. 

Here, permittivity plays a major role in enabling the electric 

field through each material to reach the inactivation area. 

From the results, it is found that alumina requires a lesser 

peak voltage when compared with other materials to provide 

a uniform field of 20 kV/cm in the inactivation area. The 

electric field can be viewed not only on the inactivation area 

from high voltage to ground electrode (vertical direction), but 

also can be monitored on the sides of the chamber (horizontal 

presence of field gradients). Out of the materials used in this 

study, Alumina and glass are found to be nontoxic and can be 

used as food safety materials. Since the electrodes are round 

edged and smoothened, the drawback of electric field 

enhancement can be greatly avoided. As the permittivity of 

alumina is higher than glass, alumina has more advantage 

over field reaching the inactivation area through it, but the 

cost of the former is greater than the later. The maximum 

electric field is found around the center area of the treatment 

region and gradually reduces as the field reaches the chamber 

sides.  

 

 

Observation II 

Under observation I, peak voltage was changed accordingly 

to obtain a desired field value of 20 kV/cm in the simulation, 

which was considered as the nominal field required for 

bacterial inactivation. Under observation II, when compared 

with electrodes without surface material, a 10 kV of peak 

voltage is sufficient to obtain 20 kV/cm of field in the 

inactivation area at a distance of 5mm between the 

electrodes. But, if peak value of 10 kV was applied across the 

electrodes under the presence of surface material, 100% field 

application cannot be achieved. However, electric field lesser 

than 20 kV/cm can still be used under laboratory scale for 

successful microbial inactivation. The data is shown in Table 

III. This will enhance the understanding on percentage field 

reduction from high voltage to ground electrode when it 

travels through the surface material and will enable us to 

decide the suitability of material for noninvasive PEF 

applications. 

 

                                        Table III 

 
Material Applied 

peak 

voltage 

Generated 

field on 

inactivation 

area 

(kV/cm) 

Percentage 

Field 

reduction 

from high 

voltage to 

ground 

electrode 

through 

surface 

material 

Percentage 

Field 

reduction on 

the chamber 

sides 

Alumina  

10 kV 

16.42 17.9 23 

Glass 14.7 26.5 23 

Quartz 13.07 34.6 24 

Plexiglass 12.6 37 24.8 

 

From the results, it is understood that Alumina has a lesser 

percentage reduction of field when it reaches the inactivation 

area from high voltage to ground electrode. i.e., when 

compared with 100% field application using electrodes 

without surface material, alumina reported only 17.9% of 

field reduction when it reaches the inactivation area resulting 

in 82% of field application when compared with other 

materials. Hence, based on the results alumina can be 

considered as the surface material most suitable for 

noninvasive PEF applications, and will efficiently 

electroporate the viable pathogens present in the suspension 

medium using uniform field applications. 

IV. CONCLUSION 

Parallel plate round edged electrodes in water contained in 

four kinds of surface materials are designed and analyzed in 

ANSYS MAXWELL. It shows uniform distribution of 

electric field in the inactivation area. The aim of this research 

is to analyze the properties of surface materials on enabling 

maximum field application to reach the inactivation area for 

successful noninvasive PEF applications. It is found that 

alumina achieves 82% of field application in the inactivation 

area, which is comparatively higher than other materials. 

Also, it requires lesser peak voltage to obtain a nominal field 

value of 20 kV/cm for bacterial inactivation. This confirms 

the suitability of the material for future successful 

noninvasive PEF applications. 
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