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Abstract 

 
In recent years, consumers’ focus to healthy lifestyle is increasing 

significantly. Therefore, on food market the demand for safe, minimally 

processed and healthy food products is growing exponentially. 

Food industries, consequently, started redesigning their market strategy 

and production in favour of healthy and nutritious food products. 

In the context of processes related to the food industry, thermal 

treatments, such as heating, drying, sterilization, pasteurization, are a set of 

processes able to guarantee shelf-life enhancement of the treated product and 

improvement of the food safety. Conventional heating methods are 

characterized by high temperatures gradients and long-time lasting processes 

due to slow heating regions within the processed food. To prevent the 

possibility that in the slowest heating regions of the food products there is an 

insufficient thermal inactivation of pathogen microorganisms, in 

conventional heating methods foods are often over processed. This brings to 

the degradation of important food components, such as vitamins, proteins 

and other desirable food compounds. In addition, they can influence the 

organoleptic properties and quality of the treated food products, bringing to a 

loss of nutrients, texture and colour. To address these problems, novel 

thermal technologies, based on electro-heating, such as Moderate Electric 

Field (MEF), have been developed. MEF heating process is based on the 

passage of an electric current through a conductive material. This method 

allows to reduce energy consumption and processing time, compared to 

conventional heating methods, due to its volumetric heating nature. 

MEF has the potential to heat homogenous food materials rapidly and 

uniformly. However, the heating uniformity of heterogeneous food products, 

with components, and thus properties, of different nature, represents a 

challenge for MEF heating applications. There is, indeed, a lack of 

information regarding MEF heating of heterogeneous systems. 

For this reason, this PhD work focused on the investigation and analysis 

on the MEF heating feasibility to heterogeneous food systems. 

Being based on the passage of electric current in a food item, MEF 

requires food product having a certain electrical conductivity (and thus a 

certain ionic content) to be effective. So, a first part of the work was devoted 

to analyze how the different ionic content influenced the heating of an 

heterogeneous food system (meatballs in reconstituted potato puree), 

regardless of the taste of the food. 

The first part of the work consisted in the study of the relevant aspects of 

this process, also in order to be able to design and build a MEF unit at 
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University of Salerno, Italy. Then, a first experimental campaign was 

developed at University College Dublin (Dublin, Ireland) including a 

training on a MEF system already available among the facilities of the 

School of Life Sciences. First of all, MEF heating of a homogeneous food 

system, composed by reconstituted potato flakes puree at 5.7% and 10.9% 

ionic content, was investigated. Obtained results showed a good uniform 

heating in the three key points analyzed. 

Subsequently, a heterogeneous food system composed by reconstituted 

potato flakes puree (RPF), at 5.7% and 10.9% ionic content, and meatballs 

was investigated. Meatballs were heated in reconstituted potato flakes 

considering different system configurations (2PSiRP, 2PAiRP, 3PiRP). 

Results showed that, even if the components are characterized by different 

electrical conductivities (5.60 S/m for RPF at 5.7%, 9.75 S/m for RPF at 

10.9% and 1.46 S/m for meatballs), a heterogeneous system can be evenly 

heated by MEF, with the right choice of ingredients. Particularly, meatballs 

in reconstituted potato flakes puree with 5.7% ionic content showed a heating 

dynamic similar to the reconstituted potato flakes in which they were 

dispersed, while a further increase of the ionic content (10.9%) shortened the 

time required to reach a target temperature, but it also increased the 

difference in heating between meatballs and potatoes, producing a less even 

heating. Meatballs’ heating did not depend on their relative position, but it 

was affected by the number of meatballs in the system. Moreover, results 

showed that spherical geometry gives to the meatballs a different and higher 

local potential variation than reconstituted potato flakes in which they were 

heated. Furthermore, for a symmetric heterogeneous system (2PSiRP) the 

effect of different applied voltages (20 V, 30 V, 40 V) was investigated: it 

was proven that, both for meatball and potatoes, the heating time to target 

increased as the applied voltage decreased. 

In the second year at University of Salerno, to carry out further 

experimental tests and studies a MEF heating system was designed and 

developed. 

A first set of MEF heating experimental tests was carried out, at different 

applied voltages (30 V, 40 V, 50 V, in order to test the behaviour of the 

system at different electric field strenghts), on two homogeneous food 

system, composed, respectively, by only reconstituted potato flakes, one 

with butter among the ingredients (RPFB) and one not (RPFNB), at different 

salt compositions (RPFB at 0%, 2.9% and 5.7% salt content; RPFNB at 

0.37%, 0.74%, 1.39% and 2.75% salt content). For both analyzed 

homogeneous system, a good uniform heating was obtained in the three 

investigated points. Obviously, higher the salt content, higher the electrical 

conductivity and higher the temperature reached from the different analyzed 

homogeneous system at the target time. 

Obtained results of the homogeneous system RPFB were compared with 

the ones obtained from the system RPF: the two homogeneous systems were 
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affected from the different applied electric field strength. RPFB system was 

subjected to an electric field strength higher (0.43 V/cm) than RPF (0.30 

V/cm). RPFB reached at the same target time a higher temperature than 

RPF. Therefore, it was proved that higher the electric field strength applied 

and greater the heating. 

Another set of experimental tests was carried out on a heterogeneous food 

system composed by reconstituted potato flakes (RPFB) at different salt 

contents (0%, 2.9% and 5.7%) and meatballs. Chicken meatballs were 

heated in RPFB using different configurations (2PSiRP, 2PAiRP, 3PiRP). 

For configuration 2PSiRP, results showed that meatballs reached, at target 

time, a higher temperature than reconstituted potato flakes. This was linked 

to the proximity to the electrodes and to the fact that, due to the spherical 

geometry, meatballs were more affected from electrical field strength than 

reconstituted potato flakes. 

Finally, a mathematical modeling of MEF assisted heating of foods, has 

been embedded in a simulation tool able to explore further MEF heating 

scenarios and to propose the design of more efficient MEF treatment cells 
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1 Introduction 
 

In chapter 1, an overview on the food processing, developments and 

innovation challenges, is presented. In addition, the aim of this work is 

declared and the outline of the dissertation is summarized. 

 

 

 

 
1.1 Overview on food processing developments and declaration 

of the problem 

 
Over the last decades, consumers demand in food market for healthy and 

nutritious food products has increased exponentially. The NOVA (a name, not 

an acronym) classification system, developed by Center for Epidemiological 

Studies in Health and Nutrition (School of Public Health, University of Sao 

Paulo, Brazil), divides food products depending on the type of process to 

which they are subjected. In particular, NOVA classification characterizes 

foods into four groups, according to the processing level (Monteiro et al., 

2016). Group 1 regards unprocessed or minimally processed foods (for 

example, vegetables, grains, legumes, fruits, eggs and milk). The first ones are 

not subjected to any type of process remaining in their natural state; the second 

ones, instead, are products subjected to treatments such as cleaning, 

fractioning, drying and pasteurization but no sugar, fats, oils and salt are 

added. Group 2, also called Processed Culinary Ingredients (such as oils, 

honey and syrup), concerns products obtained from natural foods subjected to 

pressing, grinding, crushing and refining. They are used in homes and 

restaurants to season and cook foods. Group 3 regards processed foods, that 

are products manufactured by industries using salt, sugar and oils (group 2) 

added to unprocessed or minimally processed foods (group 1). For example, 

bread, canned legumes or vegetables in brine, bacon and cheese. Group 4 

concerns ultra- processed foods, which are products with a high energy value, 

they contain many added ingredients and they are highly manipulated. 

Examples are chocolate, carbonated soft drinks, hotdogs, fries, ice- cream and 

candy. 

Fardet (2016), showed that the level of food processing is linked to the 

satiety index and to the glycaemic response. In particular, when the food is over 

processed the satiety resulted from it is lower and the glycaemic load assimilated by 

the consumption of that product is higher. It is easy to guess that processed 

foods are considered less healthy than unprocessed or minimally processed 
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ones and they are often considered the cause of numerous diseases, such as, 

for example, hearth diseases and diabetes. Consequently, the development of 

minimal treatment techniques capable of guaranteeing maintenance the 

microbial safety of food, together with its nutritional and sensory properties, 

has increasingly interested scientific, institutional and industrial fields. 

Thermal treatments are a set of processes (such as heating, curing, drying, 

etc) able to guarantee shelf life enhancement of the treated product and 

improvement of the food safety but, on the other hand, they are able to destroy 

food components, such as vitamins and other health beneficial compounds 

(Bansal, Sharma, Ghanshyam, & Singla, 2014). 

In conventional heating methods, once the heat arrives to the external 

surface of the food, it is transferred inside the treated product by conduction 

(in solid products, such as meat) or convection (in liquid products, such as 

milk). In products with interrupted heating curves (such as starch- containing 

soups) conduction and convection may alternatively prevail in different 

periods during the treatment. Between these two heat transfer mechanisms, 

the second one is certainly much faster than the first one. In solid foods to 

guarantee that the internal of the product is heated to suited temperatures, the 

sample needs to be heated for much longer times than a liquid product. This 

over processing can lead to overheated regions on the outer surface of the 

product (Marra, Zhang, & Lyng, 2009). 

Products subjected to conventional heating methods (such as 

pasteurization, sterilization, cooking, etc), therefore, are subjected to high 

temperatures and long-time processes. This leads to affect organoleptic 

properties and quality of the treated products through loss of nutrients such as, 

for example, vitamins and minerals, proteins denaturation (as in case of meat 

cooking) and loss of texture and colour. 

Conventional thermal treatments, therefore, can bring to the presence of 

over- heated regions or to the so-called “cold- spots”, i.e. the presence of 

untreated areas in the food. Obviously, the presence of underheated regions 

in the food product can conduce to an insufficient inactivation of 

microrganisms. To overcome the limits linked to conventional thermal 

treatments, novel thermal technologies, mainly based on electro- heating, 

have been developed. Electro-heating processes can be divided in indirect 

electro-heating (Microwave, MW, and Radio Frequency, RF) in which the 

electrical energy is transformed in electromagnetic radiation which, in turn, 

generates heat within the food product; and direct electro- heating (Moderate 

Electric Field, MEF), in which the electrical current is transferred directly to 

the food and generate heat inside it. 

MW heating involves the application of electromagnetic waves. For 

heating or power MW applications, frequencies designated for ISM 

(Industrial, Scientific and Medical) purposes are 915 MHz and 2.45 GHz 

(Barron & Nordh, 2020). It is used as a heat source in food treatments, such 

as heating, drying, sterilization and thawing. It is based on the application of 
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electromagnetic waves directed to the food product through waveguides. 

Microwave systems, although very rapid, are limited by thermal instability 

problems, in particular, parts of the treated food product, absorbing energy 

preferentially, can be overheated, while other parts remain untreated. For this 

reason, in order to improve the efficiency of the process, in the last few years, 

attention is being paid to new technologies, such as solid- state microwave. 

Wiȩckowski et al. (2014) studied a solid- state microwave generators system, 

as alternative option to the conventional magnetron. This technology 

allowed to better control the frequency and the phase of the electromagnetic 

field generated. Authors carried out that the efficiency of the process was 

rather improved and, therefore, a better and more uniform energy transfer 

from the source to the food was obtained, compared to the use of 

conventional microwave. 

RF systems, as established by the Federal Communication Commission 

(FCC, USA), for ISM applications are used at frequencies of 13.56 MHz, 

27.12 MHz and 40.68 MHz (Marra, Zhang & Lyng, 2009). When a food 

product is subjected to radio frequency, its molecules tend to re-align 

themselves. Due to the friction that occurs between the molecules, heating 

occurs within the treated product (Jojo & Mahendran, 2013). One of the 

major limits linked to RF is the runaway heating. This phenomenon is mainly 

linked to the nature of the food product and it is most likely in food products 

rich in fat (Farag, Lyng, Morgan, & Cronin, 2011). 

MEF heating is based on the passage of an electric current through a 

conductive material, in particular a food product, with frequencies ranging 

between 50 Hz and 25 kHz and electric field strength between 1-1000 V/cm 

(Sastry, 2008). This technology is growing of interest for the treatment of 

food products and it is often classified as “green method”. The sustainability 

of MEF is justified for two reasons: first of all, compared to conventional 

heating methods, it is a very fast process and, therefore, the time available 

for heat losses is significantly reduced. Secondly, it concerns a direct 

application of electrical current to the product and, consequently, the 

possibility of energy losses is minimized. It has been applied to a wide range 

of applications regarding homogeneous food systems; further studies, 

instead, are required for MEF heating regarding experimental analysis, 

design of process models, influence of physicochemical product properties 

and parameters that can affect the process and estimation of cold-spots and 

over-heated regions for heterogeneous food systems. 

 

 

1.2 Aim of the study 

The general aim of this study was to assess the feasibility of MEF heating 

to heterogeneous food systems. 
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In particular, the main objectives were: 

- Experimental studies to evaluate the practicability of MEF 

heating to heterogeneous food systems. 

- Characterization of the electrical conductivity of the foods 

constituting the heterogeneous food system analyzed. 

- Design and development at the University of Salerno of a MEF 

heating system. 

- Development of a mathematical model using a simulation tool to 

analyze modelling and virtual aspects related the MEF heating. 

 

1.3 Outline of the dissertation 

The PhD dissertation is organized in 8 chapters. 

Chapter 1 leads the current trends in food processing, the problem 

statement and the overall aim of the research. 

Chapter 2 concerns the basic principle and mechanism of MEF heating, 

the main factors affecting it and an overview on its food processing and 

industrial applications. 

Chapter 3 shows the effects and consequences that different parameters 

have on electrical conductivity on solid and liquid foods. Electrical 

conductivity measurement methods are discussed too. 

Chapter 4 deals the materials and methods used to perform experimental 

work at University College Dublin, during the international mobility, and 

materials and methods utilized at University of Salerno to carry out 

experimental tests on heterogeneous food systems. The design of MEF 

heating apparatus realized at University of Salerno is reported and discussed 

too. 

Chapter 5 shows experimental results obtained from the experimental 

work carried out at University College Dublin on a heterogeneous food 

system, composed by meatballs and reconstituted potato flakes at different 

salt content and system configurations.  

Chapter 6 concerns experimental results obtained from experimental 

work performed at University of Salerno carried out on two different 

heterogeneous food systems, composed by meatballs and reconstituted 

potato flakes at different salt content, system configurations and applied 

voltages. 

Chapter 7 deals the development of a mathematical model using 

COMSOL Multiphysics to analyze modelling aspects related to the 

simulation of MEF processing applied to a heterogeneous system. A direct 
comparison between experimental results and heating trends obtained from 

the developed model are discussed too
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2 Moderate Electric Field 
heating 

 

This chapter discusses the principle, working mechanism and the most 

important parameters and properties affecting the MEF heating. In addition, 

the main applications of MEF heating are discussed. 

 

 

 

 

2.1 Basic principle of MEF heating 

MEF heating is a process in which heat is generated volumetrically into 

the food product by the passage of an AC electric current, with an electric 

field strength ranging between 1- 1000 V/cm and frequencies between 50 Hz 

and 25 kHz. A simplified scheme of a MEF heating system is shown in 

Errore. L'origine riferimento non è stata trovata.: a power supply provides an 

AC voltage that is applied to a pair of electrodes placed at both ends of the 

sample. The sample to be treated is placed in a treatment cell. 

 

 

Figure 2.1 MEF system. 

 

If scheme in Errore. L'origine riferimento non è stata trovata. is looked at as 

an electrical circuit, the voltage is the electrical driving force that provides a 



Chapter 2 

Oriana Casaburi  6 

flow of electric current which pass through a conductive food product that 

acts like a resistance. MEF heating, therefore, is based on Ohm’s law which 
is known as the relation between current, voltage and resistance (eq. (2-1)) 

 𝐼 = 𝑉𝑅                              (2-1)                 

 

where V [V] is the voltage, I [A] is the current and R [Ω] is the resistance. 

In MEF heating, heat is generated volumetrically by Joule heating by the 

passage of electric current through the resistance. The result is a generation of 

energy causing a rise in temperature. According to Joule’s first law the heat 
generated is given by: 

 𝑄 = 𝑅𝐼2t                                                                                              (2-2)        

 

where I [A] is the current, R [Ω] is the resistance, t [s] is the time and Q 

[J] is the thermal energy generated by the passage of the current. 

It is a common idea to consider metals the best conductors of electric 

current. Many food products, however, are not very different from metals and 

are able to conduct electricity: if they contain enough water and dissolved 

salts they can act like ionic conductor. An ionic conductor includes positive 

and negative charges, also known as charged ions, able to move freely when 

they get in touch with a driving force (in the specific case, a voltage). The 

simplest example is a solution of salt dissolved in water. When this type of 

solution is subjected to an electric field and put in contact with the 

electrodes, positive ions (in this case, Na
+
) move towards the negative 

electrode and, vice versa, negative ions (Cl
-
) move towards the positive 

electrode. At the negative electrode, the positive ions take the electrons, 

reducing themselves. At the positive electrode, negative ions liberate 

electrons, oxidizing themselves. The aggregation of reduced or oxidized ions 

causes the so- called electrodes polarization (Errore. L'origine riferimento 

non è stata trovata.). 

 

 

Figure 2.2 Electrodes polarization (Chassagne, Dubois, 

Jiménez, van der Ploeg, & Turnhout, 2016). 

If DC current is used, this phenomenon could quickly occur, and the 

current flow could stop. For this reason, in MEF treatment AC current is 
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used: the cyclical variation of current direction does not give sufficient time 

for a polarization to take place. 

 

2.2 MEF equipment 

As discussed in the previous section, the simplest set-up of a MEF system 

for food treatment is composed by: 

 AC power supplier; 

 an electrical circuit; 

 treatment cell: for its construction, different types of materials have 

been used in literature (Marra, Zell, Lyng, Morgan, Cronin, 2009; 

Zareifard, Ramaswamy, Trigui, & Marcotte, 2003; Bozkurt & Içier, 

2012, Engchuan, Jittanit, & Garnjanagoonchorn, 2014) . Principally, 

it must be of insulating material, should not confer unpleasant 

flavours to the treated product and should withstand to high 

temperatures; 

 electrodes: they are connected to the power supply and put in direct 

contact with the sample. Their geometry and distance can vary 

according to the shape and size of treatment cell. They must be 

smooth, not corrosives and do not soak up odours or materials. It is 

essential that they are made of conductive material such as carbon 

(Moses, 1938), aluminium (Mizrahi, Kopelman, & Perlman, 1975), 

titanium (Amatore, Berthou, & Hébert, 1998) and stainless-steel 

(Assiry, Sastry, & Samaranayake, 2003), chosen on the base of 

price, degree of corrosion and type of treatment. In case MEF used 

for waste treatment, carbon electrodes – which are not particularly 

resistant to corrosion - can be used. Vice versa, when the quality of 

the treated product is a main aspect, the choice goes toward 

materials better resistant to corrosion, such as stainless steel or 

titanium. Obviously, material and thickness of the electrode 

influence the efficiency of the process. Samaranayake & Sastry 

(2005), analyzed four different types of electrode materials 

(titanium, stainless steel, platinized- titanium and graphite) at pH 

3.5, 5.0, 6.5, to better understand their electrochemical behaviour. 

Obviously, all types of electrodes showed more severe corrosion at 

pH of 3.5 than the other pH values. Stainless- steel electrodes 

showed to be the most active in electrochemical behaviour at the 

investigated pH values. Authors demonstrated that the migration of 

functional groups and oxides, as for example organic compounds, 

were the cause of graphite electrodes corrosion. Platinized-titanium 

electrodes, obviously, resulted the better choice because of their 

inert electrochemical performance. 
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Of course, ancillary systems for process control and monitoring can be 

implemented too, such as systems for temperature measurement, systems for 

online colour detection, systems for data logging and I/O communication. 

Generally, in continuous MEF heating systems, different electrode 

configurations (Figure 2.3) are used to optimize the process (Sakr & Liu, 

2014): 

 

 Parallel plate configuration: it is well used for fluids with low 

electrical conductivity (< 5 S/m). In this configuration, the 

uniformity of the electric field is enhanced, resulting in a good 

uniform heating. This arrangement can work at standard voltages, 

such as 240 V or 415 V. 

 Parallel rod design: it is cheaper than parallel plate configuration or 

collinear design. This arrangement is suitable when cost 

considerations are not negligible but, on the other hand, it results 

less efficient in heating uniformity of the product. 

 Collinear design: it is the best option for materials with high 

electrical conductivity. This arrangement requires applied voltage 

higher than the parallel plate. The current distribution is less 

uniform. At the edges of the electrodes, there is a high current 

density and, then, boiling can be produced. 

 Staggered rod arrangement: it is an economical solution, but it is 

more efficient, in terms of heating uniformity, than parallel rod 

design. 
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Parallel plate configuration 

 
 

Parallel rod design 
 

 
 

Collinear design 
 

 
 

Staggered rod arrangement 
 

 

Figure 2.3 Electrodes configurations in MEF heating (Sakr & Liu, 

2014). 

 

Configurations mentioned above are well used for MEF treatment of 

liquid or solid- liquid systems. 

In batch configuration, instead, the flow of the sample is not to be 

considered and, therefore, the medium is defined static. 

Static ohmic heaters can have two or more parallel electrodes, placed 

within a treatment cell. Different types of materials are used to realize 

treatment cells but the most used are teflon, very easy to clean, or glass, 

more delicate but allows to view phenomena occurring inside the cell during 

MEF treatment. Among the most used geometries for treatment cells, there 

are the rectangular and cylindrical one. Many studies have been carried out 

to better understand the limits of the different cell treatment geometries and 

many researches are still necessary to reach their optimization. Jun & Sastry 

(2007), for example, simulated MEF heating of tomato soup in a pouch 

system. Obtained results, showed that bottom corners of the pouch were an 

area with low current density, consequently them temperature resulted very 

low (about 53.3 °C) even when the rest of the pouch reached a temperature 

of  139 °C. Marra, Zell,  Lyng, Morgan, Cronin (2009) developed a 

mathematical model simulating MEF heating of reconstituted potato in a 

cylindrical cell treatment. Results demonstrated that there were no cold spots 

inside the food product but slightly cold regions were present near the 
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electrodes and cell surfaces. Choi, Kim, Park, Ahn, & Kang (2020) 

developed a mathematical model to simulate the temperature distribution and 

inactivation of E. coli O157:H7 in orange juice pasteurization. A rectangular 

treatment cell was used for the scope. Obtained results showed the presence 

of a cold point in the bottom corner that led to apply longer time treatment to 

ensure a 5-log reduction of E. coli O157:H7. 

Static ohmic heaters are mostly utilized in small scale applications, such 

as water heaters and laboratory scale, while flow ohmic heaters are generally 

employed in industrial applications. 

 

2.3 MEF heating properties and parameter 

MEF heating is affected by food properties and process and control 

parameters. In this section, the main crucial food properties and parameters 

are discussed. 

 

2.3.1 Food properties affecting MEF heating 

 

 Electrical properties 

 
Electrical conductivity 

Electrical conductivity (EC) is the capability of a material, such as a food, 

to conduct electricity. EC affects MEF heating rate and it is a critical 

property. In MEF heating an appropriate balance between voltage and 

current is crucial to obtain the correct and desired temperature rise in the 

treated product. In particular, in conductive materials, such as metals or 

foods containing significant amounts of water and dissolved salts, a 

considerable current will flow with a limited voltage gradient. Instead, for 

insulator materials, such as foods containing significant amount of fat, also 

applying high voltage gradient values, the flow of current will result very 

low.  

Moreover, the design of MEF heating equipment and the product safety 

are closely related to electrical conductivity. Indeed, the design and 

development of MEF equipment require good knowledges on EC property. 

On the other hand, for an existing equipment, very important are 

considerations related to the electrical conductivity of the product to be 

treated. 

Several papers reported measured values of foods electrical conductivity 

(σ), as shown in Table 2.1. 
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Table 2.1 Electrical conductivity values of different food products. 

Food State Temperature 
[K] 

σ 

[S/m] 
References 

Apple Solid 298.15- 413.15 0.067- 0.571 Sarang, Sastry, & 

Knipe, 2008 

Peach Solid 298.15- 413.15 0.170- 1.299 Sarang, Sastry, & 

Knipe, 2008 

Pear Solid 298.15- 413.15 0.084- 0.642 Sarang, Sastry, & 

Knipe, 2008 

Pineapple Solid 298.15- 413.15 0.037- 0.575 Sarang, Sastry, & 

Knipe, 2008 

Strawberry Solid 298.15- 413.15 0.186- 1.276 Sarang, Sastry, & 

Knipe, 2008 

Chicken (breast) Solid 298.15- 413.15 0.665- 2.212 Sarang, Sastry, & 

Knipe, 2008 

Pork (Top loin) Solid 298.15- 413.15 0.560- 1.751 Sarang, Sastry, & 

Knipe, 2008 

Beef (Bottom round) Solid 298.15- 413.15 0.489- 1.608 Sarang, Sastry, & 

Knipe, 2008 

Pickles and chutneys Solid 298.15 2.0- 3.0 Varghese et al., 

2012 

Soups, various Solid- 

liquid 

298.15 1.4- 1.8 Varghese et al., 

2012 

Full-cream milk Liquid 298.15 0.52 Varghese et al., 

2012 

Syrup Liquid 298.15 0.001 Varghese et al., 

2012 

Margarine Solid 298.15 0.027 Varghese et al., 

2012 

Tomato juice (0 % solids) Liquid 298.15- 358.15 0.87-1.58 Palaniappan & 

Sastry, 1991a 

Tomato juice (16.7 % 

solids) 

Solid- 

liquid 

298.15- 358.15 0.69- 1.29 Palaniappan & 

Sastry, 1991a 

Orange juice (0% solids) Liquid 298.15- 358.15 0.57- 1.27 Palaniappan & 

Sastry, 1991a 

Orange juice (21% solids) Solid- 

liquid 

298.15- 358.15 0.52- 1.03 Palaniappan & 

Sastry, 1991a 

 

As shown in Table 2.1, Sarang, Sastry, & Knipe (2008) evaluated 

electrical conductivity of different types of fruit (apple, peach, pear, 

pineapple and strawberry) and meats (chicken, pork, beef) in a range of 

temperatures between 25 °C- 140 °C. Electrical conductivities of fruit, were 

found ranging between 0.037 S/m and 1.299 S/m. Electrical conductivities of 

meats were between 0.489 S/m and 2.212 S/m. Varghese, Pandey, 

Radhakrishna & Bawa, (2012) reported electrical conductivities of different 

food product at 25 °C.  

Palaniappan & Sastry (1991a) evaluated electrical conductivity values of 

orange and tomato juices at different solid contents in a temperature range of 

25 °C- 85 °C. Authors stated that electrical conductivity values, for both 

considered juices, decreased with solid contents. Tomato juice at 0% of 

solids had electrical conductivity values ranging between 0.87 S/m and 1.58 

S/m. At 16.7% solids content electrical conductivity values of tomato juice 
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was between 0.69 and 1.29 S/m. Orange juice, instead, at 0% solids content 

ranging between 0.57 S/m and 1.27 S/m. At 21% solids content electrical 

conductivity values of orange juice were between 0.52 S/m and 1.03 S/m. 

As shown in Table 2.1, electrical conductivity of a food product can vary 

according its composition, its structure, and of course its temperature.  

De Alwis, Halden & Fryer (1989) stated that electrical conductivity 

values of a food product determine its feasibility with MEF treatment. Piette, 

Dostie & Ramaswamy (2001) suggested that MEF heating is possible for 

foods with σ values in a range between 0.01- 10 S/m. Electrical conductivity, 

moreover, increases with increasing temperature (Sakr & Liu, 2014). 

 Physical properties  

 

Food composition, and particle size 
Food composition and particle size of the treated product can affect MEF 

heating. Zareifard, Ramaswamy, Trigui, & Marcotte (2003) studied MEF 

treatment applied to a two- phase food system (liquid phase was 4% w/w 

starch solution with 0.5% w/w salt while the solid phase consisted of carrot 

puree and cubes of different sizes). Authors pointed out that the heating time 

rose with particles dimension and concentration. Moreover, they observed 

that electrical conductivity, and therefore the heating rate, decreased when 

particle size and concentration increased. Castro, Teixeira, Salengke, Sastry, 

& Vicente (2003) analyzed the effect of MEF heating on strawberry 

products. They, also, stated that electrical conductivity decreases with solids 

content increase: this because as the solid content increases, the resistance 

increases and, thus, the electric current decreases, resulting in a decrease of 

electrical conductivity (Silva, Santos, & Silva, 2017). 

As explained in section 2.1, water content, salt content and, in general, 

content of ionic and electrolytic components in a food product increases the 

conductivity of the treated product and, as a consequence, the heating rate 

during ohmic heating. Marcotte, Trigui, & Ramaswamy (2000) carried out 

experimental studies on hydrocolloid solutions, prepared in water with salt 

content varying between 0.25% and 1%, with a voltage gradient of 7 V cm
-1

. 

Authors stated that electrical conductivity values, and thus heating rate, 

increased with salt content. To the counter, instead, fat acts like an electrical 

insulator: Kim & Kang (2015) evaluated the effect of milk fat on ohmic 

heating. Sterile cream was mixed with buffered peptone water and milk fat 

content at 0%, 3%,7% and 10%. Authors pointed out that heating was faster 

at lower fat contents. 

 Thermal properties 
Thermal properties of food (especially specific heat and thermal 

conductivity) also affect MEF heating, as the supplied electrical energy is 

converted into thermal energy and provide heat to the treated sample. As 
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described in eq. (2-3), the heat transfer occurring during MEF heating is 

described by the heat transfer equation by conduction plus a generation term 

(Marra, Zell, Lyng, Morgan, Cronin, 2009): 𝜌𝑐𝑝 𝜕𝑇𝜕𝑡 = 𝜵 ∙ 𝜆𝜵𝑇 + 𝑄𝐺𝐸𝑁                                                                   (2-3)  

                     

where 𝜌 [kg/m
3
] is the density, 𝑐𝑝 [J/kg K] is the heat capacity, T [K] is 

the temperature within the sample, t [s] is the process time, λ [W/m K] is the 

thermal conductivity and Qgen [W/m
3
] is the specific power source term 

(described in detail in the next section). Consequently, it is easy to 

understand that thermal properties (𝜌, 𝑐𝑝, 𝜆) have a strong influence on the 

process and, therefore, on the heating rate of the process. 

 

2.3.2 Process parameters 

Electric field strength 
In MEF heating, the heat generated inside the food product is 

proportional to the electrical conductivity and to the electric field strength 

(given by the ratio between the applied voltage and the distance between the 

electrodes), as shown in eq. (2-4):  𝑄𝐺𝐸𝑁 = 𝜎|𝜵𝑉|2                                                                                  (2-4)    

where 𝜎 [S/m] is the electrical conductivity and 𝜵𝑉 [V/m] is the gradient 

of the electrical potential. Therefore, a variation of electric field strength 

strongly influences the heating of the process and, in particular, its increase 

leads to an increase in the heating rate (eq. (2-3)). 

 

 

Frequency and waveform 
In MEF heating the common waveform used is sinusoidal. The frequency 

and waveform impact on the efficiency and quality of the treated food 

product (Lima, Heskitt, & Sastry, 1999). Lee, Ryu, & Kang (2013), studied 

the effect of different frequencies (60 Hz to 20 kHz) and waveforms (sine, 

square and sawtooth) on the heating rate of salsa. They pointed out that the 

frequency affected the heating rate up to 500 Hz while there was no 

significant effect on the heating rate when the frequency rose above 1 kHz. 

Regarding waveform, at 60 Hz,  the square wave gave rise to a lower heating 

rate than sine and sawtooth waves. Imai, Uemura, Ishida, Yoshizaki & 

Noguchi (1995) observed that from 50 to 10 kHz the time for heat the 

sample (Japanese white radish) up to 80°C increased about sevenfold. 
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2.3.3 MEF heating control parameters 

The process control in MEF heating is a crucial step to optimize the 

treatment, trying to achieve a uniform heating with high heating rate. 

 
Voltage, current and power applied 

The power needed is dependent on the resistance of the food to the 

voltage gradient and the electric current. Applied voltage can be controlled 

with a variable autotransformer. To obtain the power needed, at low 

voltages, current can reach very high values. For this reason, in these 

conditions, a transformer is used (Roberts, Balaban, Zimmerman, & 

Luzuriaga, 1998). Another crucial parameter is the current density, that is the 

ratio between the current and the electrode surface area. The arch discharge 

can take place when is achieved the value of the critical current density.  

In MEF heating, time is function of the applied voltage gradient. 

Increasing the voltage gradient, the heat generation increases and, thus, the 

processing time is reduced (Icier, 2009; Icier & Tavman, 2006;M. Zell, 

Lyng, Morgan, & Cronin, 2009). 

 

 

Temperature 
Temperature plays a fundamental role in MEF heating. As seen in the 

previous sections, MEF treatment strongly depends on density, thermal 

conductivity, heat capacity and electrical conductivity, all properties 

dependent on temperature. For this reason, principally, a good control of 

temperature is important in MEF processing. 

In continuous systems, the power can be arranged using feedback or feed- 

forward control, measuring the changes in temperature and specific heat 

capacity. In batch system, instead, the use of thermocouples, placed in one or 

more points of the sample, is very useful for the control of this parameter.  

 

2.4 Food processing applications of MEF heating 

MEF technology provides safe, stable and high added value food 

products, characteristics difficult to achieve through the application of 

conventional heating methods or others electro- heating methods, such as 

MW and RF (see section 1.1).  

During food processing, a large number of biomolecules, such as 

proteins, polysaccharides, lipids and functional substances, such as 

polyphenols and vitamins are lost. These compounds, can be recovered and 

reused for other type of purposes, such as pharmaceutical products and 

energy production (Galanakis, 2012; Lin et al., 2013). Pereira et al. (2016) 
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compared MEF and conventional pre-treatments for recovery of value- 

added compounds from potatoes. Authors concluded that moderate electric 

field heating required shorter processing time and lower energy consumption 

than conventional heating treatment ( 

Figure 2.4). 

 

 
Figure 2.4 Energy consumption comparison between MEF and conventional 

heating pre- treatments (Pereira et al., 2016). 

 

In food industry, MEF heating include a wide range of applications such 

as extraction (Loypimai, Moongngarm, Chottanom, & Moontree, 2015), 

blanching (Allali, Marchal & Vorobiev, 2010), thawing (Liu et al., 2017) , 

cooking (Kanjanapongkul, 2017), peeling (Wongsa-Ngasri & Sastry, 2015), 

sterilisation and pasteurisation (Achir et al., 2016; Marra, Zell, Lyng, 

Morgan, Cronin, 2009). 

Leizerson & Shimoni (2005) confronted the effect of MEF conventional 

pasteurisation on properties of orange juice. Authors pointed out that the 

sample treated with MEF preserved more flavours. Moreover, although both 

methods avoided for more than 100 days the microbial growth, they stated 

that the sensory properties of juice treated with MEF were preserved for 

about 100 days longer respect to product treated with conventional 

pasteurisation. 

In Table 2.2 is shown a direct comparison between the microorganisms 

inactivation of MEF and conventional heating methods for different types of 

microorganisms (Jaeger et al., 2016). 
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Table 2.2 Inactivation of microorganisms comparing  

conventional heating treatment and MEF heating 

 (Jaeger et al., 2016). 

Species Matrix Effects References 
Zygosaccharo-myces 

bailii 

Phosphate 

buffer 

solution 

 

No difference Palaniappan, 

Sastry, & Richter, 

1992 

Escherichia coli Phosphate 

buffer 

Solution 

 

Higher killing rate Palaniappan, 

Sastry, & Richter, 

1992 

Bacillus subtilis 

spores 

0.1%  

NaCl 

solution, 

nutrient 

solution 

Survival rate 

lowered, D values 

raised.  

Cho, Yousef, & 

Sastry, 1999 

 

    

Alicyclobacillus 

acidoterrestris spores 

Orange 

juice 

Faster inactivation 

 

Baysal & Icier, 

2010 

 

Escherichia coli 

 

 

 

Bacillus licheniformis 

spores 

 

Goat milk 

 

 

 

Cloudberry 

jam 

 

D and Z values 

lower 

 

 

D values lower 

 

 

Pereira, Martins, 

Mateus, Teixeira, 

& Vicente, 2007 

 

Pereira, Martins, 

Mateus, Teixeira, 

& Vicente, 2007 

 

Escherichia coli, 

Salmonella typhimurium, 

Listeria monocytogenes 

 

Peptone 

water, apple 

juice  

 

Stronger 

inactivation 

compared to 

conventional 

heating 

 

 

I. K. Park & Kang, 

2013 

Escherichia coli, 

Salmonella typhimurium, 

Listeria monocytogenes 

Orange 

juice, 

tomato 

juice 

Stronger 

inactivation in 

tomato juice than 

in orange juice 

 

Lee, Sagong, Ryu, 

& Kang, 2012; 

Sagong, Park, 

Choi, Ryu, & 

Kang, 2011 

Escherichia coli, 

Salmonella enterica 

Salsa 

(chunky 

tomato- 

based) 

 

At 25 V/cm   

inactivation by 5 

log units for E. coli 

 

Lee et al., 2013 

Bacillus 

amyloliquefaciens and 

Geobacillus 

stearothermophilus spores 

0.1% NaCl 

solution, 

green pea 

puree, 

carrot 

In tomato juice 

inactivation by 3.1 

to 

4.8 log units, 

in 0.1% NaCl 

Park, 

Balasubramaniam, 

Sastry, & Lee, 

2013 
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puree, 

tomato 

juice 

solution by 4.6 to 

5.6 log units  

 

 

Saccharomyces cerevisiae 

 

Phosphate 

buffer 

solution 

 

Faster release of 

cytoplasmic 

proteins than with 

conventional 

heating 

 

Yoon, Lee, Kim, & 

Lee, 2002 

Nair et al. (2014) applied to two types of rice bran, Red Triveni and 

Basmati, MEF heating as pre- treatment before the extraction, applying an 

electric field strength of 54 V/cm. They concluded that, using MEF, the 

processing time was reduced of about 70% - 75% for both types of bran and, 

moreover, from samples treated with MEF an higher amount of final product 

was obtained respect to rice treated with only conventional extraction 

method. De Oliveira, Giordani, Gurak, Cladera-Olivera, & Marczak (2015) 

extracted pectin from passion fruit comparing conventional extraction 

method (direct boiling) with MEF extraction. Traditional extraction method 

required about 2 hours for the treatment, resulting in a significant energy 

consumption. Moreover, the long time required often led to pectin 

degradation. MEF, instead, resulted a successful treatment for pectin 

extraction, especially for that one having a high degree of esterification. 

Lakkakula, Lima, & Walker (2004) reported that MEF heating was an 

optimal treatment for the extraction of oil bran. Samples treated with MEF 

showed a higher yield extraction of about 39% than control samples. 

Moreover, authors observed that with MEF treatment the lower the 

frequency applied, the higher the amount of extracted product, phenomenon 

probably due to electroporation. 

Yang et al. (1997) evaluated microbiological safety and sensorial 

properties of six different stew types, treated with MEF heating, after three 

years of storage at about room temperature. Authors stated that an optimal 

storage in terms of quality and microbial security was found. 

Zhong & Lima (2003) analyzed if MEF heating applied to sweet potato 

tissue could improve its vacuum drying rate. Results confirmed that drying 

rates of the treated samples were faster than untreated ones, with the highest 

decrease in drying time of 24%. 

Engchuan et al. (2014) compared MEF and traditional cooking of pork 

meat balls. Authors stated that samples treated with Moderate Electric Field 

resulted more solid and brighter than meat balls treated with traditional 

method.   

Table 2.3 compares the difference in loss nutrients, in terms of “cooking 

loss”, between meat products treated with MEF and conventional cooking 

methods. 
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Table 2.3 “Cooking loss” comparison between MEF heating and 

conventional heating for meat products (Pathare & Roskilly, 2016; Yildiz-

Turp, Sengun, Kendirci, & Icier, 2013). 

Product Method Cooking loss [% ] References 

Pork MEF heating 

 

9.71- 30.22 

 

Dai et al., 2014 

Water bath 22.53-38.51 

Whole turkey meat MEF heating- LTLT  

 

25.2 

 

Zell, Lyng, Cronin, & 

Morgan, 2010b 

MEF heating- HTST 

 

31.3 

 

Conventional heating 

 

27.0 

Beef muscle  

(biceps femoris) 

MEF heating 

 

27.7 

 

Zell, Lyng, Cronin, & 

Morgan, 2009b 

Conventional heating 37.9 

Beef muscle 

(semitendinosus) 

MEF heating- LTLT  

 

29.27 

 

Zell, Lyng, Cronin, & 

Morgan, 2010a 

MEF heating- HTST 

 

36.29 

 

Conventional heating 37.77 

 

Lascorz, Torella, Lyng, & Arroyo (2016) compared MEF and traditional 

cooking of shrimps evaluating several aspects such as heating rate, cooking 

loss, texture and colour. Authors pointed out that samples treated with MEF 

were cooked faster (40 s independently of size) than shrimps cooked with 

steam (38 s for small shrimps and 59 s for the large ones). Moreover, 

shellfish subjected to MEF showed a more uniform cooking than those 
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cooked traditionally. No differences in texture and cooking loss were 

observed between samples treated with the two different method. Moreover, 

shrimps cooked with MEF showed fewer colour changes than samples 

treated with conventional cooking method. 

2.5 Bubbling phenomena during MEF heating 

As reported in several papers, during MEF heating, with increasing 

temperature, the bubbling phenomena may occur. Darvishi, Khostaghaza, & 

Najafi (2013), evaluated the effect of MEF heating on electrical 

conductivity, heating rate, system performance and pH of pomegranate juice. 

Voltage gradient applied ranged between 30- 55 V/cm. During this 

experimental study, authors observed that, when temperature reached about 

81 °C, bubbling phenomena started to occur, causing a decrease in electric 

current and, thus, in electrical conductivity. Authors stated that formation of 

bubbles could be linked to the release of gas and, consequently, to a 

concentration of solids due to reactions of electro- chemical nature, which 

led to an increased resistance to the movement of ions within the treated 

liquid. Palaniappan & Sastry (1991a), realized an apparatus to measure 

electrical conductivity of food products applying MEF heating or 

conventional heating methods. Heating was performed up to 80 – 85 °C, 

applying a voltage of 140 V and a frequency of 60 Hz. Treated samples were 

tomato and orange juices. Authors observed that above the temperature of 80 

– 85 °C the electric current, and thus electrical conductivity, started to 

decrease. By observing the sample, authors realized that the decrease in 

current could be linked to the formation of gas bubbles near the electrodes. 

Several studies were performed to better understand bubbles phenomena and 

its cause. Authors pointed out that being both juices of acid nature, this could 

lead to the potential electrolytic hydrogen bubbles generation. Icier & Ilicali 

(2005a) heated with MEF up to 70 °C apricot and peach purees applying 

voltage gradients ranging between 20- 70 V/cm and a frequency of 50 Hz. 

During the heating it was noted that above 50 °C, especially at high voltage 

gradients, bubbling phenomena started to occur, and heating was stopped. 

Moreover, it was observed that when bubbling started electrical conductivity 

decreased with temperature rise when formation of bubbles started. Due to 

the occurrence of this phenomena, and the problems linked to them, authors 

stressed the importance of preventing them by using, for example, inert 

coated electrodes. Zhao, Kolbe, & Flugstad (1999) devised a method to 

identify visual electrode corrosion during MEF heating. In this experimental 

work, they also discussed about bubbling phenomena. Authors stated that 

gas bubbles were the result of water boiling caused by high current densities 

or the generation of by- products from oxidation/ reduction reactions. 

Therefore, as noted in the experimental works mentioned above, bubbling 

phenomena occurring during MEF heating cannot be underestimated or 



Chapter 2 

Oriana Casaburi  20 

overlooked. Releasing of bubbles requires serious considerations in 

designing of MEF heater and in the correct choice of the applied voltage 

gradients. 

2.6 Other industrial applications of MEF heating 

An important industrial application of MEF is related to the waste 

treatments, such as sterilization of animal wastes, sewage sludge and 

compost leachate. Murphy, Powell, & Morrow (1991) evaluated MEF 

heating suitability for sewage sludge. Sludge had electrical conductivity 

ranging between 0.2 - 0.6 S/m, at room temperature, and 0.8 - 2.3 S/m at 90 

°C: values suitable to treat samples with MEF heating. The heating, in fact, 

was rapid, uniform and with an energy efficiency of about 98%, resulting 

very convenient for sterilisation and pasteurisation of sewage sludge. Yin, 

Hoffmann & Jiang (2018) analyzed E. Coli microbial inactivation applying 

MEF to wastewater sludge. They concluded that, respect to conventional 

treatments, such as anaerobic digestion, MEF heating was more efficient.  
Of recent, another application for MEF is related to its use as electric 

thermal storage device. Sakr & Liu (2014) suggested that being salts able to 

store heat, they can be melted and preserved in suitable containers. When 

energy is needed, these salts can be used in a heat exchange system to 

release them retained heat. 

MEF results suitable also for seawater distillation. Conventional 

treatment, which exploit the use of steam boilers, bring to the generation of 

scale that impact on the efficiency of the process. MEF can be used as an 

alternative heating method, overcoming problems related to boilers (A. M. 

Assiry, Gaily, Alsamee, & Sarifudin, 2010). 

 

 

2.7 Summary 

The chapter reviewed the basic and working principle of MEF heating. A 

fundamental characteristic for a performing treatment is that the products to 

be treated are good conductors of electricity. MEF has become one of the 

most preferable methods due to its capability to reduce processing time, 

providing a heating uniformity and, thus, safe and stable food products. The 

main success of MEF heating is related to the rate of heat generation in the 

system, for this reason main food properties parameters and process control 

are discussed. As shown from main food processing and industrial 

applications, MEF heating is suitable for a wide range of applications. 

Anyway, numerous studies and research are still needed to better analyse 

some aspects, some of which: completely understand all the effects produced 

by of MEF heating, in particular, on heterogeneous food systems. Further 
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clarifications are also required about MEF heating influence on size, shape 

and orientation of food products in solid- liquid systems. Moreover, there are 

still a lot of challenges to control the heating rate during the process, due to 

variation of electrical conductivity during the treatment.



 

Oriana Casaburi   

3 Electrical properties: 
electrical conductivity 

 

As highlighted in previous section, electrical conductivity is a key 

property in MEF heating. This section deals, in detail, the effect of different 

parameters on EC in both liquid and solid foods. Moreover methods of 

measurement of electrical conductivity are reported too. 

 

 

 

 

3.1 Liquid foods 

In this section the effects of temperature, electric field strength and 

ingredients on electrical conductivity of liquid foods are discussed. 

 

 

3.1.1 Effect of temperature 

Generally, electrical conductivity increases linearly with temperature. 

Some exceptions are linked to some components (i.e. starches) that might be 

subjected to phase transitions or substantial structural changes during the 

heating (section 3.1.3).  

 

 
3.1.2 Effect of electric field strength 

Palaniappan & Sastry (1991a) pointed out that variations of electric field 

strength in a range between 0 V/cm and 100 V/cm had irrelevant influence 

on the relationship between electrical conductivity and temperature of 

orange juice (Figure 3.1). This was due to the presence of inert solids that 

were not affected by the electric field. 
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Figure 3.1 Electrical conductivity of orange juice subjected to different 

electric field strengths. Electrical conductivity decreases at around 100 

°C could be due to boiling phenomena (Palaniappan & Sastry, 1991a). 

 

 

Castro et al. (2003) carried out experimental MEF heating tests using 

strawberry- based products, to determine the effect of electric field strength 

on electrical conductivity. Authors observed that, for strawberry pulp at 14.5 

° Brix, the effect of the electrical field strength was negligible.  

 

 

3.1.3 Effect of ingredients 

 Electrolytic solutes 
The effect of electrolytes, in particular salt, was already discussed 

in section 2.1. Other electrolytes present in foods are, for example, 

acids. Moreover, some gums and thickeners could have some 

charged groups that could contribute on the electrical conductivity. 

 

 Inert suspended solids 
Generally, suspended solids, such as pulp and cellular solids, are 

insulators and bring to a reduction of electrical conductivity of the 

liquid product in which they are dispersed. The particle size of 

suspended solids can affect the electrical conductivity of the liquid 

food. An analysis of this influence can be carried out considering, 

for simplicity, suspended solids as spheres all of the same size. The 

total volume of the considered solids will be: 
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         𝑉𝑆 = 𝑛 43 𝜋𝑟3                                                                                 (3-1)    

     The cross—section area subjected to the electric field will be 

determined by: 

        𝐴𝑆 = 𝑛𝜋𝑟2                                                                                (3-2)      

Substituting eq. (3-1) into eq. (3-2) 𝐴𝑠 will be given by: 

        As = 3Vs4r                                                                                        (3-3)      

Thus, the total cross- section of the solids that act like insulators 

increases as particle size decreases. Consequently, smaller particles 

will exhibit lower electrical conductivity than coarse ones (Rao, 

Rizvi, & Datta, 2014). However, as shown in Figure 3.2, the 

opposite situation was observed in case of carrot solids within 

sodium phosphate solution (Palaniappan & Sastry,1991b). 

 

Figure 3.2 Electrical conductivity of carrot solids, with different 

particles sizes, dispersed in sodium phosphate solution (elaborated 

from Palaniappan & Sastry, 1991b) 

 

This shows that particle shape and leaching of intracellular constituents 

can influence and make more complex all the frame of the considered 

situation. 
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 Hydrocolloids 
Several authors analyzed the influence of hydrocolloids on 

electrical conductivity. 

Marcotte, Piette, & Ramaswamy (1998) studied the effect of 

different hydrocolloids concentration, such as starch, carrageenan, 

pectin, gelatin and xanthan, on electrical conductivity. Authors 

pointed out that starch, being a neutral polysaccharide, exhibited the 

lowest electrical conductivity. Carrageenan and xanthan, instead, 

being the more charged hydrocolloids among those analyzed, 

showed the highest electrical conductivity. Pectin, being less 

charged than carrageenan and xanthan but more charged than starch, 

exhibited medium electrical conductivity values. Authors obtained 

the following correlation: 

 σ = σC,25 + KT(T − 25) + KTC(T − 25)C                                   (3- 4) 

where: 𝜎𝐶,25 = 𝐾𝐶,25𝐶                                                                                     (3- 5) 

Table 3.1 shows data of parameters 𝐾𝐶,25 𝐾𝑇 and 𝐾𝐶 for the 

different analyzed hydrocolloids. 

 

Table 3.1 Parameters for electrical conductivity relationships 

(eqs. (3-4) and (3-5)). KC,25 is the concentration parameter at 25 

°C; KT is the temperature parameter; KTC is the interaction 

parameter between (T-25) and C. 
Hydrocolloi

d 

KC,25 

(S/m %) 

KT 

(S/m °C) 

KTC 

(S/m% °C) 

R2 

Carrageenan 0.1700 8.65 × 10–4 3.90 × 10–3 0.9953 

Xanthan 0.1330 1.78 × 10–3 2.46 × 10–3 0.9990 

Gelatin 0.0299 5.29 × 10–5 7.67 × 10–4 0.9980 

Pectin 0.0305 5.76 × 10–4 4.81 × 10–4 0.9955 

Starch 0.0130 1.95 × 10–4 2.71 × 10–4 0.9985 

 

Marcotte, Trigui, Ramaswamy (2000) analyzed the influence of the 

addition of salt and citric acid to four hydrocolloid solutions (starch, 
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4.3%; carrageenan, 1.7%; xanthan, 2%; pectin, 2.5%). Carrageenan 

and xanthan exhibited, at low salt concentration, the highest 

electrical conductivity, followed by pectin. Starch, instead, showed 

the lowest electrical conductivity. Authors obtained a linear 

regression, eq. (3-6), for each hydrocolloid. 

  𝜎 = 𝜎25 + 𝐾𝜎𝑇(𝑇 − 25)                                                                  (3-6) 

 

Values of 𝜎25 𝑎𝑛𝑑 𝐾𝜎𝑇 related to eq.(3-6) are reported in Table 3.2. 
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. 

Table 3.2 Relationship parameters of eq. 3-6 at different salt 

contents  for the various analyzed hydrocolloids (Marcotte, Trigui, 

Ramaswamy, 2000). 

  

 
 
Phase transitions of suspended solids 

Halden, De Alwis, & Fryer (1990) carried out experiments to 

establish changes that can take place during MEF heating of foods. 

In particular, authors observed a variation of the heating slope of a 

potato slice. Authors attributed this change to starch gelatinization.  

Wang & Sastry (1997) analyzed the influence of starch 

gelatinization on electrical conductivity. Authors noted a negative 

peak in the electrical conductivity- temperature curve and they 

represented to the phase transition temperature in the Differential 

Hydrocolloid Salt 
concentration 

(%) 

σ 25 K σT 

Carrageenan  

(1.7%) 

0.25 0.848 0.0199 

0.50 1.371 0.0313 

0.75 1.914 0.0413 

1.0 2.173 0.0481 

Xanthan (2%) 0.25 0.889 0.0181 

0.50 1.474 0.0305 

0.75 1.969 0.0396 

1.0 2.162 0.0419 

Pectin (2.5%) 0.25 0.691 0.0153 

0.50 1.201 0.0261 

0.75 1.690 0.0349 

1.0 2.195 0.0455 

Starch (4.3%) 0.25 0.582 0.0123 

0.50 1.066 0.0204 

 0.75 1.544 0.0312 

1.0 2.109 0.0427 
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Scanning Calorimeter (DSC) thermogram. Thus, from this study it 

was possible to establish that starch gelatinization could be identified 

measuring electrical conductivity. 

Chaiwanichsiri, Ohnishi, Suzuki, Takai, & Miyawaki, (2001) 

carried out electrical conductivity measurements on potato starch 

suspension (with salt addition) conventionally heated at 200 kHz. 

Authors observed an increase of electrical conductivity upon 

gelatinization. Authors pointed out that this increase was due to the 

discharge of ions during the gelatinization. Authors explained also 

the difference of obtained results  of Wang & Sastry, (1997) 

considering that, in this last work, no salt was added. 

Through previous cited experimental study, consequently, is 

possible to confirm that the through the observation of starch 

gelatinization electrical conductivity has a significant potential. 

 

 Effect of Non-electrolytic Solutes 
Some substances, such as sucrose, do not give rise to electrically 

conductive ions in solution. Thus, the presence of this type of 

substances bring to a less high electrical conductivity of the solution. 

Castro et al., (2003) analyzed electrical conductivity of strawberry 

pulps with soluble solids from 14 to 59.5 °Brix, obtained by addition 

of sucrose. Authors pointed out that, as shown in Figure 3.3, as 

sugar content increased, electrical conductivity value decreased. 

 

Figure 3.3 Influence of sugar content in strawberry pulp on 

electrical conductivity (Castro et al., 2003). 
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3.2 Solid foods 

In this section are presented the effects that microstructure of the 

material, temperature, electric field strength, frequency and ingredients have 

on the electrical conductivity. 

 

 

3.2.1 Effect of temperature and electric field strength 

 Gels and Noncellular solids 
As observed by Yongsawatdigul, Park, & Kolbe (1995) with 

Pacific whiting surimi paste, in noncellular solids, generally, 

electrical conductivity increases linearly with temperature.  As 

shown in Figure 3.4, Castro et al., (2003), instead, observed a slight 

non- linear increase of electrical conductivity with temperature for 

strawberry jelly.  

 

 
Figure 3.4 Electrical conductivity of strawberry jelly at different 

electric field strengths (Castro et al., 2003). 

 

Various reasons can be advanced for this type of effect, such as 

the breakdown of the gel that can bring to a lower drug of ions and, 

thus, to a higher electrical conductivity at higher temperatures. 

Electric field strength, generally, has not strong effects on 

electrical conductivity behavior. Castro et al., (2003) in addition to 

the effect of temperature on the electrical conductivity of strawberry 

jelly, analyzed also the possible effects of the electric field strength. 

Authors pointed out that electric field strength had a slight effect on 

the electrical conductivity. Moreover, Yongsawatdigul et al., (1995), 

pointed out that electric field strength had a slight effect on the 

electrical conductivity of surimi paste and this could be attributed to 

electrochemical reactions that occurred at the electrode surfaces. 
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 Solids with undisrupted cellular structure 
In solids having a cellular structure, such as, fruits and 

vegetables electrical conductivity is affected by both temperature 

and electric field strength. Palaniappan & Sastry, (1991b) compared 

the effects on the electrical conductivity of three different vegetables 

heated conventionally and with MEF. Until about 70 °C, the 

electrical conductivity of products heated with conventional method 

showed moderate changes with temperatures. After 70 °C, the 

cellular structure broke down and, consequently, electrical 

conductivity showed a significant increase, as shown in Figure 3.5. 

 

 
Figure 3.5 Electrical conductivity of vegetable tissue (carrot, potato 

and yam) conventionally heated (elaborated from Palaniappan & Sastry, 

1991b). 

 

For carrots, for example, increasing the electric field strength, as shown 

in Figure 3.6, the change in electrical conductivity became less sharp and, at 

sufficiently high electric field strengths, the electrical conductivity- 

temperature trend assumed a linear evolution. Therefore, this means that a 

sample subjected to MEF undergone to cellular structure breakdown at lower 

temperatures than when is conventionally heated. 
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Figure 3.6 Electrical conductivity of carrot tissue subjected to various 

electric field strength (elaborated from Palaniappan & Sastry, 1991b). 

 

 Effect of ingredients 
The effect that various ingredients have on electrical 

conductivity of solid foods is similar to that one they have on liquid 

foods (section 3.1.3).  

For solid foods particles, to increase the electrical conductivity 

the most commonly used method is the addition of salt by infusion 

method. Wang & Sastry (1993a,b) applied the salt infusion method 

to potato. Authors pointed out that the utilized method was 

successful only for external layers of the treated vegetable. The 

effect of salt addition on electrical conductivity obtained by authors 

is shown in Figure 3.7. 
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Figure 3.7 Effect of salt infusion at different concentrations 

on the electrical conductivity ( Wang & Sastry, 1993b). 

 

 

3.3 Measurement methods of electrical conductivity 

A sample scheme of a system used to measure electrical conductivity is 

shown in Figure 3.8. As shown in figure, the system consists of a treatment 

cell, in this case of cylindrical shape, with two electrodes inserted at its ends. 

In the geometric centre is inserted a thermocouple to allow the measurement 

of the temperature. 

 

 
Figure 3.8 Classic system used to measure electrical conductivity. 

 

This type of system for electrical conductivity measurements offers 

different advantages: 
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- Treated samples have a definite shape. Thus, the calculation of cell 

constant K is simplified. 

- A thermocouple allows the measurement of temperature. It is 

possible to use more than one thermocouple to monitor the 

temperature in different points of the system. Temperature 

measurements is a critical step, being electrical conductivity strongly 

dependent on it. 

- Both solids and liquid samples may be treated. Liquids takes the 

form of the treatment cell containing them. Solid foods, instead, can 

be cut to make them take the shape of the vessel that contains them. 

- Thermocouples and electrodes can be locked up using O-rings or 

packing glands, allowing, in this way, the system to work at 

pressures higher than the atmospheric one. 

- Heating the sample with MEF, electrical conductivity can be 

measured continuously as function of temperature and frequency. 

 

Difficulties encountered during MEF heating process and the precautions 

to be taken are: 

- It is important to ensure a good contact between the electrodes and 

the sample to be treated. In other words, it is important to guarantee 

the best contact between electrode and sample, applying the due 

pressure without breaking the food sample structure. 

- Measurement of the temperature is crucial, and it is of fundamental 

importance avoiding electrical interferences. The use of optical 

fibres can be the optimal choice, though is quite difficult to keep the 

in place if it-to-out pressure gradient is established. In this regard, 

thermocouples must be isolated by coating them, for example using 

coated Teflon thermocouples. This solution, however, avoids 

electrical interferences but leads to slow response times. This 

solution, therefore, could be a problem in case of rapid MEF heating 

processes. 

An alternative way to accelerate the response time is, for 

example, the use of fibre- optic sensors. 

The measurement of electrical conductivity can be carried out, then, by 

connecting the system to a power source, applying an electric field and 

measuring continuously current and temperature. Electrical conductivity can 

be then measured. 

In case the sample to be treated is particularly delicate and cannot be 

subjected to particular physical stresses, an indirect method of measurement 

may be used. The sample to be treated can be placed in the treatment cell 
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and the space between the ends of the sample and the electrodes can be filled 

with a fluid of known electrical conductivity (Figure 3.9).  

 

 
Figure 3.9 Electrical conductivity measurement method for particularly 

delicate sample 

 

The system shown in the figure above can be considered as a set of 

resistances in series and the electrical conductivity of the sample can be 

evaluated. This method, however, has a disadvantage: if the electrical 

conductivity of the fluid is different from the sample’s one, the measurement 

of the electrical conductivity could be compromised. 

In case of liquid foods for electrical conductivity measurement can also 

be used the following devices: 

 

 Conductive sensors can be at 2- electrodes or 4- electrodes. With 

the first ones, the device consists of a meter and a probe with two 

metal electrodes placed at a certain distance from each other. For 

electrical conductivity measurements, the probe is put in contact 

with the sample and an AC voltage is applied between the 

electrodes. Current passing through the sample is the measurement 

signal. Being applied current and voltage known, the sample 

resistance is known and, thus, also the conductance value.  

Conductivity sensors at 4- electrodes consist of a meter and a 

probe with two pairs of electrodes. In this type of device, the two 

pairs of outer electrodes measure the current, while the two pairs of 

inner electrodes measure applied voltage.  

 

 Inductive sensors consist of a probe in which electrodes are 

replaced by two toroidal coils. Both coils are covered with a 

corrosion- resistant plastic body and must be completely immersed 

in the liquid. One coil is the drive, the other one is the receive coil. 

For the conductivity measurement, an alternating voltage is applied 

to the drive coil, which causes a voltage in the liquid neighbouring 

the coil. This voltage gives rise to a ionic current flow which, in 

turn, causes an electronic current in the receive coil. The induced 

current is proportional to the conductance of the solution and is 

measured by the analyzer. Knowing the conductance of the solution 
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and cell constant, the device returns the electrical conductivity value 

. 

The conductivity sensors at 2- electrodes are well used for low 

conductivity applications. Sensor at 4- electrodes, instead, are suitable for 

moderate to high conductivity applications. Inductive sensors are well used 

for corrosive solutions and, bearing the fouling, for solutions with high 

content of suspended solids. 

 

 

3.4 Summary 

This chapter discussed the effects of temperature, electric field strength 

and ingredients on the electrical conductivity of both liquid an solid foods. 

Moreover, different method for electrical conductivity measurement were 

discussed. 
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4 Preliminary trials on MEF 
heating 

 
In Chapter 4 are described the preliminary trials and relative materials 

and methods used, related  to the experimental work at the University of 

Salerno and during the international mobility at UCD (University College 

Dublin, Belfield, Dublin 6, Ireland).  

 

 

 

 

4.1 Raw materials for MEF heating test 

In this section are described raw materials used to carry out the 

experimental work at University College Dublin (UCD, Ireland) where a 

first MEF equipment existed. This methodology as then be applied in the 

subsequent MEF heating trials run at University of Salerno (UNISA, Italy), 

also discussed herein. 

 

4.1.1 Meatballs 

There are always issues related to wasting food for laboratory 

experiments. In the past, chemicals such as carbo methyl cellulose were used 

as food analog for ohmic heating test (Icier & Illicali 2005b). In this 

experimental work, as raw materials it was decided to use food with the 

purpose of analyzing an actual possible meal characterized by its 

heterogeneity, thus chicken meatballs and reconstituted potato flakes. Pre- 

cooked and frozen chicken meatballs were purchased in Ikea stores 

(Huvudroll, Ikea Italia, Baronissi, Italy, for the tests run at University of 

Salerno; Alemansrätten, Ikea, Dublin, Ireland, for the test run at UCD). 

Alemansrätten meatballs were made with minced chicken meat (61%), 

chicken skin, onion, potato starch, salt (1.6%) and spices. Meatball diameter 

was about 3 cm. Table 4.1 show nutritional values for 100 g of product. 
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Table 4.1 Nutritional values for 100 g of Alemansrätten chicken meatballs. 

Nutritional values 

Energy [kJ] 794 

Fat* [g] 13 

* of which saturates [g] 4.2 

Carbohydrate [g] 5.2 

** of which sugars [g] 0.8 

Proteins [g] 13 

Salt [g] 1.6 

Huvudroll meatballs were made with minced chicken meat (69%), 

chicken skin, onions, corn starch, salt (1.5%) and spices. Table 4.2 shows 

nutritional values for 100g of product. 

 

 

Table 4.2 Nutritional values for 100 g of Huvudroll chicken meatballs. 

Nutritional values 

Energy [kJ] 778 

Fat* [g] 13 

* of which saturates [g] 3.2 

Carbohydrate [g] 4.9 

** of which sugars [g] 0.6 

Proteins [g] 13 

Salt [g] 1.5 

 

 

4.1.2 Reconstituted flakes potatoes 

Reconstituted potato flakes were obtained mixing potato flakes (Erin 

Foods Ltd., Thurles, Co. Tipperary, Ireland, for the tests performed at UCD; 

Crastan, Pisa, Italy, for tests performed at University of Salerno ), pure dried 

vacuum salt (INEOS Enterprises, Weston Point, Runcorn, Chesire WA7 

4HB, UK for the tests run at UCD; Conad Soc. Coop., Italy, for tests run at 

University of Salerno), unsalted butter (Tesco, Dublin, Ireland,  for the tests 

carried out at UCD; Conad Soc. Coop., Italy, for tests carried out at 

University of Salerno) and distilled water. 
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4.2 Samples preparation  

To perform experimental tests, different formulations of reconstituted 

potato flakes (RPF) were prepared both at UCD and at the University of 

Salerno, as shown in Table 4.3. 

 

Table 4.3 Samples composition used at UCD and UNISA. 
      Unsalted 

butter 
    Salt        Potato 

flakes 
Distilled     

water 
    USED @ 

Composition 1 w/w [%] 5.00 5.70 23.70 65.60 UCD 

Composition 2 w/w [%] 4.90 10.90 19.80 64.40 UCD 

Composition 3 w/w [%] - 2.75 12.68 84.57 UNISA 

Composition 4 w/w [%] - 1.39 12.86 85.74 UNISA 

Composition 5 w/w [%] - 0.74 12.95 86.31 UNISA 

Composition 6 w/w [%] - 0.37 13.00 86.63 UNISA 

Composition 7 w/w [%] 5.80 2.90 18.80 72.50 UNISA 

Composition 8 w/w [%] 5.80 5.70 16.00 72.50 UNISA 

Composition 9 w/w [%] 5.80 0.00 21.70 72.50 UNISA 

 

For convenience, reconstituted potato flakes obtained from composition 

1 and composition 2 will be indicated using the acronym RPF; reconstituted 

potato flakes obtained from composition 3, 4, 5 ,6 will be identified with 

acronym RPFNB; reconstituted potato flakes obtained with compositions 7, 

8 and 9 will be referred to acronym RPFB. 

To perform experimental tests at UCD, the predefined amount of salt and 

unsalted butter (Table 4.3) were added to boiled distilled water and mixed 

with a scoop, until the butter was melted and salt was dissolved. The 

obtained mixture was put in a pan mixer (Kenwood chef classic, model 

KM331, Kenwood Ltd., Havant, UK) with a dough hook. Subsequently, 

potato flakes were slowly added in the mixer, set at the lowest speed, to 

prevent the formation of air bubbles. Once potato flakes were completely 

incorporated, the mixing continued for about 1 minute, to ensure a correct 

and complete mixing. Obtained reconstituted potato flakes were packaged 

with a wrap plastic film, to prevent moisture evaporation  
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Figure 4.1 Reconstituted potato flakes storage in wrap plastic film. 

 

Subsequently, reconstituted potato flakes samples were retained in an 

incubator (10 A, 230 V, 50 Hz; Model KB 53, Binder, Tuttlingen, Germany) 

at 2°C until needed for use. 

Chicken meatballs were stored in a freezer at -20°C and, subsequently, 

retained in the incubator at 2°C overnight (10 A, 230 V, 50 Hz; Model KB 

53, Binder, Tuttlingen, DE) before the experiments. 

For experimental work at UNISA, the fixed quantity of salt and butter 

for RPFB, or the only fixed quantity of salt for RPFNB, were added and 

mixed to boiling water. Once butter was melted and salt dissolved, the 

mixture was put in a pan and potato flakes were slowly added. Mixing was 

carried out using a hand whisk and was continued until potato flakes were 

completely mixed. Reconstituted potato flakes were put in wrap plastic film, 

to avoid the evaporation of water and transferred in a refrigerator overnight 

at 5 °C.  

Chicken meatballs were stored in a freezer overnight at -20 °C. 

Before the experiments, reconstituted potato flakes and meatballs were 

left at room temperature, to allow both to reach the same uniform 

temperature. 

 

 

 

4.3 Meatballs configuration 

For the experimental work, chicken meatballs and reconstituted potato 

flakes were positioned in a MEF heating treatment cell, considering different 

system configurations, to evaluate the effects of load and position of 

meatballs on MEF heating. Configurations used for RPF, RPFNB and RPFB 

are shown respectively in Figure 4.2, Figure 4.3, Figure 4.4. 
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 Top view Front view 
 

 

 

RP 

  
 

 

 

2PSiRP 

  
 

 

 
2PAiRP 

  
 

 

 

3PiRP 

  
Figure 4.2 Top and front view of the different configurations analyzed . 

White big circles represent chicken meatballs. Black points represent 

temperature measurement points. Grey sections represent the portions 

of space occupied by reconstituted potato flakes (RPF). 
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 Top view Front view 

 
 
 

RP 

 

  
Figure 4.3 Top and front view of the different configurations analyzed. 

Black points represent temperature measurement points. Grey sections 

represent the portions of space occupied by reconstituted potato flakes 

(RPFNB). 
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Figure 4.4 Top and front view of the different configurations analyzed. 

White big circles represent chicken meatballs. Black points represent 

temperature measurement points. Grey sections represent the portions of 

space occupied by reconstituted potato flakes (RPFB). 

 

As shown in Figure 4.2, Figure 4.3 and Figure 4.4, one homogeneous 

system, composed by RPF, RPFNB or RPFB and three different 

heterogeneous systems, composed by reconstituted potato flakes (RPF or 



Preliminary trials on MEF heating 

Oriana Casaburi  43 

RPFB) and meatballs, were analyzed. Heterogeneous configurations were 

composed by two chicken meatballs located in reconstituted potato flakes at 

positions P1 and P3 (2PSiRP); two chicken meatballs located in 

reconstituted potato flakes at positions P1 and P2 (2PAiRP); and three 

chicken meatballs located in RPF at the three positions P1, P2 and P3 

(3PiRP). 

 

 

4.4 MEF heating equipment  

In this section the equipment used to carry out the experimental MEF 

heating work at University College Dublin and the equipment designed and 

used for MEF heating experimental tests at University of Salerno are 

described. 

 

 

4.4.1 MEF heating equipment at University College Dublin 

MEF heating system utilized for experimental work at UCD (Figure 4.5) 

was a batch system constituted by an AC variable power supply unit ( 15 A, 

0-250 V, 50 Hz; C- Tech Ltd, Chester, UK); a rectangular treatment cell 

(height 10 cm, length 15 cm and width 10 cm) with two platinized titanium 

electrodes of 9.5 cm x 9 cm, with a gap of 13 cm between them ( 
Figure 4.6); three T- type electrically insulated thermocouples to check 

the temperature of the sample at the established measurement points P1, P2, 

P3 (Figure 4.7). 

 

 

 

Figure 4.5 MEF heating equipment. 
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MEF treatment cell was open on top, allowing to the three 

thermocouples to be placed at the established positions P1, P2 and P3 

(Figure 4.7). 

 

 

Figure 4.6 Top view of MEF heating treatment cell. 

 

 

 

 
 

Figure 4.7 MEF heating cell with three thermocouples 

inserted in positions P1, P2 and P3. 

 

 

PicoLog V6 data logger (Model No. R5.06.3, Pico Technology Ltd, St. 

Neots, UK) was utilized to record current and voltage values.  
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A data logger (Squirrel SQ2040 Series Data Loggers, Grant Instrument 

Ltd., Cambridge, UK) was used to register the temperature values every 

second. 

MEF heating was carried out in an in an interlocked safety cabinet in 

which all the electrical connections were housed, to guarantee experiments 

could be performed safely from a health and safety perspective. 

4.4.2 MEF heating equipment at University of Salerno 

The experimental apparatus realized at University of Salerno consisted, 

principally, of a power supply system, a data acquisition systems and a MEF 

heating treatment cell, which are described in the following sections.  

A simplified schematic diagram of the system built is shown in Figure 

4.8. 

 

 

Figure 4.8 Schematic diagram of MEF heating setup. 

 

 Treatment cell 
Initially, for the design of MEF heating apparatus the attention was 

focused on the realization of a rectangular treatment cell. Subsequently, in 

anticipation of future tests to be carried out, a cylindrical cell was realized 

too. 

 

Rectangular treatment cell 
As mentioned in section 2.2 the main criteria to consider for the 

realization of a MEF heating treatment cell are: 

 

- It should be of insulating material 

- It should be able to withstand process temperature 
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- Should not impart off- flavour to the product 

Based on the above criteria and considering that beyond to being adapted 

for alimentary uses, it is transparent and therefore it allows a direct visual of 

the treated product conditions, for the construction of ohmic heating 

chamber glass (Figure 4.9) was selected. 

Technical specifications of treatment cell are given in Table 4.4. 

 
Figure 4.9 Rectangular treatment cell. 

 

 

 

Table 4.4 Technical specifications of MEF heating  

rectangular treatment cell. 

       Length 
[cm]  

      Width 
[cm] 

        Height 
[cm] 

       Distance between 
electrodes [cm] 

10 5.1 6.0 9.6 

 

The edges of glass treatment cell were joined together using a cementing 

material (silicon paste) as reinforcement to form a leak proof chamber. The 

choice fell on silicon paste because it is able to withstand temperatures of 

above 600 °C. The cementing material has been applied on the outside edges 

of the chamber. 

 

 

Cylindrical treatment cell 

Standing on the above cited criteria for the realization of MEF heating 

treatment cell, another treatment cell, for further future experiments, was 

realized of cylindrical shape (Figure 4.10). Considering its resistance to 

abrasion, impermeability and ease of use and maintenance, this time, the 

choice of the material for the treatment cell fell on PVC (Polyvinyl chloride). 

Technical specifications of PVC treatment cell are reported in Table 4.5. 
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Figure 4.10 Cylindrical treatment cell 

 

 

 

Table 4.5 Technical specification of MEF heating  

cylindrical cell. 

        Length 
[cm] 

       Internal 
diameter 

[cm] 

        External 
diameter 

[cm] 

        Distance 
between 

electrodes [cm] 

5.4 3.0 3.5 4.0 

 

 

The cell was closed using a threading system at both ends ensuring, thus, 

watertight. 

 

 

 Electrodes 

In MEF heating, the desired electric current from the source to the 

sample is transmitted by metal electrodes. In this case, they were designed 

for the specific purpose considering technical specifications of treatment 

cells. 

As reported in section 2.2, the material used for electrodes in MEF 

heating chamber should have, principally, the following features: 

- It should be of food grade and non-corrosive 

- It should be workable and provide smooth finish 

To meet the minimum requirements above discussed, food grade 

stainless steel 316 was selected as electrodes material. Electrodes realized 

for both rectangular and cylindrical cell are shown in Figure 4.11(a) and 

Figure 4.11(b). 
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(a)

    

(b)

  
Figure 4.11 (a) rectangular cell electrodes. (b) cylindrical cell 

electrodes 

 

 

 Voltage regulator 

Considering the specifications of the first cell treatment realized 

(rectangular cell), for the choice of the best voltage regulator rough 

calculations have been carried out to better understand the necessary 

technical specifications. Since the prototype MEF heating unit had as its 

primary purpose the treatment of food products, reference was made to 

meat- based sauces, the composition of which has been rearranged 

considering a classic home- made meat soup. 

In Table 4.6 is shown the main composition of meat-based sauce 

analyzed. 

 

Table 4.6 Meat- based sauce composition. 

        Sauce 

compounds 

       Composition [%] 

Beef 45 

Olive oil 15 

Tomato 30 

Water 10 

 

Considering an initial treatment temperature of 25 °C and a final 

treatment temperature of 100 °C, the following electrical conductivities were 

computed for beef and tomato using correlation models shown in Table 4.7. 
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Table 4.7 Electrical conductivities for beef and tomato (Palaniappan & 

Sastry, 1991a,b). 

Sauce 
compounds    

Correlation        𝝈𝟐𝟓 

[S/m] 
K  

[°C-1] 

𝑴𝑺 
[%] 

Beef σ=σ25 [1+K(T-25)] 0.440 0.016 - 

Tomato σ= σ25 [1+K(T-25)]-0.101MS 0.863 0.174 0.15 

 MS is the solid concentration [%], 𝜎25 [S/m] is the electrical conductivity at 

25°C, K [°C
-1
] is the temperature compensation constant and T [°C] is the 

temperature. 

 

 

For the different compounds, electrical conductivities at 100 °C are 

shown in Table 4.8: 

 

Table 4.8 Electrical conductivities of meat-based sauce compounds. 

Sauce 

compounds    

σ100 

[S/m]     

Reference 

Beef 0.968 Palaniappan & Sastry, 1991b 

Oil 0.00 
Ushie, Osang, Ojar, Ohakwere-eze, 

Alozie, 2014 

Tomato 12.11 Palaniappan & Sastry, 1991a 

Water 0.792 Shrestha et al., 2017 

 

Knowing the electrical conductivity of the different sauce compounds, 

the electrical conductivity of meat- based sauce was calculated, obtaining 

4.15 S/m. 

The resistance of the sample was evaluated as follows: 

 𝑅 = 1𝜎 ∙ 𝐿𝐴                                                                                              (4-1) 

 

where L [m] is the distance between the electrodes, σ [S/m] is the 
electrical conductivity of the sauce and A [m

2
] is the cross- section of the 

material in the treatment cell. 

In the particular case, the width (W) was 0.051 m (Table 4.4) and, 

considering a filling height of 0.05 m, A was 0.0025 m
2
. Making 

calculations, R got 9.08 Ω. 
Assuming an applied power of 1500 W, current and voltage were 

evaluated from eq. (2-1) and eq. (2-2), obtaining a current value of 12.86 A 

and a voltage value of 116.7 V. 
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In summary, considering a nominal power value of 1500 W, the 

following values were taken into account: 

 

Table 4.9 Values obtained for the equipment. 

       Hfilling  

    [m]  

      W 

      [m] 

        A 

       [m2] 

      σ 

       [S/m] 

     R  

     [Ω] 
I  

[A] 

V  

[V] 

0.05 0.051 0.0025 4.15 9.08 12.86 116.7 

 

Taking into account the obtained values in Table 4.9, in particular 

current and voltage values, a voltage regulator VAM20F-1N (K-Factor srl, 

Castellarano, Italy), shown in Figure 4.12, was chosen and purchased, to 

ensure the required process parameters previously computed. 

 

 

 
Figure 4.12  Voltage regulator, VAM20F-1N (K-Factor 

srl) 

 

Technical specifications of the selected voltage regulator are shown in 

Errore. L'origine riferimento non è stata trovata.. 

 

Table 4.10 Voltage regulator, technical specifications. 

       Model        Current 
      [A] 

     Max Power 
   [kVA] 

       Voltage 
input 

       [V] 

        Voltage 
output 

       [V] 

VAM20F-1N 
20 5.0 230 0-250 

 

 
 
 

 Temperature measurements and data acquisition systems 
During the experimental tests carried out, which will be then treated in 

the next sections, temperature measurements were carried out using 
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insulated thermocouple (Figure 4.13). In particular, to avoid interferences 

with the electrical field, FEP (fluorinated ethylene propylene) coated T-type 

thermocouples (TC misure e controlli s.r.l., Torino, Italy) were used, with an 

operating temperature up to 250 °C. 

 

 

   Figure 4.13 FEP coated thermocouples (TC- direct, Torino, Italy) 

 

 

4.5 MEF heating procedure 

For experimental tests carried out at UCD, at each trial treatment cell 

was loaded (with only potatoes or potatoes and meatballs), as described in 

section 4.3, up to a height of 5 cm. In course of the loading of RPF, attention 

has been paid to avoid the formation of air bubbles and to guarantee an 

optimal contact between the sample and the electrodes. Once the cell was 

completely loaded, thermocouples were positioned in RPF and on the 

meatball surface and core, depending on the experiments that have been 

carried out, at the established points (P1, P2, P3, see section 4.3). 

Thermocouples were fixed with scotch tape to one edge of the cell, to avoid 

possible movements. Temperature’s readings were registered using Squirrel 

View Plus Edition. RPF and RPF with meatballs were heated from a 

dimensionless temperature of 0.00 to 0.70. Firstly, experiments were carried 

using an applied voltage of 30 V for all configurations, as described in 

section 4.3, and compositions (5.7% and 10.9 % salt content, see section 

4.2). Subsequently, further tests were carried out applying different voltages 

(20 V, 30 V and 40 V) using 2PSiRP configuration with RPF at 5.7% salt 

content. P2 was used as a control point. Every test was carried out in 

triplicate. 

For experimental MEF heating tests carried out at University of Salerno, 

for each trial treatment cell was loaded up (with only potatoes or with 

potatoes and meatballs) up to a height of 3.7 cm. Also in this case, care was 

taken during the filling of the cell to prevent the formation of air bubbles. 

Thermocouples were fixed, using a home- made stand to avoid possible 

movements, at the three measurement key points (P1, P2, P3, - section 4.3). 

Before performing experimental tests, treatment cell was insulated inside 

a commercial oven (Whirlpool Europe, Biandronno, Italy) equipped with an 

interlock dispositive. Tests were run considering a target time of 4 minutes 
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for the homogeneous system RPFNB, 2.33 minutes for the homogeneous 

system RPFB and 4.33 minutes for the heterogeneous system RPFB and 

meatballs. Tests were performed at 30 V, 40 V and 50 V using for each 

system configurations discussed in section 3.3. Every test was carried out in 

triplicate. 

 

 

 

4.6 Electrical conductivity measurements 

According to Joule’s 1st
 law, in MEF the heat generated into the material, 

in the specific case into the food, is proportional to the square of the electric 

field strength and to the electrical conductivity of the product. Electrical 

conductivity is the capability of a material to conduct electric current. It is 

function of temperature,  concentration of the electrolytes, heating time and 

type of pre- treatment (Varghese et al., 2012). Electrical conductivity is 

given by (Zhu, Zareifard, Chen, Marcotte, & Grabowski, 2010): 

 σ =  LA   1R = LA  IV = K G                                                                                   (4- 2) 

          

where 𝜎 is the electrical conductivity [S/m], L [m] is the distance 

between the electrodes, A [m
2
] is the cross- section area of the sample, R [Ω] 

is the resistance, I [A] is the current, V [V] is the applied voltage, G [S] is the 

conductance (which is the reciprocal of the electrical resistance) and K [1/m] 

is the cell constant (given by the ratio of L/A). 

Both at UCD and University of Salerno, electrical conductivity 

measurements were performed using an experimental setup whose schematic 

diagram is shown in Figure 4.14. 

 

 
Figure 4.14 Experimental setup used to carry out 

electrical conductivity measurements. 

 

At UCD, electrical conductivity measurements for RPF and chicken 

meatballs were carried out using a MEF heating system composed by a 
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treatment cell (Figure 4.15), positioned within an interlocked safety cabinet, 

and a portable power supply (10 A, 0- 270 V, 50 Hz; Model No. CMCTV10, 

Carroll & Meinell Transformers Ltd, Stockton- on- Tees, UK). A hole along 

the cylindrical cell permitted the insertion of an insulated K-type 

thermocouple in the geometric center of the sample (Figure 4.16). Two 

multimeters were used to record current and voltage.  

 

 

 
Figure 4.15 Electrical conductivity treatment cell. 

  

 

 

 
Figure 4.16 Front view of the treatment cell for electrical 

conductivity measurements. 

 

 

The treatment cell used was cylindrical with a length of 11 cm and an 

internal diameter of 3.6 cm. The end caps were in the form of stainless-steel 

electrodes and they were held in the right position using a spring system to 

maintain contact and avoid sample leakages. Distance between the 

electrodes was 9 cm. 

Before carrying out electrical conductivity tests, the cylindrical cell was 

calibrated (see section 4.7). 
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For electrical conductivity measurements, samples (RPF or meatballs) 

were taken from an incubator (10 A, 230 V, 50 Hz; Model KB 53, Binder 

GmbH, Tuttlingen, Germany) at 2 °C and located in the treatment cell. To 

avoid the formation of air bubbles during the filling, that could limit the 

passage of the current, the foodstuffs were carefully loaded and compressed 

within the cell.  Care was also taken to be sure that samples were in good 

contact with the electrodes. Tests were performed using an applied voltage 

of 20 V at 50 Hz. Samples were heated from 5 °C to 75 °C. Current and 

voltage were recorded every 5 °C. Electrical conductivity measurements, for 

both reconstituted potato flakes (at 5.7% and 10.9 % salt content) and 

chicken meatballs, were performed in triplicate. 

At University of Salerno, electrical conductivity measurements were 

performed using MEF heating system and rectangular treatment cell 

described in section 4.4.2. The filling of the treatment cell was faithful to the 

description carried out in section 4.5. Measurements were carried out 

considering a target time of 4 minutes for the homogeneous system RPFNB 

and 2.33 minutes for the homogeneous system RPFB. Experimental 

electrical conductivity measurements were performed in triplicate at 30 V 

and 50 Hz.  

 

 

 

4.7 Electrical conductivity treatment cells calibration 

This section deals calibrations of cylindrical cell used to perform 

electrical conductivity measurements at University College Dublin and 

rectangular and cylindrical cell calibrations designed and used at University 

of Salerno. 

 

4.7.1 Cylindrical cell calibration (UCD) 

Before performing experimental tests, the cylindrical treatment cell used 

at UCD, was calibrated. Five aqueous KCl solutions at 0.05 M, 0.15 M, 0.25 

M, 0.35 M, 0.50 M were heated with MEF. Voltage and current 

experimental values were recorded at 25 °C. For each KCl aqueous solution, 

three replicates were performed. Knowing, from experimental, voltage and 

current values, and knowing the electrical conductivity values from literature 

(Vanýsek, 1998), the conductivity cell constant K, given by the ratio L/A (see 

section 4.6), was calculated for each KCl composition. In Table 4.11 are 

reported obtained cell constant values. For each KCl solution an average 

value of K, obtained from the three replicates, is reported. 
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Table 4.11 Electrical conductivity and K values of KCl aqueous 

solutions. 

       KCl [M]       𝜎𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [S/cm] 

(Vanýsek, 1998) 

 

     𝐾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 [1/cm] 

 

0.05 0.0067 0.50 ± 0.002 

0.15 0.0174 0.58 ± 0.001 

0.25 0.0283 0.58 ± 0.005 

0.35 0.0393 0.63 ± 0.008 

0.50 0.0592 0.65 ± 0.01 

 

Subsequently, cell calibration was validated using NaCl solutions at 

0.02, 0.05 and 0.17 M. Voltage and current experimental values were 

recorded at 25 °C. Electrical conductivity of NaCl solutions was calculated 

from eq. (4-2) (section 4.6)  using the average value (0.59 1/cm) of the cell 

constant values evaluated above (Table 4.11). Obtained electrical 

conductivity values where compared with those in Vanýsek (1998). In Table 
4.12 are reported obtained electrical conductivity values for each NaCl 

composition. In particular, for each NaCl formulation, an average value of 𝜎, 

obtained from the three replicates, is reported. 

 

Table 4.12 Comparison beteween experimental and literature 

electrical conductivity values of NaCl aqueous solution. 

NaCl [M] 
 𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒   [S/cm] 

𝜎𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒   [S/cm] 

(Vanýsek, 1998) 

0.02 
0.0026 ± 0.00002 0.0023 

0.05 
0.0057± 0.00003 0.0055 

0.17 
0.0180 ± 0.00002 0.0180 

 

 

4.7.2 Rectangular cell calibration (UNISA) 

At University of Salerno, to carry out calibration of rectangular treatment 

cell, five acqueous NaCl solutions at 0.4% [w/v], 0.8% [w/v], 1.2% [w/v], 

1.6% [w/v] and 2.0% [w/v] were heated with MEF. Obtained voltage and 

current experimental values were recorded at 25 °C. For each NaCl solution 
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were performed three replicates. Obtained electrical conductivity 

experimental values were compared with literature ones (Table 4.13). 

 

Table 4.13 Comparison between experimental and literature 

electrical conductivity values for rectangular treatment cell 

calibration. 

NaCl [%] 𝜎𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙    
[mS/cm] 

 

𝜎𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [mS/cm] 

(Poisson, 1980) 

0.4 
7.2 ± 0.0 7.5 

0.8 
14.1 ±0.0 14.3 

1.2 
21.3 ± 0.1 20.8 

1.6 
27.1 ± 0.1 27.1 

2.0 
32.0 ± 0.2 33.0 

 

 

4.7.3 Cylindrical cell calibration (UNISA) 

For cylindrical treatment cell designed at Unisa, calibration was 

performed using three acqueous solutions at 1% [w/v], 1.5% [w/v] and 2% 

[w/v] heated with MEF. Obtained experimental values of current and voltage 

were recorded at 25 °C. For each NaCl solution, tests were performed in 

three replicates. For the calibration, experimental and literature electrical 

conductivity values were compared (Table 4.14). 

 

Table 4.14 Comparison between experimental and literature 

electrical conductivity values for cylindrical treatment cell 

calibration. 

NaCl [%] 𝜎𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙    
[mS/cm] 

 

𝜎𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [mS/cm] 

(Poisson, 1980) 

1 
17.1 ±0.0 17.6 

1.5 
24.8 ± 0.1 25.6 

2 
32.5 ± 0.2 33.0 
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4.8 Statistical Analysis 

Statistical analysis was carried out utilizing one- way analysis of 

variance (ANOVA) in Excel (Microsoft Office 2010 Professional Plus, 

Microsoft Corporation, New Mexico, USA). When ANOVA revealed 

significant differences (P< 0.05) Tukey pairwise comparison test was 

performed.  

Obtained results show a standard deviation less or equal to 5%. 

 

 

4.9 Summary 

The chapter deals the raw materials, equipment and methods used to 

perform MEF heating experiments on homogeneous and heterogeneous food 

systems, composed by only reconstituted potato flakes and reconstituted 

potato flakes and meatballs respectively, with different compositions and 

system configurations, at University College Dublin. Moreover, the design, 

materials and methods related to MEF equipment realized and utilized to 

carry out MEF heating experimental tests on homogeneous and 

heterogeneous food systems, composed by only reconstituted potato flakes 

and reconstituted potato flakes and meatballs at different compositions and 

system configurations, at University of Salerno are discussed. 
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5 MEF heating: results and 
discussions 

 
 
Chapter 5 deals results obtained from the experimental work carried out 

at University College Dublin. The main purpose of the work was to evaluate 

MEF heating feasibility of a heterogeneous food system composed by 

reconstituted potato flakes (at different compositions) and meatballs. Four 

different configurations of chicken meatball in reconstituted potato flakes 

were analyzed. The MEF heating behavior of a homogeneous food system, 

constituted by reconstituted potato flakes (at different compositions), was 

examined too. Moreover, electrical conductivity measurements of 

reconstituted potato flakes and meatballs are reported too. 

 

 

 

5.1 Electrical conductivity of chicken meatballs and RPF 

Electrical conductivity of chicken meatballs, from 31 °C to 75 °C, and 

RPF (5.7% and 10.9% salt content) from 5 °C to 75 °C is shown in Figure 
5.1. 

 
Figure 5.1 Electrical conductivity of chicken meatballs and RPF at 

5.7% and 10.9% salt content (20 V, 50 Hz). 
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As shown in Figure 5.1, electrical conductivity of reconstituted potato 

flakes, at 5.7% and 10.9% salt content, and chicken meatball exhibit a linear 

increase with respect to temperature. The electrical conductivities of chicken 

meatball ranging between 1.59 ± 0.15 S/m, at 31 °C, and 3.03 ± 0.16 S/m at 

75 °C, values in good agreement with  Zell, Lyng, Cronin, & Morgan 

(2009b). Cited authors performed electrical conductivity measurements for 

different types of meats (beef, pork, lamb, chicken and turkey) and reported 

a linear increase of 𝜎 versus temperature. In the cited paper, electrical 

conductivity values of chicken meat, with 0.21% salt content, were about 0.6 

S/m, at 5 °C, and 1.50 S/m at 75 °C. In the present experimental work, salt 

content of chicken meatball was 1.6% and, therefore, the electrical 

conductivity values are mostly in agreement, being slightly higher than 𝜎 

values found in literature. 

For reconstituted potato flakes at 5.7% salt content, electrical 

conductivity values were found ranging between 2.25 ± 0.52, at 5 °C, and 

8.39±0.31, at 75 °C; at 10.9% salt content, instead, electrical conductivity 

was between 3.7±0.53, at 5 °C, and 15.49±0.73, at 75 °C. This means that 

electrical conductivity values for RPF increased with temperature and salt 

content. These obtained results are in agreement with previous literature 

works: Marcotte, Trigui, & Ramaswamy (2000) carried out experimental 

estimations on four hydrocolloid solutions, prepared in water varying the 

amount of salt from 0.25% to 1%, applying a voltage gradient of about 7 V 

cm
-1

. Authors stated that electrical conductivity values increased with 

temperature and salt content. 

In Errore. L'origine riferimento non è stata trovata. are reported the linear 

egressions of electrical conductivity versus temperature for RPF at 5.7% and 

10.9% salt content and chicken meatballs. 

 

Table 5.1 Linear regression of electrical conductivity (S/m) in 

function of temperature (°C). 

Product  [S/m] R2 

RPF – 5.7% salt   0.0920 T + 1.9226 0.9897 

RPF – 10.9% salt 0.1715 T + 2.8874 0.9979 

Chicken meatballs 0.0340 T + 0.6087 0.9829 

 

 

5.2 Temperature-time profile of MEF heating  

in homogeneous system  

Temperature-time evolutions are discussed using a centred definition for 

a reduced temperature, defined as follows: 
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𝑇𝑟𝑒𝑑=
𝑇−𝑇0𝑇𝑠𝑎𝑡−𝑇0                                                                                        (5- 1)   

 

 

where T is the punctual temperature, 𝑇0 the initial temperature and 𝑇𝑠𝑎𝑡 

is fictitious saturated temperature (100 °C). 

System configuration and reconstituted potato flakes formulations used 

for this study are reported in section 4.3. 

The temperature- time evolution at key points P1, P2 and P3 for 

homogeneous RPF systems at 5.7% and 10.9% salt content, heated using RP 

configuration (section 4.3), are reported in Figure 5.2. 

 

 
Figure 5.2 Temperature- time evolution in key points (P1, P2 and 

P3)  of the homogeneous system RPF at 5.7% and 10.9% salt 

content (30 V, 50 Hz). 

 

For each salt content, the three investigated points follow similar 

temperature evolutions (results related to 10.9% salt content fall under the 

blue coloured lines, the ones related to 5.7% salt content remain comprised 

in the red tone lines) and, therefore, RPF samples undergo uniform heating. 

This uniformity can be clarified considering that reconstituted potato flakes, 

to both considered compositions, are homogeneous, in terms of electrical 

and thermo-physical properties and spatial potential distribution. RPF at 

10.9% salt content, having higher electrical conductivity, heat faster than 

reconstituted potato flakes with lower salt content (5.7%), reaching the target 

temperature of 72 °C in 9 min and 51 s; the second ones (5.7% salt content), 

instead, need 15 min and 24 s. It is easy to conclude that salt content affects 

the MEF heating and thus the processing time of the system: the higher the 
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quantity of salt in the foodstuff, the higher the amount of ions that move 

from an electrode towards the other one and, thus, higher is the electrical 

conductivity that, together with the local potential variation, affects the 

power generated inside the system. 

Obtained curves are in good agreement with other literature works: 

Marra, Zell, Lyng, Morgan, Cronin (2009) evaluated the heat transfer during 

MEF heating of RPF. Authors developed a mathematical model and 

compared experimental results with obtained virtual ones. Applying a 

voltage gradient of about 9 V cm
-1

, they considered two different conditions. 

In the first case, they considered that analyzed sample was thermally 

insulated (U=0 W m
-2

 K
-1

); in the second case, instead, they considered heat 

transfer coefficients between 5 and 100 W m-
2
 K

-1
. With a heat transfer 

coefficient of 5 W m
-2

 K
-1

, temperature- time evolutions were consistent with 

those one obtained in this experimental work. This heating behaviour, 

considering a constant local potential variation due to the sample’s 
uniformity, is caused by the increase of electrical conductivity with respect 

to temperature. 

 

5.3 Temperature evolution for heterogeneous system with 

different configurations 

Figure 5.3 and Figure 5.4 show the temperature- time evolutions in key 

points P1, P2 and P3 of the heterogeneous system 2PSiRP (section 4.3) with 

RPF at 5.7% and 10.9% salt content. 

 

 
Figure 5.3 Temperature- time evolutions in key points  
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(P1, P2 and P3) of the system 2PSiRP at 5.7% salt content (30 V, 50 

Hz). 

 

 

 
Figure 5.4 Temperature- time evolutions in key points (P1, P2 and 

P3) of the system 2PSiRP at 10.9 % salt content (30 V, 50 Hz). 

 

 

 

When a heterogeneous food system is subjected to MEF heating, the 

temperature- time evolution of each treated product depends on its electrical 

conductivity. In this case, respect to the previous situation analyzed, the food 

products associated to the three key points change, and, consequently, the 

time to reach the target temperature varies too. 

During these experiments the temperature at the meatballs core follow 

exactly the same temperature evolution (the triangular markers representing 

the temperature at point P1 are covered by the light blue squared markers 

representing P3). As shown in Figure 5.3 and Figure 5.4, the temperature- 

time evolution of the two meatballs ( P1 and P3 which temperature 

evolutions overlap one with each other), followed closely that one of the 

surrounding RPF, therefore reconstituted potatoes flakes and their 

composition influence meatballs heating. In both salt compositions (5.7 % 

and 10.9%), however, the point P2, related to RPF, was heated slightly faster 

than meatballs. In 5.7% salt content, RPF (P2) reached 72°C in17 min and 2 

s, while meatballs (P1 and P3) needed 18 min and 3 s. At 10.9% salt content, 

instead, RPF (P2) arrived at 72°C in 14 min and 12 s, while meatballs (P1 

and P3) needed 15 min and 18 s. It’s easy to see, comparing Figure 5.3 and 
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Figure 5.4, that a more significant temperature difference between RPF and 

meatballs was reached during heating in 10.9% salt content. 

In a heterogeneous system, the higher the electrical conductivity of the 

product, the higher the specific thermal power generated by the MEF system, 

thus, the quicker the heating. If only the electrical conductivity is taken into 

account, being that one of RPF higher than that one of meatballs, a quicker 

heating has to be expected for reconstituted potato flakes with respect to 

meatballs. Obtained results, instead, exhibit a small temperature difference 

between the two considered food product: this because, in addition to 

electrical conductivity, other variables also play a fundamental role and have 

to be considered. The electrical energy dissipated as heat in the food system 

is given by the product between the food electrical conductivity and the 

square value of electrical potential local variation (eq. (2-4)). This means 

that the specific power source depends on the local variation of the electrical 

potential more than on the electrical conductivity. 

To investigate if meatballs position in RPF can influence them heating, a 

different configuration was analyzed. Chicken meatballs, in this case, were 

placed in position P1 and P2 (as in Figure 4.2). 

Figure 5.5 and Figure 5.6 show temperature- time evolution of a 

heterogeneous system composed by two meatballs placed at positions P1 and 

P2 and RPF, with 5.7% and 10.9% salt content, at position P3, applying 

2PAiRP configuration. 

 

 
Figure 5.5 Temperature- time evolutions in key points (P1, P2 and 

P3) of the system 2PAiRP at 5.7 % salt content (30 V, 50 Hz). 
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Figure 5.6 Temperature- time evolutions in key points (P1, P2 and 

P3) of the system 2PAiRP at 10.9 % salt content (30 V, 50 Hz). 

 

 

By varying the position of the meatballs, consequently, the heating in P1, 

P2 and P3 changes as a result of the different foodstuffs related to the three 

key points (meatball instead of RPF in P2 and RPF instead of meatball in 

P3). Also in this case meatballs heating is affected by RPF composition: the 

time to reach 72 °C, in case of 5.7% salt content is 18 min for meatballs (P1 

and P2), and 17 min and 12 s for RPF (P3), some seconds less than 

meatballs. In 10.9% salt content, instead, there is a higher difference 

between meatballs and RPF heating: meatballs reach 72 °C in 15 min and 39 

s, instead the RPF in 13 min and 32 s. In any case, the time to reach the 

target temperature in the meatballs core is about the same in both 

heterogeneous configurations analyzed until now (2PSiRP and 2PAiRP). 

Obtained results, therefore, establish that meatball heating is not affected by 

meatballs position but, probably, it could be influenced by foodstuff 

geometry: the spherical geometry of meatballs give to them a different and 

higher local potential variation than the RPF in which they are dispersed. 

The higher local potential variation in meatballs compensates their lower 

electrical conductivity values than RPF, generating quite similar power 

values in the different key points and obtaining, thus, a good heating 

uniformity in the heterogeneous system.   

After confirming the independence of the heating from meatballs 

position, a new system configuration was analyzed adding a third meatball to 

the previous configuration (2PAiRP): this new configuration, 3PiRP, had 

three meatballs positioned in P1, P2 and P3. 
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As shown in Figure 5.7 and Figure 5.8, also in this case, the 

temperature- time evolution of the three meatballs follow the same trend and 

the heating times, for each of the analyzed compositions at 5.7% and 10.9% 

salt content, were quite similar. 

 
Figure 5.7 Temperature- time evolutions in key points (P1, P2 and P3) 

of the system 3PiRP at 5.7 % salt content (30 V, 50 Hz). 

 

 
Figure 5.8 Temperature- time evolutions in key points (P1, P2 and 

P3) of the system 3PiRP at 10.9 % salt content (30 V, 50 Hz). 
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The time to reach the target temperature in the meatballs core (P1, P2 

and P3) is 20 min and 35 s in 5.7% salt content and 16 min and 65 s in 

10.7% salt content. 

Although meatballs in 5.7% and 10.9% RPF salt content had the same 

composition (and, thus, the same physical properties) they were heated 

differently. This behaviour confirms that meatballs are influenced from the 

surrounding environment, and thus from the different salt content in RPF. 

Moreover, meatballs heating depends also on the number of meatballs in the 

system. It is also important to note that the non linear nature of the heating 

curves is indicative of the increase in electrical conductivity with 

temperature. 

To better understand the dependence of meatballs heating on RPF 

compositions and type of configuration, a comparison between the 

processing times is shown in Table 5.2. 

 

 

Table 5.2 Processing time to reach 72°C in meatballs core  

for the different configurations surrounded by RPF at 5.7%  

or 10.9% salt content. 

Configuration 5.7% salt content 

tmeatball [min] 

10.9% salt content 

tmeatball [min] 

2PSiRP 18.03± 0.00 15.18± 0.02 

2PAiRP 18.00± 0.01 15.39± 0.03 

3PiRP 20.35± 0.01 16.65± 0.03 

 

Considering the configurations with the same number of meatballs 

(2PSiRP and 2PAiRP), both in 5.7% and 10.9% salt content, the time to 

reach 72 °C in the meatballs core is quite the same (about 18 min at 5.7% 

salt content and about 15 min at 10.9% salt content), confirming that the 

meatballs heating is affected by the salt content of the surrounding RPF. 

In configuration with three meatballs (3PiRP) the time to reach the target 

temperature was 20 min and 35 s for 5.7% salt content and 16 min and 65 s 

for 10.9% salt content. Processing times for 3PiRP are higher than the ones 

of the previous two analyzed configurations (2PSiRP and 2PAiRP) for both 

salt compositions: this confirms that the processing time is not influenced by 

the system configuration, i.e. the position of meatballs, but by the number of 

meatballs in the system. Moreover from Table 5.2 is possible to observe that 

the time to reach the target temperature in meatballs core is always higher if 

they are dispersed in RPF at 5.7% salt content. 

Table 5.3 shows the processing time for both RPF and meatballs at the 

two different salt contents and configurations analyzed. 
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Table 5.3 Processing time to reach target temperature in P1, P2, P3 for 

the different configurations at 5.7% and 10.9% salt content. 

Configuration 5.7% salt content 10.9% salt content 

 tmeatball 

[min] 

tRPF 

[min] 

Δt 

[min] 

tmeatball 

[min] 

tRPF 

[min] 

Δt 

[min] 

RP 
- 

15.24 

± 

0.00 

- - 
9.51 

± 

0.00 

- 

2PSiRP 18.03 

± 

0.00 

17.02 

± 

 0.01 

1.01 
15.18 

±  

0.02 

14.12 

± 

0.01 

1.06 

2PAiRP 18.00 

± 

0.01 

17.12 

±  

0.00 

0.88 
15.39 

± 

0.03 

13.32 

± 

0.01 

2.07 

3PiRP 20.35 

± 

0.01 

- - 
16.65 

± 

0.03 

- - 

 

Considering the difference between the processing time for RPF and 

meatballs (in different configurations), there is a good compromise in salt 

content for RPF: in 5.7%, the difference of heating time between RPF and 

meatballs remains below 1 min and 01s; in 10.9% salt content the heating 

time is reduced by about 20% for RPF and by about 16% for meatballs, but 

the difference between their time processing increases up to 2 min and 7 s.  

 

 

5.4 Effect of different applied voltages on temperature- time 

evolution in heterogeneous system 

The impact of different applied voltages (20 V, 30 V and 40 V) on 

temperature- time evolution of the heterogeneous system 2PSiRP at 5.7% 

salt content was investigated. Figure 5.9 and Figure 5.10 show temperature- 

time evolutions in P3 (meatball) and P2 (RPF), varying the applied voltage. 
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Figure 5.9 Temperature-time evolution in meatball core (P3) of the 

system 2PSiRP at 20 V, 30 V, 40 V and 5.7% salt content. 

 

 

 
Figure 5.10 Temperature-time evolution in RPF (P2) of the system 

2PSiRP at 20 V, 30 V, 40 V and 5.7% salt content. 

 

 

The temperature- time evolutions in the examined points P3 and P2 show 

different slopes (dT/dt) in line to applied voltage: the higher the applied 

voltage, the greater the slope of the curves. As a consequence, therefore, the 
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time processing to reach the target temperature can be reduced increasing the 

applied voltage. In particular, the time required to reach 72 °C in the 

meatball core was 50 min and 55 s, 18 min and 03 s and 12 min and 77 s, 

whereas RPF needed 48 min and 40 s, 17 min and 02 s and 12 min, 

respectively at 20 V, 30 V and 40 V. 

Obtained results are consistent with several literature works. Darvishi, 

Khostaghaza & Najafi (2013) evaluated the effect of MEF heating on 

pomegranate juice applying voltage gradients of 30, 35, 45 and 55 V/cm. 

Authors stated that as the voltage gradient increased, the processing time 

reduced. De Halleux, Piette, Buteau, & Dostie (2005) evaluated MEF 

cooking of Bologna ham applying a voltage of 64, 76, and 103 V. They 

observed a considerable reduction in treatment time as the applied voltage 

increased. 

Table 5.4Errore. L'origine riferimento non è stata trovata. shows the 

specific power source (W m
-3

) generated by the applied voltage in meatballs 

core and RPF of the system 2PSiRP in 5.7% salt content.  

 

Table 5.4 Specific power source in RPF and meatballs  

core of the system 2PSiRP at 20 V, 30 V, 40 V and  

5.7% salt content. 

Applied voltage 

[V] 

QGEN ⋅10-6 [W/m3] 

 Meatball RPF 

20 0.97  0.86  

30 2.94  2.53  

40 4.68 4.21  

 

Results show that an increase of the applied voltage from 20 V to 30 V 

triples the specific power source in both meatballs and RPF. A further 

increase of the applied voltage from 30 V to 40 V conduces to an increase of 

specific power source of about 65% for meatballs and 67% for RPF. 

Being the tested system heterogeneous, it was interesting to analyse the 

thermal behaviour at the interface between meatball and RPF. For this 

reason, the temperature on meatball surface was recorded for the 

configuration 2PSiRP in 5.7% and 10.9% salt content, in position P1. 
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Figure 5.11 Temperature-time evolution on the surface of meatball in 

key point P1 of the system 2PSiRP in RPF containing 5.7% and 10.9% 

salt content (30 V, 50 Hz). 

 

 

As shown in Figure 5.11 the temperature- time evolution on the surface 

of the meatball is affected by the salt content of the surrounding RPF. At 

5.7% the time to reach 72°C on the meatball surface is 18 min and 35 s, 

instead at 10.9% salt content is 16 min and 2 s. Obtained results are in good 

agreement with the previous obtained data: the higher the RPF salt content in 

which meatballs are dispersed, the higher the electrical conductivity and, 

thus, the shorter the heating time to reach 72°C. 

Comparing temperature- time evolutions of the system 2PSiRP in 5.7% 

salt content  (Figure 5.3) with the ones in Figure 5.11, the time to reach the 

target temperature in meatballs core is similar to that of the meatball surface 

(respectively, 18 min and 3 s and 18 min and 35 s), confirming a good 

uniform heating. RPF, instead, heats faster (17 min and 2 s) than meatball 

core and surface. Considering 10.9% salt content,  the time to reach 72°C in 

meatball core, Figure 5.4, and meatball surface Figure 5.11, is quite the 

same also in this case (respectively, 15 min and 18 s and 16 min). In the 

same way, RPF heats faster (14 min and 12 s) than meatball core and 

surface. 

This experimental study confirms that the heating uniformity of a 

heterogeneous food system subjected to MEF heating can be obtained with 

the appropriate differentiation of the electrical conductivity of the system 

constituents. In this particular case, the best heating uniformity can be 
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achieved with a heterogeneous food system composed by RPF and meatballs 

in 5.7% salt content. 

5.5 Power density generated in MEF heating 

In MEF heating the time necessary to reach a specific temperature, and 

thus the heating rate of the system, depends on the power generated in the 

food product, which depends, in turn, on the on the electrical conductivity of 

the product and on the square value of the local variation of the electrical 

potential, as shown in eq. (2-4). 

The evaluation of power generated inside the meatballs, for the different 

compositions and configurations, is shown in Table 5.5. 

 

 

Table 5.5 Specific power source generated inside 

meatballs for the different configurations in 5.7%  and 

10.9% salt content. 

 
RPF 5.7% RPF 10.9% 

Configuration QGEN ⋅10-6 

[W/m3] 

QGEN ⋅10-6 

[W/m3] 

2PSiRP 2.94  4.19  

2PAiRP 2.66  3.79  

3PiRP 2.82  3.31  

 

The specific power source generated inside meatballs in RPF at 5.7% salt 

content is always smaller than the ones at 10.9% salt content. Having the 

meatballs the same electrical conductivity, this means that the higher the 

amount of salt in RPF in which meatballs are dispersed, and the higher the 

local variation of the electrical potential inside the meatballs. 

As shown in Table 5.6, the specific power source generated in meatballs 

and RPF at 5.7% salt content in 2PSiRP and 2PAiRP configurations is quite 

similar, confirming that the heating uniformity between meatballs and 

reconstituted potato flakes is due to the higher local variation of the 

electrical potential inside the meatballs which compensates their lower 

electrical conductivity than potatoes. 

 

Table 5.6 Specific power source in meatballs core and 

RPF, at 5.7% salt content, of the systems 2PSiRP and 

2PAiRP. 
 Meatballs 

core 

RPF 

Configuration QGEN ⋅10-6 

[W/m3] 

QGEN ⋅10-6 

[W/m3] 

2PSiRP 2.94  2.53  

2PAiRP 2.66  2.26  
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. 

 

 

5.6 Summary 

In this chapter, the MEF heating suitability of a heterogeneous food 

system composed by chicken meatballs, in four different configurations, 

dispersed in reconstituted potato flakes at two different salt contents (5.7% 

and 10.9%) has been discussed. 

Obtained results, showed that MEF can heat uniformly food products 

with quite different electrical conductivity values. In particular, in the 

analyzed system, meatballs dispersed in RPF at 5.7% salt content, heated 

similarly to RPF. In case of RPF at 10.9% salt content, lower the time 

required to reach the target temperature but the larger the extent of the 

heating difference between meatballs and RPF, which is indicative of a less 

uniform heating. Results showed also that meatballs heating time did not 

depend on their relative position, though it was affected by the number of 

meatballs in the system. The best heterogeneous system heated resulted that 

one at 5.7% salt content and it was demonstrated that, considering a range of 

applied voltages (in this study, 20 V, 30 V and 40 V), an optimal value of 

applied voltage exists (30 V, in this case). In particular, at 20 V the 

difference in time-to-target between RPF and meatballs increased, while at 

40 V there was not a good compromise between the energy to be supplied 

(considering the higher voltage of 40 V) and the difference in heating time to 

reach the target temperature between the two foodstuffs.
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6 MEF heating: comparison of 
homogeneous and heterogeneous 

food systems 
 
 

Chapter 6 deals experimental results obtained from the experimental 

work carried out at University of Salerno. A direct comparison with 

experimental results obtained from food systems analyzed at University 

College Dublin (discussed in chapter 5) is examined too. 

 

 

 

 

6.1 MEF heating of homogeneous food system 

In this section experimental results obtained by MEF heating of RPFNB 

and RPFB homogeneous system are discussed. Electrical conductivity 

measurements for both analyzed systems are discussed too. 

Also in this case, temperature-time evolutions are discussed using a 

centred definition for a reduced temperature (see section 5.2). 

System configuration and reconstituted potato flakes formulations used 

for this study are reported in section 4.3. 

 

 

 

6.1.1 MEF heating of homogeneous system RPFNB 

In this section results obtained applying MEF heating to the 

homogeneous food system RPFNB at different salt content and 30 V, 40 V 

and 50 V are discussed. Electrical conductivity measurements of the system 

are shown too. 

 

 

 Electrical conductivity 

Electrical conductivity of RPFNB (0.37%, 0.74%, 1.39%, 2.75% salt 

content) at temperature range from 26 °C to 44 °C, is shown in Figure 6.1. 
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Figure 6.1 Electrical conductivity of RPFNB at 0.37%, 0.74%, 1.39%, 

2.75% salt content (30 V, 50 Hz). 

 

As shown in table above, experimental electrical conductivity values 

increase with temperature and with the amount of salt added during the 

sample preparation. Also in this case, as in the previous section, obtained 

results are in good agreement with Marcotte, Trigui & Ramaswamy (2000).   

Electrical conductivity data, at 0.37% salt content, ranging between 0.97 

± 0.13 S/m, at 26 °C, and 1.05 ± 0.11 S/m, at 30 °C; at 0.74% salt content 

electrical conductivity values were between 1.63 ± 0.10, at 26 °C, and 1.84 ± 

0.13, at 33 °C; at 1.39% salt content electrical conductivity varies between 

2.69 ± 0.16 S/m and 3.25 ± 0.17, in a temperature range from 26 °C to 37 

°C; at 2.75% salt content electrical conductivity values ranging between 4.87 

± 0.12 S/m, at 26 °C, and 7.12 ± 0.15 S/m, at 44  °C 

In Table 6.1 are reported the linear regressions of electrical conductivity 

versus temperature for RPFNB at different salt contents. 

 

 

Table 6.1 Linear regression of electrical conductivity  

[S/m] as function of temperature [°C] for the homogeneous 

system RPFNB. 

Product σ [S/m] R2 

RPFNB – 0.37% salt 0.0208T + 0.432 0.9961 

RPFNB – 0.74% salt 0.0317T + 0.8095 0.9977 

RPFNB – 1.39% salt 0.0508T + 1.3689 0.9933 

RPFNB – 2.75% salt 0.1244T + 1.6252 0.9966 
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 Temperature- time evolution of MEF heating applied to 

homogeneous food system 

In Figure 6.2, for a target processing time of 4 minutes, the temperature-

time evolution, at measurement point P2 of the homogeneous system 

RPFNB (0.37%, 0.74%, 1.39%, 2.75% salt content), using RP configuration 

(section 4.3), is reported. 

 

 
Figure 6.2 Temperature- time evolution in key point P2 of the 

homogeneous system RPFNB at 0.37%, 0.74%, 1.39%, 2.75% salt 

content (30 V, 50 Hz). 

 

 

As shown in figure, at the same processing time, reconstituted potato 

flakes at higher salt content, having higher electrical conductivity, reach 

higher Tred than reconstituted potatoes with lower salt content. Obtained 

results, therefore, are in good agreement with what is reported in section 5: 

MEF heating is affected by the salt content in the system. 

A direct comparison between dimensionless temperatures reached at the 

target time, for RPFNB at different salt contents is shown in Table 6.2. 
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Table 6.2 Comparison of Tred reached at target time of 4 

minutes for RPFNB at 0.37%, 0.74%, 1.39% and 2.75% salt 

content. 

Sample 
Time 

[min] 
Tred 

RPFNB – 0.37% salt 4 0.06 ± 0.0012 

RPFNB – 0.74% salt 4  0.10 ± 0.0044 

RPFNB – 1.39% salt 4 0.16 ± 0.008 

RPFNB – 2.75% salt 4 0.23 ± 0.005 

 

Linear functions fitting temperature-time evolutions of the analyzed 

reconstituted potato flakes at different salt contents, are reported in Table 

6.3. 

 

 

Table 6.3 Linear regressions of Tred as function of time [min] 

for the homogeneous system RPFNB. 

Salt content [%] 
Tred R2 

0.37% 0.015t 0.9965 

0.74% 0.0262t 0.9947 

1.39% 0.0404t 0.9996 

2.75% 0.0573t 0.9997 

 

Effect of applied voltage on temperature- time distribution  
The effect of the applied voltage (30 V, 40 V, 50 V) to the system during 

MEF heating was investigated in measurement point P2, using RP 

configuration, for RPFNB at different salt contents (0.37%, 0.74%, 1.39%, 

2.75%). 
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Figure 6.3 Temperature time evolution in key point P2 of the system 

RPFNB at 30 V, 40 V, 50 V and 2,75% salt content. 

 

 

 
Figure 6.4 Temperature time evolution in key point P2 of the system 

RPFNB at 30 V, 40 V, 50 V and 1.39% salt content. 
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Figure 6.5 Temperature time evolution in key point P2 of the system 

RPFNB at 30 V, 40 V, 50 V and 0.74% salt content. 

 

 

 
Figure 6.6 Temperature time evolution in key point P2 of the system 

RPFNB at 30 V, 40 V, 50 V and 0.37% salt content. 

 

As shown in Figure 6.3, Figure 6.4, Figure 6.5 and Figure 6.6, at each 

salt composition, as the applied voltage increase, the slope of the curve 

(dT/dt) increases. Consequently, at a fixed time, increasing the applied 
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voltage, Tred increases in turn. Obviously, as shown in Table 6.4 higher is the 

salt content in the system, higher is the applied voltage and, thus, higher is 

the reached dimensionless temperature. 

 

 

Table 6.4 Dimensionless temperature reached at target  

time of 4 minutes for RPFNB homogeneous system at  

0.37%, 0.74%, 1.39%; 2.75 % salt content and 30 V, 40 V, 50 

V. 

Salt content 
Voltage 

[V] 

Tred 

0.37% 30 0.06 ± 0.01 

 40 0.10 ± 0.01 

 50 0.17± 0.01 

   

0.74% 30 0.10 ± 0.00 

 40 0.19 ± 0.01 

 50 0.33 ± 0.00 

   

1.39% 30 0.16 ± 0.02 

 40 0.30 ± 0.02 

 50 0.55 ± 0.02 

   

2.75% 30 0.23 ± 0.01 

 40 0.53 ± 0.02 

 50 0.96 ± 0.01 

 

 

6.1.2 Reconstituted potato flakes with butter (RPFB) 

 Electrical conductivity 

Electrical conductivity of the homogeneous system RPFB  0%, 2.9%, 

5.7% salt content at temperature ranging from 24 °C to 50 °C is shown in 

Figure 6.7. 
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Figure 6.7 Electrical conductivity of RPFB at 0%, 2.9%, 5.7% salt 

content (30 V, 50 Hz). 

 

At 0 % salt content electrical conductivity varies between 0.39 ± 0.01, at 

24 °C, and 0.43, at 30 °C; at 2.9% salt content electrical conductivity is 3.44 

± 0.15, at 24 °C, and 5.17 ±0.25, at 50 °C; at 5.7% salt content electrical 

conductivity ranging between 6.14 ±0.09 and 8.83 ± 0.16, at a temperature 

range from 24 °C to 50 °C 

Also, in this case, electrical conductivity values increase with 

temperature and salt content. 

In  Table 6.5 are reported trend curves fitting experimental conductivity 

values versus temperature for the analyzed homogeneous system. 

 

Table 6.5 Linear regression of electrical conductivity [S/m]  

as function of temperature [°C] for the homogeneous system 

RPFB. 

Product 
σ [S/m] R2 

RPFB – 0% salt content 0.0067T + 0.2275 0.9996 

RPFB – 2.9% salt content 0.066T + 1.8707 0.9997 

RPFB – 5.7% salt content 0.1033T + 3.7 0.9992 

 

 Temperature- time evolution of the homogeneous food system 

In Figure 6.8 is reported temperature- time evolution, at key points P1, 

P2, P3 using RP configuration, of the homogeneous system RPFB (0%, 

2.9%, 5.7% salt content). 
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Figure 6.8 Temperature time evolution in key points (P1, P2, P3) of the 

system RPFNB at 0%, 2.9%, 5.7% salt content (30 V, 50 Hz). 

 

 

For each investigated salt content, the three key points follow very 

similar temperature-time evolutions, thus the system RPFB is subjected to 

uniform heating. As discussed in section 5, the heating uniformity can be 

explained considering the uniformity of the sample in terms of electrical, 

thermo-physical properties and spatial potential distribution. 

As shown in figure above, at the same time, Tred value increases with 

increasing salt content. As discussed previously, an higher salt content in the 

homogeneous system, means higher electrical conductivity values and, thus, 

higher temperature values are reached. For better clarity, Table 6.6 shows 

the dimensionless temperature (Tred) values reached at the target time of 2.33 

min for the different analyzed salt content. 

 

 

Table 6.6 Dimensionless temperature reached at target time for 

the homogeneous system RPFB at 0%, 2.9% and 5.7% salt 

content (30 V, 50 Hz). 

Salt content Target time 

[min] 

Tred 

0% 2.33 0.01 ± 0.00 

2.9% 2.33 0.12 ± 0.00 

5.7% 2.33 0.22 ± 0.01 

 

In Table 6.7 are reported trends fitting for temperature-time evolution of 

the analyzed RPF homogeneous system at different salt contents. 
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Table 6.7 Linear trend of Θ as function of time [min] for the 
homogeneous system RPF. 

Salt content Tred R2 

0% 0.0057t 1 

2.9% 0.0487t 0.9998 

5.7% 0.0915t 0.9991 

 

 

 Effect of applied voltage on temperature- time distribution for 

the homogeneous system RPFB  
 

Figure 6.9, Figure 6.10, Figure 6.11 show the effect of applied voltages 

(30 V, 40 V, 50 V) to the system RPFB at key points P1, P2, P3 and RP 

configuration, at 0%, 2.9% and 5.7% salt content. 

 

 

 
Figure 6.9 Temperature- time evolution in key points P1, P2, P3 of the 

system RPFB at 30 V, 40 V, 50 V and 0% salt content. 
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Figure 6.10 Temperature- time evolution in key points P1, P2, P3 of the 

system RPFB at 30 V, 40 V, 50 V and 2.9% salt content. 

 

 

 
Figure 6.11 Temperature- time evolution in key points P1, P2, P3 of the 

system RPFB at 30 V, 40 V, 50 V and 5.7% salt content. 

 

As shown in figures above, also in this case, at each analyzed 

composition, increasing the applied voltage, increases the slope of the curve 

and, thus, the dimensionless temperature reached at a fixed time. A direct 

comparison between Tred reached at target time of 2.33min in function of 

different voltages is shown in Table 6.8. 
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Table 6.8 Dimensionless temperature reached at target time 

for RPFB homogeneous system at 30 V, 40 V, 50 V and 0%, 

2.9%, 5.7% salt content. 

Salt content 
Voltage 

[V] 

Tred 

0% 30 0.01 ± 0.00 

 40 0.02 ± 0.00 

 50 0.03 ± 0.00 

   

2.9% 30 0.12 ± 0.00 

 40 0.23 ± 0.00 

 50 0.32 ± 0.01 

   

5.7% 30 0.22 ± 0.01 

 40 0.42 ± 0.01 

 50 0.71 ± 0.01 

 

6.1.3 Temperature- time evolution comparison  

between homogeneous food systems 

 

In Figure 6.12 a direct comparison of temperature- time evolution for 

homogeneous systems RPFB and RPF at 5.7% salt content is shown. 

 

 
Figure 6.12 Temperature- time evolution comparison between 

homogeneous sytems RPFB and RPF at 5.7% salt content (30 V, 50 

Hz). 
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The two analyzed homogeneous systems (RPFB and RPF) are 

characterized by the same salt content (5.7%) and, thus, similar electrical 

conductivity values; consequently, at a fixed processing time, the same 

temperature had to be expected for both systems. Instead, as shown in figure 

above, RPFB reach higher Tred than homogeneous system RPF. Indeed, 

RPFB at 2.33 min reach a dimensionless temperature of 0.22 ± 0.01, instead 

RPF reach, at the same time, a Tred of 0.12 ± 0.01.  

In MEF heating, as mentioned also in section 5, the higher is the 

electrical conductivity of the system, the higher the specific thermal power 

generated by MEF and, thus, the greater the heating. Referring to eq. (2-4), 

considering, as said before, that homogeneous systems have similar 

electrical conductivities, this means that, as in section 5, the local variation 

of the electrical potential play a key role. 

RPFB and RPF were heated in two different treatment cells having 

different distances between the electrodes (L); consequently, the two 

homogeneous systems were subjected to different electric field strengths 

(Table 6.9).  

 

Table 6.9 Distance between the electrodes and electric field strengths 

applied for the two homogeneous system RPFB and RPF at 5.7% salt 

content (30 V, 50 Hz). 

Sample L [cm] Applied voltage [V] Electric field 

strength [V/cm] 

RPFB 13 30 0.43 

RPF 10 30 0.30 

 

As shown in Table 6.9 RPFB system was subjected to an electric field 

strength higher (0.43 V/cm) than RPF (0.30 V/cm) and, thus, its greater 

heating is clarified. 

Confirming the above, considering that the heating rate (dT/dt) is 

represented by the slope of the curve, in Table 6.10 are shown linear 

regressions for both homogeneous food system RPFB and RPF. 

 

 

Table 6.10 Linear functions of Tred in function of time [min] for 

homogeneous systems RPFB and RPF at 5.7% salt content (30 

V, 50 Hz). 

Sample Tred R2 

RPFB – 5.7% 0.0915t 0.9991 

RPF – 5.7% 0.0524t 0.9998 

 

As shown in table above, RPFB have a heating rate higher (0.0915 1/s) 

than RPF (0.0524 1/s), confirming that RPFB is subjected to a quicker 

heating than RPF. 
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6.2 MEF heating applied to heterogeneous food system  

In this section experimental results obtained heating with MEF 

heterogeneous system composed by RPFB and meatballs are discussed. In 

section 4.3 systems configurations, reconstituted potato flakes and meatballs 

formulations utilized for this experimental study are reported. 

Also, in this case, a reduced temperature (eq. (5-1)) has been used. 

 

 

 

6.2.1 Temperature- time evolution of MEF heating applied to 

heterogeneous food system 

In Figure 6.13 and Figure 6.14 temperature-time evolutions in key 

points P1, P2, P3 of the heterogeneous system RPFB at 2.9% and 5.7% salt 

content, using 2PSiRP, configuration are shown. 

 

 

 
Figure 6.13 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB using 2PSiRP at 2.9% salt content 

(30 V, 50 Hz). 
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Figure 6.14 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB using 2PSiRP at 5.7% salt content (30 V, 

50 Hz). 

 

As shown in Figure 6.13, RPFB system at 2.9% salt content is subjected 

to a good uniform heating between mashed potatoes and meatballs. As in 

section 5, a more consistent difference in temperature between mashed 

potatoes and meatballs is found at the higher salt content (5.7%) of the 

heterogeneous system. 

At 2.9% salt content, both meatballs, in position P1 and P3, at target time 

of 4.33, reached a dimensionless temperature of 0.13± 0.01. Reconstituted 

potato flakes instead reached a Tred of 0.11± 0.01. In 5.7% salt content, 

instead, meatballs, in position P1 and P3, reach 0.19± 0.01, while RPFB 

arrive to 0.16± 0.01 dimensionless temperature. 

However, having potatoes higher electrical conductivity than meatballs, 

makes strange to note that RPFB are subjected to lower heating than 

meatballs. As also explained previously the electrical energy dissipated in 

form of heat is affected by the electrical conductivity but, also, by the local 

variation of electrical potential. Thus, the higher heating of meatballs than 

potatoes may be related to their higher local potential variation, due probably 

to them spherical shape and to meatballs proximity to the electrodes. In other 

words, meatballs could be more affected, than RPFB, by the local variation 

of the electrical potential. Thus, local variation of potential has a greater 

impact, compared to electrical conductivity, on the specific power source. 
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6.2.2 Effect of applied voltage on temperature- time distribution for 

heterogeneous system with configuration 2PSiRP 

In Figure 6.15, Figure 6.16, Figure 6.17, 

 
Figure 6.18 the influence of applied voltage (50 V, 40 V) on MEF 

heating of heterogeneous system RPFB with meatballs, using 2PSiRP, at 

2.9% and 5.7% salt content is illustrated. 

 

 
Figure 6.15 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (2PSiRP) at 50 V and 

2.9% salt content. 
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Figure 6.16 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB and meatballs (2PSiRP) at 40 V and 2.9% 

salt content. 

 

 

 

 
Figure 6.17 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB and meatballs (2PSiRP) at 50 V and 5.7% 

salt content. 
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Figure 6.18 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB and meatballs (2PSiRP) at 40 V and 5.7% 

salt content. 

 

As shown in figures above, for both analyzed compositions, higher is the 

applied voltage and higher is Tred reached at a fixed time. In other word, at a 

fixed time, higher the voltage applied and greater the heating. Table 6.11 

show Tred reached at target time and different applied voltages for 2.9% and 

5.7% salt content. 

 

 

Table 6.11 Tred reached at target time for RPFB heterogeneous system 

at 30 V, 40 V, 50 V and 2.9%, 5.7% salt content. 

Salt content 
Voltage [V] Tred Tred 

 

Tred 

 

Meatball P1 Meatball P3 RPFB 

2.9% 30 0.13±0.01 0.13±0.01 0.11±0.01 

 40 0.27±0.01 0.27±0.01 0.23±0.01 

 50 0.48±0.01 0.49±0.02 0.43±0.02 

     

5.7% 30 0.19±0.01 0.19±0.01 0.16±0.01 

 40 0.41±0.02 0.58±0.01 0.42±0.00 

 50 0.94±0.03 0.92±0.03 0.81±0.03 

 

As in section 5, meatball position was changed to understand the effect 

of its position in the heating of the system. For this reason, position 2PAiRP 
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(see section 4.3) was investigated. In particular, one meatball was changed 

from position P3 to position P2. 

Figure 6.19 and Figure 6.20 illustrate temperature- time evolutions of 

the system RPFB with meatballs, in key points P1, P2 and P3, at 2.9% and 

5.7% salt content, with 2PAiRP configuration. 

 

 

 
Figure 6.19 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB with meatballs, using 2PAiRP 

configuration, at 2.9% salt content (30 V, 50 Hz). 
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Figure 6.20 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB with meatballs, using 2PAiRP 

configuration, at 5.7% salt content (30 V, 50 Hz). 

 

As shown in figures, at both compositions, meatballs evolutions follow 

closely the one of mashed potatoes, confirming, also in this case, that 

meatballs are influenced from the salt content of the surrounding 

environment. Moreover, as in the previous analyzed configuration, an higher 

difference in temperature between potatoes and meatballs is shown in 5.7% 

salt content. 

At 2.9% salt content, meatball in position P1 and P2, at target time reach 

respectively 0.13±0.00. RPFB, instead, at the same time reach 0.14±0.02. At 

5.7% salt content, instead, meatballs reach 0.17±0.00, while mashed potatoes 

0.21±0.01. In Table 6.12 a direct comparison between dimensionless 

temperatures reached by meatballs at 2.9% and 5.7% salt content, using 

2PSiRP and 2PAiRP configuration is shown. 

 

 

Table 6.12 Dimensionless temperature reached at target time for 

heterogeneous system using 2PSiRP and 2PAiRP configurations at 2.9% 

and 5.7% salt content (30 V, 50 Hz). 

Configuration 2PSiRP 2PAiRP 

 Meatballs Meatballs 

 P1 P3 P1 P2 

2.9% salt content 0.13±0.01 0.13±0.01 0.13±0.00 0.13±0.00 

5.7% salt content 0.19±0.01 0.19±0.01 0.17±0.00 0.17±0.00 

 

 



MEF heating: comparison of homogeneous and heterogeneous food systems 

Oriana Casaburi  95 

Comparing data in table above is possible to observe that, at 2.9% salt 

content, both analyzed configurations reach the same dimensionless 

temperature. At 5,7% salt content, the two configurations have 0.02 of 

difference in dimensionless temperature. Thus, in any case, the temperature 

reached in meatball core is the same in both analyzed heterogeneous 

configurations. Obtained results, thus, determine that meatball heating is not 

affected by them position in the system. Also in this case, is consistent to 

confirm that meatball heating is influenced by their geometry that give to 

them a greater variation of local potential variation than potatoes. 

Having confirmed that local potential variation is due to meatball 

geometry and proximity to the electrodes, it would expect that meatball P2 

would heat less than meatball P1. Instead, two meatballs, at each salt 

content, reach the same temperature.  

 

 

6.2.3 Effect of applied voltage on temperature- time distribution for 

heterogeneous system with configuration 2PAiRP 

In Figure 6.21, Figure 6.22, Figure 6.23 Temperature- time evolution in 

key points P1, P2, P3 of the heterogeneous system RPFB and meatballs 

(2PAiRP) at 50 V and 5.7% salt content. and Figure 6.24 the impact of 

applied voltage (50 V, 40 V) on MEF heating of heterogeneous food system 

RPFB with meatballs, applying 2PAiRP configuration, at 2.9% and 5.7% 

salt content is shown. 

 

 
Figure 6.21 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB and meatballs (2PAiRP) at 50 V and 2.9% 

salt content. 
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Figure 6.22 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (2PAiRP) at 40 V and 

2.9% salt content. 

 

 
Figure 6.23 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (2PAiRP) at 50 V and 

5.7% salt content. 
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Figure 6.24 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (2PAiRP) at 40 V and 

5.7% salt content. 

 

 

Both 2.9% and 5.7% salt contents, increasing the voltage, at a fixed time, 

exhibit higher dimensionless temperature reached. Table 6.13 shows 

different Tred reached by heterogeneous food systems analyzed at 2.9% and 

5.7% salt content and 30 V, 40 V, 50 V applied voltages. 

 

Table 6.13 Tred reached at target time for RPFB heterogeneous 

(2PAiRP) system at 30 V, 40 V, 50 V and 2.9%, 5.7% salt content. 

Salt 

content 

Voltage 

[V] 

Tred 

 

Tred 

 

Tred 

 

Meatball P1 Meatball P3 RPFB 

2.9% 30 0.13±0.00 0.13±0.00 0.14±0.02 

 40 0.25±0.01 0.25±0.01 0.29±0.01 

 50 0.47±0.01 0.44±0.02 0.54±0.06 

     

5.7% 30 0.17±0.00 0.17±0.00 0.21±0.01 

 40 0.44±0.01 0.45±0.02 0.58±0.02 

 50 0.80±0.00 0.79±0.01 0.89±0.04 

 

A new configuration, having three meatball in position P1, P2 and P3 

was analyzed, to evaluate the effect of the number of meatballs in the 

system. 

Figure 6.25 and Figure 6.26 show temperature time evolution of the 

heterogeneous system composed by three meatballs at 2.9% and 5.7% salt 

content using 3PiRP configuration. 
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Figure 6.25 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB with meatballs, using 3PiRP 

configuration, at 2.9% salt content (30 V, 50 Hz). 

 

 
 

Figure 6.26 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB with meatballs, using 3PiRP 

configuration, at 5.7% salt content (30 V, 50 Hz). 
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In both analyzed salt compositions, the three meatballs show a good 

heating uniformity. At 2.9% salt content meatballs, at target time of 4.33 

min, respectively in position P1, P2 and P3 reach a dimensionless 

temperature of 0.11±0.00, 0.11±0.01 and 0.12±0.00. At 5.7%, instead, all 

three meatballs in position P1, P2 and P3 arrive at Tred of 0.14±0.00. 

Reaching meatballs at 2.9% salt content a lower temperature than meatballs 

at 5.7% content, also in this case is confirmed the dependence of meatball 

heating from salt content contained in reconstituted potato flakes in which 

they are dispersed.  

In Table 6.14 are shown temperature reached at target time of 4.33 min 

for the different configurations analyzed (2PiRP, 2PAiRP, 3PiRP) 

 

Table 6.14 Comparison between Tred at target time for 2PSiRP, 

2PAiRP, 3PiRP configurations at 2.9% and 5.7% salt content and 30 

V. 

 
2PSiRP 2PAiRP 3PiRP 

 Meatballs Meatballs Meatballs 

Salt 

content 

P1 P3 P1 P2 P1 P2 P3 

2.9% 

salt 

0.13 

±0.01 

 

0.13 

±0.01 

0.13 

±0.00 

0.13 

±0.00 

0.11 

±0.00 

0.11 

±0.01 

 

0.12 

±0.00 

 

5.7% 

salt 

0.19 

±0.01 

0.19 

±0.01 

0.17 

±0.00 

0.17 

±0.00 

0.14 

±0.00 

 

0.14 

±0.00 

 

0.14 

±0.00 

 

 

In case of 3PSiRP configuration, for both analyzed composition, the 

temperature reached at target time is always lower than other two 

configurations (2PSiRP, 2PAiRP) confirming that the heating is influenced 

by the number of meatballs in the system. 

Also in this case, considering the proximity of meatballs P1 and P3 to 

the electrodes an higher heating had to be expected than meatball P2. 

Meatballs, instead, reach about the same dimensionless temperature.  

 

 

6.2.4 Effect of applied voltage on temperature- time distribution for 

heterogeneous system with configuration 3PiRP 

The influence of applied voltage ( 50 V, 40 V) on the heating of the 

system has been analyzed for the heterogeneous system RPFB with 

meatballs at 2.9% and 5.7% salt content, applying configuration 3PiRP. 
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Figure 6.27 Temperature- time evolution in key points P1, P2, P3 of the 

heterogeneous system RPFB and meatballs (3PiRP) at 50 V and 2.9% salt 

content. 

 

 

 
Figure 6.28 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (3PiRP) at 40 V and 

2.9% salt content. 
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Figure 6.29 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (3PiRP) at 50 V and 

5.7% salt content. 

 

 

 
Figure 6.30 Temperature- time evolution in key points P1, P2, P3 of 

the heterogeneous system RPFB and meatballs (3PiRP) at 40 V and 

5.7% salt content. 

 

 

Also in this case, at the same salt content, higher is the applied voltage to 

the system and higher is the dimensionless temperature reached at the same 
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time. For simplicity a direct comparison between temperature reached at 30 

V, 40 V and 50 V, for both analyzed composition, is reported in Table 6.15 

 

 

Table 6.15 Tred reached at target time for RPFB heterogeneous 

(3PiRP) system at 30 V, 40 V, 50 V and 2.9%, 5.7% salt content. 

Salt 

content 

Voltage 

[V] 

Tred 

 

Tred 

 

Tred 

 

Meatball P1 Meatball P3 RPFB 

2.9% 30 0.11±0.00 0.11±0.01 0.12±0.00 

 40 0.24±0.01 0.23±0.01 0.25±0.01 

 50 0.40±0.01 0.38±0.02 0.39±0.02 

     

5.7% 30 0.14±0.00 0.14±0.00 0.14±0.00 

 40 0.31±0.01 0.32±0.01 0.36±0.01 

 50 0.84±0.03 0.77±0.03 0.81±0.01 

 

At high voltages, especially at 5.7% salt content, differences between 

dimensionless temperature reached at P1, P2 and P3 could be linked to the 

beginning of physical- chemical phenomena. 

 

6.3 Summary 

In this chapter, first of all, results obtained applying MEF heating to the 

homogeneous systems RPFNB (0.37%, 0.74%, 1.39%, 2.75% salt content, 

key point P2) applying 30 V, 40 V and 50 V, are discussed. Results showed 

that, considering the same processing time, higher the salt content, higher the 

temperature reached. Moreover, considering the same salt composition, 

higher the applied voltage, higher the temperature reached from the system. 

Subsequently, another homogeneous system RPFB 0%, 2.9%, 5.7% salt 

content , key points P1, P2, P3 ) was analyzed. Results showed that, for each 

investigated salt content, homogeneous system underwent uniform heating. 

Also in this case, considering analysing different applied voltages (30 V, 40 

V, 50 V), increasing the applied voltage, increased the reached temperature 

at a fixed time. 

A direct comparison between RPFB and RPF homogeneous system (at 

5.7% salt content and 30 V) was carried out: RPFB reached an higher 

temperature than RPF, this because RPFB was subjected to an electric field 

strength higher than the other homogeneous system. 

Subsequently, an heterogeneous system composed by RPFB and 

meatballs was heated with MEF. Different system configurations (2PSiRP, 

2PAiRP, 3PiRP), applied voltages (30 V, 40 V, 50 V) and salt content (2.9% 

and 5.7%) were analysed.  
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Results showed that meatballs spherical shape and them proximity to the 

electrodes can influence the heating. Moreover, also in this case, higher the 

applied voltage and, at a fixed time, greater the heating.
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7 Simulation of MEF heating 

In this chapter is discussed the analysis of a simulator able to 

numerically solve a mathematical model of MEF heating of foods. The 

comparison between experimental results obtained applying MEF heating to 

a heterogeneous food system composed by reconstituted potato flakes RPFB 

and meatballs and modelling aspects related to the simulation (on the same 

heterogeneous food system) of MEF processing is presented too. 

 

 

 

7.1 MEF heating modelling 

The possibility to build a virtual tool able to simulate the outcome of a 

process undoubtedly leverages the exploration of so called "what-if" 

scenarios of a given process. Such a tool can be of great aid when 

designing/conducting a MEF heating process. In this section, the comparison 

between the results provided by a numerical simulator and experimental 

results (section 6) obtained applying MEF heating to the heterogeneous food 

system composed by reconstituted potato flakes RPFB, at 2.9% and 5.7% 

salt content, and meatballs (section 4.3) applying a voltage of 30 V and 40 V 

is presented. For building the numerical simulator, a commercial software 

COMSOL Multhiphysics (Comsol AB, Sweden) have been used. Physical 

properties description used and modelling implementation are discussed in 

detail too. 

 

 

 

7.1.1 Measurement of physical properties 

Physical properties were evaluated in accord to procedures of previously 

published works (Lyng, Arimi, Scully, & Marra, 2014; Marra, F., Zell, M., 

Lyng, J.G., Morgan, D.J. Cronin, 2009). Mashed potatoes and meatballs 

electrical conductivity (σ) was investigated throughout the cell equipment 

filled with only mashed potatoes and only minced meatballs, respectively. 

Conductivity was so calculated according to the eq.1 of Marra, Zell, Lyng, 

Morgan, Cronin (2009). Thermal conductivity (λ) and volumetric heat 

capacity (Hp) were measured with a portable handheld device for thermal 

properties (KD2 Pro, Decagon, WA, USA). The measurements were 

performed on sets of 50 single tests on mashed potatoes and meatballs at 

different temperatures. Finally, density (ρ) measurements were performed on 

samples at single temperature (298.15 K). 
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Table 7.1, Table 7.2, Table 7.3 report evaluated physical properties for 

RPFB, at 2.9% and 5.7% salt content, and meatballs. 

 

Table 7.1 Physical properties best fitting as function of temperature of 

mashed potatoes RPFNB 2.9% salt. The temperature T is in °C. 

σ [S/m] λ [W/m K] Hp [MJ/m
3
 K] ρ [kg/m

3
] 

0.0629T+1.929 0.0005T+0.4554 0.0024T+3.1624 946.72 

 

 

Table 7.2 Physical properties best fitting as function of temperature of 

mashed potatoes RPFNB 5.7%. The temperature T is in °C. 

σ [S/m] λ [W/m K] Hp [MJ/m
3
 K] ρ [kg/m

3
] 

0.1139T+2.4384 0.0026T+0.4262 0.0092T+2.9604 991.80 

 

 

Table 7.3 Physical properties best fitting as function of temperature of 

meatball. The temperature T is in °C. 

σ [S/m] λ [W/m K] Hp [MJ/m
3
 K] ρ [kg/m

3
] 

0.0357T+0.6573 0.0044T+0.2985 0.0082 T+2.977 1065.00 

 

 

7.1.2 Modeling implementation 

To be able to run a series of virtual simulations, a mathematical model of 

MEF heating was developed, as described in the following sections. 

 

 

 Transport equations and modeling tools 

The heat transfer phenomena that take places during ohmic heating of a 

solid-like food-domain such as the analyzed heterogenous system, are 

described by the classical unsteady state heat equation by conduction plus a 

generation term (Marra, Zell, Lyng, Morgan, Cronin, 2009) 

 𝜌𝑐𝑝 𝜕𝑇𝜕𝑡 = 𝜵 ∙ 𝜆𝜵𝑇 + 𝑄𝐺𝐸𝑁                                                                   (7-1) 

 

where T is the temperature within the sample, t is the process time, 𝜆 is 

the thermal conductivity, 𝜌 is the density, Cp is the heat capacity and the last 

term represent the heat generation source where 𝜎 is the electric conductivity 

and | ∇𝑉 | the modulus of the gradient of electrical potential. 

According to quasi-static approach, the electrical potential distribution 

within the sample can be computed using the following Laplace equation: 
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 𝜵 ∙ 𝜎𝜵𝑉 = 𝟎                                                                                        (7-2) 

 

 
While the electrical conductivity depends on temperature, eqs. (7-1) and 

(7-2) are dependent one to each other and the problem must be solved in a 

coupled form. 

A complete cell geometry was designed using Solidworks software 

(Solidworks corp., Dessault Systems, Paris, France) and a final assembled 

geometry was imported into Comsol software (Comsol AB, Sweden) 

environment to define the model builder structure. Custom materials were 

created respectively for mashed potato and meatballs in accord to the 

physical properties previously defined. Silica glass and AISI 304 stainless 

steel Comsol library materials were used respectively for treatment cell and 

electrodes. Heat transfer and electric current modules were implemented to 

describe the system. Its opportune coupling with multi-physics correlated 

electromagnetic heating module were computed to simulate the MEF 

equipment. 

A reduced temperature variable was defined as: 

 𝑇𝑟𝑒𝑑 = 𝑇−𝑇0𝑇𝑠𝑎𝑡−𝑇0                                                                                     (7-3) 

 

 

where T is the punctual temperature, T0 the starting temperature of the 

measured position, and Tsat fictitious saturated temperature equal to 373.15. 

 

 

 

7.1.3 Initial and boundary conditions 

It is assumed that the entire sample is at an initial uniform voltage, V0=0 

and temperature T0 (301.15 K, as it was the average value of the sample 

temperature measured after the cell filling manual operations). 

As boundary conditions for the heat transfer equation, continuous 

domains were considered assuming ideal conductive transport between 

mashed potatoes, electrodes, and glass interfaces domains. For the external 

surfaces, different considerations were done. The external lower face of the 

glass cell was considered adiabatic due to the oven insulation. All others 

glass and steel surfaces in contact with external surrounding (air) were 

considered as convective heat walls with external natural convection. The 

upper mashed potato face is in free air and the moisture loss heat transfer 

was assimilated to an overall convective heat flux as: 



Chapter 7 

Oriana Casaburi  108 

 𝑞𝑒𝑞 = ℎ (𝑇𝑎𝑖𝑟 − 𝑇)                                                                              (7-4) 

  

 

here ℎ was considered ranging from 5 𝑡𝑜 100 𝑊/ 𝑚2𝐾 and different 

simulations tests were preliminary performed in accordance with the 

literature (Carson, Willix, & North, 2006) 

The electric equation boundary conditions were considered as perfect 

insulation surfaces for all boundaries except of the hereafter considered ones. 

A fixed voltage over the connector face of one electrode and a ground 

condition on the other electrode connector face were imposed. The 

interfacial surfaces between mashed potatoes and electrodes and between 

mashed potatoes and meatballs were considered as an electric contact 

surfaces where current flux 𝐽 is described by: 

 𝐽 = ℎ𝑐  (𝑉1 − 𝑉2)                                                                                  (7-5)  

 ℎ𝑐 was the electric conductance in S/m
2 and after different parameter 

optimization runs, its values were estimated and reported in Table 7.4 for 

every interface type. Finally, half body symmetry boundary condition was 

considered also to reduce the simulation computational efforts.  

 

 

 

7.1.4 Numerical solution solver implementation 

The implemented model was solved by the Comsol software. A multi-

sweep study respectively for electric field (3 and 4 V/cm) and materials 

(MP29 and MP57) was implemented. Frequency domain (50 Hz) and time 

depending (0 to 4.5 minutes) solvers were used respectively for electric 

current and heat transfer equations. 

Numerical tests were performed with different mesh parameters to 

evaluate the simulation results and to find the best mesh settings. The set 

providing the best spatial resolution for the considered domain and for which 

the solution was found to be independent of the grid size, was composed of 

125311 tetrahedrons, 16634 triangles boundary elements, 988 edge elements, 

58 vertex elements with 367894 of degree of freedom (Figure 7.1). 
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Figure 7.1 Mesh structure of the analyzed system. 

 

 

7.2 Results and discussion 

An analysis of the model 3D plots was firstly done. After that, an 

appropriate comparison of the MEF experimental profiles and the model 

prediction was presented. 

 

 

7.2.1 Model 3D plots analysis 

The numerical solutions can be presented in a series of 3D plots where 

heat losses, electric field, and interfacial electric conductance variational 

analysis were performed. 

Figure 7.2 shows four examples of a temperature slice plot after 4 

minutes of MEF heating for mashed potato salt concentration equal to 2.9%, 

assuming an equivalent heat transfer coefficient h (Eq. (7-4)) values of 5, 25, 

50 and 100 W/(m
2
 K), having also considered an applied voltage of 30 V and 

the Table 7.4 values for electric conductance. Going from lower to higher 

heat transfers, higher difference among top surface and core temperature was 

observed. However, in accord to different surface temperature measurement 

during ad-hoc test experiments, no more than 3 °C of difference was 

registered among surface and core mashed-potato temperatures. On the base 

of these tests, 5 W/(m
2
 K) was used for the other model simulations. 

No appreciable differences were observed on the lateral surfaces heat loss 

considering firstly natural convection and secondly perfect wall insulation. 

Figure 7.3 shows three examples of electric field slice plot after 4 

minutes of MEF heating for MP29 and MP57, considering an equivalent 
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heat transfer coefficient h (eq. (7-4)) value of 5 W/(m
2
 K), having also 

imposed applied voltages of 30V and 40V and the Table 7.4 values for 

electric conductance. The higher applied voltage, the higher is the resulting 

electric field as expected. Moreover, a considerable reduced electric field 

homogenization could be observed for a higher salt concentration of mashed 

potato. 

 

 

 
Figure 7.2 Slice plot of temperature within the considered system after 

4min with an applied voltage of 30 V and reconstituted potato flakes 

(RPFB) at 2.9% salt content.  (a) h=5 W/(m2 K), (b) h=25 W/(m
2
 K), (c) 

h=50 W/(m
2 
K) and (d) h=100 W/(m

2
 K) 

 

 
Figure 7.3 Electric field plot after 4min with Applied voltages 

equal to 30V (a, c) and 40V (b, d), reconstituted potato flakes 

(RPFB) at 2.9% (a, b) and 5.7% (c, d), h=5 W/(m
2
 K). 
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Figure 7.4 Electric potential slice plot after 4 minutes of MEF 

heating. Reconstituted potato flakes at 2.9% salt content, h=5 

W/(m
2
 K), applied voltage of 40 V, hc (MP29MB)=800 S/m

2
. (a) hc 

(MP29steel)=180 S/m
2
, (b) hc (MP29steel)=300 S/m

2
, (c) hc 

(MP29steel)=1000 S/m
2
. 

 

Figure 7.4 shows three examples of electric potential slice plot after 4 

minutes of MEF heating for mashed potato salt concentration equal to 2.9%, 

considering an equivalent heat transfer coefficient h (eq. (7-4)) value of 5 

W/(m
2
 K), having also imposed applied voltages of 40 V and electric 

conductance equal to 180, 300 and 1000 S/m
2
 for MP57-steel interfaces, 800 

S/m
2
 for MP57-MB interfaces. 

As expected, an increasing of the interface electric conductance will 

decrease the voltage drop across the in-contact materials. For very high 

values the electric contact is like ideal contact. After an optimization 

analysis of the MEF heating experimental/model curves comparison, a set of 

optimal electric conductance interface values are estimated and reported in 

Table 7.4. Needs to be remarked that the showed potential is the punctual 

electric potential while the applied potential is the sinusoidal Root Mean 

Square (RMS) value. 
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Table 7.4 Electric conductance for mashed  

potato 2.9% (MP29) and 5.7% (MP57) - steel  

and mashed potato (MPXX) – meatball (MB)  

interfaces. 

Interface hC  [S/m
2
] 

MP29-steel 120 

MP57-steel 180 

MP29-MB 800 

MP57-MB 800 

 

 

7.2.2 MEF profiles experimental comparison 

Hereafter an experimental MEF heating of the investigated heterogeneous 

system (RPFB and meatballs), respectively for 30 and 40 V applied 

potential, for both 2.9% and 5.7% of reconstituted potato flakes salt 

concentration were reported and compared with the model predictions.  

In Figure 7.5a, the comparison of temperature evolution (model predicted 

and experimentally measured at the chosen points P1, P2 and P3) for an 

applied voltage of 30 V, is reported. The model prediction shows a good 

agreement whit the experimental results and drives the heating curve within 

the maximum of experimental standard deviation of 5%. It is worthwhile 

remarking that the model expectancy shows the external points temperatures 

higher than the central one as expected for the electrode proximity. 

For higher voltage (Figure 7.5b), experimental temperature evolution shows 

a deviation from model prediction for longer times probably due to the rising 

of other phenomena not considered by the model. 
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(a) 

 (b) 
Figure 7.5 Comparison between experimentally measured and model 

predicted temperature evolution for an applied voltage of 30 V (a) and 

40 V (b), mashed potato salt concentration A (2.9%) and B (5.7%). A 

concentration model profiles are solid blue for P1, dotted dark red for 

P2, short-dashed grey for T3. B concentration model profiles are 

dashed brown for T1, point&dash blue for T2, long dashed green for 

T3. 

 

7.3 Summary 

The implemented model for the simulation of a static MEF heating cell 

delivers good results, providing satisfactory correlation between predicted 

and experimental data. The model simulation shows as some heat losses 

especially on the top surface could be reduced but they not crucially affect 

the experiment. 
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An optimal set of electric conductance of the mashed potato/steel and 

mashed potato/meatballs interfaces was estimated by an overall analysis of 

all experimental tests. 

Furthermore, the model shows a thermal boundary layer in the proximity 

of the junctions of electrodes with lateral sample surface. With the proposed 

cell configuration, colder external shells are the critical areas to be 

monitored and limited with additional insulations.
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Conclusions 

This research work was conducted to assess the suitability of MEF 

heating to heterogeneous food systems. 

Different experimental tests were carried out on heterogeneous food 

systems to better understand the influence of different parameters such as 

composition, system configuration, applied voltage, shape of the foodstuff 

and applied field strength. 

First of all, experimental tests were carried out on a homogeneous food 

system constituted by reconstituted potato flakes (RPF) at two different ionic 

content (5.7% and 10.9%). Results showed, at a given salt content, a good 

heating uniformity in the points investigated. Reconstituted potato flakes at 

higher ionic content (10.9%) were heated faster than the ones al lower ionic 

content (5.7%): thus, having the potatoes the same electrical and thermo-

physical properties, the salt content, influenced the heating. 

Further experimental tests were carried out on a heterogeneous system 

composed by reconstituted potato flakes (RPF), at different ionic content 

(5.7% and 10.9%) and chicken meatballs. Meatballs were dispersed in 

reconstituted potato flakes considering different system configurations 

(2PSiRP, 2PAiRP, 3PiRP). Results showed that the heating of the meatballs 

was not influenced by meatball position, but by the number of meatballs in 

the system and by the salt content of the surrounding reconstituted potato 

flakes. The temperature- time evolutions of meatballs, especially at 5.7% 

ionic content, mapped closely that one of reconstituted potato flakes. Having 

meatballs electrical conductivity lower than RPF, this means that the 

spherical shape of the meatballs gives to them a higher local potential 

variation respect to reconstituted potato flakes, that affects strongly the 

heating. 

Further experimental studies were performed on two homogeneous food 

system, composed by reconstituted potato flakes (one having butter in its 

composition (RPFB) and one not (RPFNB)) at different salt compositions 

(RPFB at 0%, 2.9% and 5.7% salt content; RPFNB at 0.37%, 0.74%, 1.39% 

and 2.75% salt content). In both considered homogeneous systems, results 

showed a good heating uniformity. Heating was affected by the amount of 

salt in reconstituted potato flakes: higher the salt content, higher the 

temperature reached by the system at the same target time. Homogeneous 

system RPFB was compared with homogeneous system RPF. The two 

considered homogeneous system (RPFB and RPF) had the same salt content, 

but different applied electrical field strength. In particular, RPFB was 

subjected to a higher field strength than RPF and heats faster than the last 

one. Thus, the heating was affected by the applied field strength. 
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Another set of experimental tests was carried out on a heterogeneous 

food system composed by reconstituted potato flakes (RPFB) at different salt 

contents (0%, 2.9% and 5.7%) and meatballs. Chicken meatballs were 

heated in RPFB using different configurations (2PSiRP, 2PAiRP, 3PiRP). 

For symmetric configuration (2PSiRP) meatballs, also if they had lower 

electrical conductivity than potatoes, reach, at the target time, a higher 

temperature than RPFB. This was due to the applied field strength and to the 

proximity of meatballs to the electrodes. For the other two analyzed 

configurations (2PAiRP, 3PiRP) obtained experimental results showed 

discrepancies respect to 2PSiRP analyzed system. In this regard, a 

mathematical model for the system 3PiRP was developed. Model confirmed 

the influence of the local potential variation and of the proximity of the 

electrodes on the heating. 

For each analyzed system, the effect of varying the applied voltage was 

investigated. Results showed that, higher the applied voltage and the quicker 

the heating. 

Overall, this study has demonstrated the potential of MEF heating in 

heterogeneous food systems, also if the food macro components exhibit quite 

different electrical conductivity values
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Nomenclature 

I Current (A) 

V Voltage (V) 

R Resistance (Ω) 
t Time (s) 𝜌 Density (kg/m

3
) 

Cp Heat capacity (J/kg K) 

T Temperature (K) 𝜆 Thermal conductivity (W/m K) 

QGEN Specific power source term (W/m
3
) 

σ Electrical conductivity (S/m) 

Vs Total volume of solids (m
3
) 

r Average radius of solids in suspension (m) 

As Cross- sectional area of solids exposed to electric current 

(m
2
) 

n Number of solid particles in suspension 

c Concentration (mol/m
3
) 

KT Temperature coefficient (S/m °C) 

KTC Temperature and concentration coefficient (S/m °C%) 

KσT Temperature coefficient (S/m °C) 

σ25 Electrical conductivity at 25°C (S/m) 

K Cell constant (1/m) 

Ms Solid concentration (%) 

L Distance between the electrodes (m) 

A Cross- section of the material in the treatment cell 

W Width of the treatment cell (m) 

Hfilling Height of the filling in treatment cell 

G Conductance (S) 

Tred Reduced temperature 

T0 Initial temperature (°C) 

Tsat  Fictiotus saturated temperature (K) 

Hp Volumetric heat capacity (MJ/m
3
 K) 



 

Oriana Casaburi  129 

h Heat transfer coefficient (W/m
2
 K) 

qeq Heat flux (W/m
2
) 

Tair Air temperature (K) 

j Current density (A/m
2
) 

hc Electric conductance 
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Poster and oral contributions 
 

 

Poster contribution -  Convegno GRICU 2019 “Il contributo 
dell’Ingegneria italiana alla sostenibilità globale” – Palermo, Italy. 
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Oral contribution - 3
rd

 World Congress on Electroporation (Toulouse, 

France), 3 -6 September 2019: Analysis of Moderate Electric Field processing 

in a heterogeneous system. 

Oral contribution - Perfectly matching- 100 years Confindustria Salerno 

(Salerno, Italia), 14 June 2019: Applicazione di processi basati su Campi 

Elettrici Moderati (MEF) nella produzione industriale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


