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Venkatesh Meda

ABSTRACT

Ph.O. (Ag & Blosystems Engineering)

Integrated Dual Frequency Permittivity Analyzer

using Cavity Perturbation Concept

Optimal utilization of microwave energy requires more basic knowledge of the

dielectric properties of the material under investigation. The dielectric properties of

materials subjected to microwaves are known to depend on moisture content, temperature

and density of the material as weil as the frequency of the applied microwave field. This

thesis is focussed on the development and evaluation of the new Permittivity Analyser to

measure the dielectric properties of agri-food materials at 915 and 2450 MHz using cavity

perturbation concept.

ln this study, the dielectric properties measuring system was designed and

developed using cavity perturbation concept to measure the essential and fundamental

parameters of microwave-material interaction; dielectric constant and dielectric loss factor

of selected agri-food substances and organic solvents. The TMo1O mode of electromagnetic

energy was selected and configured to operate at the peakresonant condition for both ISM

(Industrial, Scientific and Medical) approved frequencies of 915 and 2450 MHz

frequencies. The resonantperturbation cavities were designed, fabricated and tested using

the network analyser and the permittivity analyser. High Q (ratio of energy supplied to

absorbed) values were reported for both frequencies. Basic calibration of the

measurement system was performed using standard media such as air, water and alcohol.

Necessary mathematical steps and algorithms were written and integrated into a user­

friendly software program (Visual basic 6.0) to carry out the entire measurement.

The dielectric properties (E' & E")of materials such as; edible oils - canola, soya and

sunflower oils, neem oil/pulp, homogenized milk (1, 2.and 3~25% fat), organic solvents

such as ethanol, hexane and their mixtures were determined at various temperatures and

frequency (915, 2450 MHz) combinations, using cavity perturbation technique. Linear

relationships between the dielectric properties and temperature found in the Iiterature were

confirmed to be valid for certain ranges in case of edible oils, organic solvents and milk

samples tested with the cavity perturbation method. Repeatibility and variabi,lity aspects

of the permittivity analyzer at both the frequencies are presented.



Résumé

Venkatesh Meda Ph.O. (Genie Biosystems )

Analyseur Intégré à double fréquences pour la mesure de la constante
diélectrique grâce à la théorie des perturbations en cavité résonante
L'utilisation optimale de l'énergie micro-onde nécessite une compréhension de

base accrue des propriétés diélectriques des matériaux concernés. Les propriétés

diélectriques des matériaux soumis au microonde sont reconnues dépendre du taux

d'humidité, de la température et de la densité du matériau de même que la fréquence du

champ micro-onde appliqué. Cette étude se penche sur le développement et l'évaluation

d'un nouvel analyseur des propriétés diélectriques de matériau agro-alimentaires aux

fréquences de 915 et 2450 MHz, utilisant la théorie des perturbations en cavité résonante.

Le système de mesure des propriétés diélectriques à été conçu et dévèl'ôppé en

utilisant la théorie des perturbations pour mesurer les paramètres essentiels et

fondamentaux des interactions entre les micro-ondes et les matériaux. Cette étude a porté

sur la constante diélectrique et le facteur de perte diélectrique d'un nombre sélectionné

de substances agro-alimentaires et de solvants organiques. Le mode électromagnétique

TMo10 a été sélectionné et configuré afin d'opérer à la pointe de résonance des d,eux

fréquences de la bande ISM de 915 et 2450 MHz. Les cavités résonantes ont été conçues,

fabriquées et testées à l'aide d'un an,alyseur de réseau et de l'analyseur de permittivité.

Un facteur de surtension élevé (mesure de la relation entre l'énergie accumulée etle taux

de dissipation) a été noté pour les deux fréquences. Une calibration de base du système

de mesure a été effectuée avec des éléments standards comme l'air, l'eau et l'alcool. Des

routines et algorithmes mathématiques ont été mis au point et intégrés à un logiciel

convivial (VB 6.0) permettant les calculs complets des mesures effectuées.

Les propriétés diélectriques (E' ,E") des matériaux tels des huiles comestibles - huiles

de canola, de soja et de tournesol -de l'huile de neem, du lait (1, 2 et 3~25% matières

grasses), des solvants organiques-éthanol, hexane, et différentes·combinaisons de ces

composantes ont été analysées à différentes températures et différentes fréquences. Les

relations linéaires, établies entre les propriétés diélectriques et la température, retrouvées

dans divers travaux cités, ont été confirmées valides ê) certains degrés d~f1~le cas pes

huiles comestibles, et dans le cas des solvants organiques et les échantillons de lait

testés. La fidélité et le coefficient de variabilité de l'analyseur de permittivité aux deux

fréquences sont analysés et présentés.
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1 INTRODUCTION

1.1 Background

Interest in the electrical properties of agricultural products dates back to more than

80 years. The earliest reference to the dielectric properties of materials appeared in 1929,

where Debye (1929) described the dielectric behavior of polar molecules, such as water.

It is primarily the response of polar molecules that gives rise to heat generation when

materials containing such molecules are subjected to electromagnetic fields in the radio

(30 to 300 MHz) and microwave (300 to 3000 MHz) frequency bands. The instantaneous

internai heat generation which may be induced by this transfer of radiant energy, has been

the basis of a great deal of recent work on alternate thermal processing methods for

agricultural and food materials, although most of the work has been restricted to the ISM

(Industrial, Scientific, Medical) frequencies of 915 and 2450 MHz to minimize .interference

with microwave frequencies used for telecommunications, defence and navigation.

Perhaps the greatest incentive for using microwave energy for thermal treatment

of agri-food materials is the speed at which processing may be done .compar~d to

conduction or convection-based technologies (Metaxas, 1996). Broaderissuesalso come

into play, in particular the increased use of hydroelectric power at the detriment of further

expansion of the use of fossil fuels for thermal processing (Raghavan et al., 1993). Thus,

the development of microwave and RF-based applications can be justified on physical, as

weil as environmental grounds. Today, research in this area focuses on the measurement

of dielectric properties, the development of techniques to measure these properties, and

the development of electro-technologies for thermal processing applications.

The degree to which a givenmaterial responds to an electromagn~ticfielddepends

on the frequency and intensity of the field, on the one hand, and on the characteristics of

the material itself. The characteristics of the material itself are also classified into two

groups: specific characteristics and bulk characteristics. Specifie eharacteristics are the

chemical composition, surface structure, density and moisture content (and to a certain

extent moisture profile) of integral particles, whereas bulk characteristies include size,

shape and porosity. Another irnportant variable is the temperature, which is initially an

environl11ental factor, but which, during processing, becomes a function of electromagnetic

field parameters and the material properties. The dielectric response of a material usually

increases with temperature since more of the bound dipoles become free to oscillate as

1



the overall kinetic energy level increases. Minor and possibly undetectable changes due

to changes in chemical composition through heat-induced reactions and volatilization may

also occur.

The electrical basis of interaction is described in terms of the dielectric properties ­

dielectric constant and dielectric loss factor. These respectively represent the proportion

of impinging energy that can penetrate the material, and the amount of energy that can be

absorbed. These two parameters are functions of the specific characteristics of the

material and of temperature, for a given frequency. The actual energy absorbed and

dissipated as heat by a given mass of material depends on both the specific and bulk

characteristics of the material.

The dielectric properties of a material are usually given as functions of field

frequency, material temperature and material moisture content. Several authors have also

studied the changes in dielectric properties associated with levels of sorne chemical

components such as fats, proteins (Sun et al., 1995) and dissolvedions (Krazsewski 1996,

Tinga & Nelson, 1973; Bengtsson& Risman, 1971), whilestiU oth~r~ have described"bulk

dielectric properties" in terms of bulk density (Nelson; 1984, 1986, 1987), sieve size of

ground materials (Nelson, 1984; Venkatesh, 1996), and so on. However,dataobtained on

the same material have, in several instances, been found todiffer significantly. In sorne

cases such differences have been attributed to measurement technique, while in others,

cornpositional differences of the materials have been suspected (Sun et al., 1995).

Measurement of dielectric properties is important from two points of view. First,

since dielectric properties are transient during processing, functional relationships

describing these changes are needed for process control and optimization. Second, since

dielectric properties are intrinsically related to specificandbulk characteris.tics of materials,

the development of rapid measurement techniques can potentially lead to rapid indirect

determination of a multitude of material properties. The best known instance of this use

is the dielectric determination of moisture content in materials requiri'1gthis parameter for

quality control (Nelson et al. 1990). Although a great deal of progress has been achieved

in the development of instrumentation and in the understanding of the functional

relationships between dielectric properties and other parameters, the growing trend

towards microwave processing has created a need for more flexible and accessible

equipment to quantify the dielectric properties of many agri-food products under a wider

2



variety of conditions. Existing measurement technology is very expensive and the

applicability of the various measurement techniques to certain types of material has been

questioned (Sun et al., 1995). Sorne limitations have been identified in the preliminary work

to be described later.

Prior knowledge of these functions is invaluable to process development and

control and is the main reason why there has been considerable research into the

measurement of the dielectric properties. Although various kinds of apparatus have been

used to measure dielectric properties, the task of describing these functions sufficiently

accurately at both allowable wavelengths over the range of temperatures and other factors

likely to be encountered in a given processing situation, is quite lengthy, regardless of the

limitations of the particular technique used. For this reason, after a number of prelimin~ry

studies and literature review, it was decided to attempt to develop and integrate the

dielectric properties measurement set up using the Cavity Perturbation concept that would

permit measurement at both allowable frequencies (915, 2450 MHz)over a wide range of

temperatures, and to evaluate measurements against Iiterature data. With th.e need for

development of new sensing devices for the automation and çontrol pfyariousagricultural

and food processes, there is aneed for better understanding ofthe !Jsefulness of.dielectric

properties of materials and methods for measuring these properties.

Thus, the research proposed here has two motivations: (i) to develop a less

. expensive and more flexible system for determiningthe dielectric propertiesof agri-food

materials, and (ii) to elaborate the functional relationships for the dielectric properties of

specifie materials. The data will also be used to evaluate the new system,

1.2 Hypothesis

The research proposed here is based on the hypothesis that it is possible to

develop a system to measure the dielectric properties of agrHood products which is less

expensive and more flexible than existingequipment, thus permitting more detailed studies

of the functional relationships over a wider range ofconditionsusing çavity perturbation

technique.
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1.3 Objectives

The main objective of this research is to further our understanding of the dielectric

properties and behavior of agricultural and food materials subjected to electromagnetic

waves (microwaves). The specific objectives are:

a To design and develop equipment permitting measurement of dielectric properties

over a wide range of temperatures (-30 to 100° C), at two different ISM approved

frequencies (915, 2450 MHz).

a T0 test and evaluate the performance of the new equipment and compare the data

obtained on specific agri-food materials with those obtained by other techniques

or systems.

a To study the dielectric responses of agri-food materials at critical conditions, such

as phase change or threshold ionic conditions.

a T0 develop a control software that integrates both the operating frequencies.
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Il REVIEW OF LlTERATURE

2.1 Microwave Processing: Fundamentals And Application

ln North America, only four microwave and three radio frequencies are permitted

by the Federal Communications Commission (FCC) for dielectric heating applications

(Decareau, 1985). The allotted microwave frequencies are 915, 2450, 5800 MHz and the

radio frequencies are 13.56,27.12, and 40.68 MHz. Although 915 MHz is permitted by

both North and South America, most of the commercial microwave processing equipment

is designed for operation at 2450 MHz. In Europe, other frequencies have been allocated

for commercial use in the radio-frequency region of the spectrum.

Dielectric properties of agricultural materials and products are finding increasing

application as new technologyis adapted for use in agriculture and food related industries.

The interest in dielectric properties of materials has historically been asspciated with the

design of electrical equipment, wherevarious dielectrics are used for in$ulating conductors

and other componentsof el,eçtric equipment. During the past century, materials research

has provided many new dielectric materials for application in electronics. As the use of

higher and higher frequencies came into practice, new materials, suitable for use in .the

radio frequency, microwave, and millimeterwave regions of the electromagneticspectrum,

have been developed. Thedielectric properties of these materials are important in the

design of electrical and electronics equipment, and suitable techniques for measuring the

dielectric properties of various materials have been developed as they were needed.

The interest in the dielectric properties of agricultural materials andproducts has

been principally for predicting heating rates describing the .behavior of materials when

subjected to high-frequencyor microwave electric fields in diel~ctric heating applications

and as indicators of moisture contentin the development of rapid techniques for moisture

determination. The influence of the dielectric properties on the heating of materials by

absorption of energy through radio-frequency dielectric heating, whether at high

frequencies or microwave frequencies, has been weil known for a long time, and many

potential applications have been investigated (Brown etai. 1947, Thuery, 1992, Metaxas

and Meredith, 1983). With the advent of commercial microwave heating and the wide

acceptance of microwave ovens for the home, the concepts of dielectric heating have

become more popular.
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The use of dielectric properties for measuring moisture content of products such

as cereal grains has been recognized for at least 75 years and has been in common use

for more than 48 years (Nelson, 1977, 1991). However the first dielectric properties for

grain were not reported until45 years ago (Nelson et al., 1953). Since then much data and

information on the dielectric properties of grain and other agricultural products have

become available (Nelson, 1965, 1973, ASAE Standards, 1988, Tinga and Nelson, 1973,

Kent 1987, Datta et al., 1995), and the influence of important variables on these dielectric

properties has been evaluated (Nelson, 1981, 1991, Mudgett, 1995).

ln the past 20 years, the microwave oven has become an essential appliance in

most kitchens. Faster cooking times and energy savings overconventional. cooking

methods are the primary benefits. Although the use ofmicrowaves for cooking food is

widespread, the application of this technology to the processing of materials isa relatively

new development. The use of microwave energy for processing materials has the potential

to offer similar advantages in reduced processing times and energy savings (Thostenson

and Chou, 1999).

ln conventional thermal processing, energy is transferred tothe material through

convection, conduction, and radiation of heatfrom the surfaces of the material. In contrast,

microwave energy is delivered directlyto materials through molecular interaction withthe

electromagnetic field. In conventional methods energy is transferred due to thermal

gradients, but microwave heating is the conversion of electromagnetic energy to thermal

energy through direct interaction of the incident radiation with the target material's

molecules. The difference in tne way energy is delivered can result in many potential

advantages to using microwaves for processing of materials. Because microwaves can

penetrate materials and deposit energy, heat can be generated throughout the volume of

the materia!. The transfer of energy does not rely on diffusion of heat from the surfaces,

and it is possible to achi.eve .rapid and uniform heating of relatively thicker materials.ln

traditional heating, the cycle time is often dominated by slow heating rat~s that are chosen

to minimize steep thermal gradients that result in process-induced stres~~ For polymers

and ceramics, which are materials with low thermal conductivity, this can result in

significantly reduced processing times.Thus,there is a bal~nce between processing time

and product quality in conventional processing (this is also true of microwave heating).

Since microwaves can transfer energy throughout the volLJme of the material, thepotential
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exists to reduce processing time and enhance Qverall quality (Thostenson and Chou,

1999).

ln addition to volumetric heating, energy transfer at a molecular level can have

some additional advantages. Microwaves can be utilized for selective handling of

materials. The molecular structure affects the ability of the microwaves to interact with

materials and transfer energy. When materials in contact have different dielectric

properties, microwaves will selectively couple with the higher lossy material. This

phenomenon of selective heating can be used for a number of purposes. In conventional

joining of ceramics or polymers, considerable time and energy is wasted in heating up the

interface by conductionthrough the substrates. With microwaves,.the joint interface can

be heated in-situ by incorporating a higher lossy material at the interface. In multiple phase

rnaterials, some phases may. couple more readily with microvvaves.Thus, iLmaY,be

possible to process materials with new or unique micro-structures byselectively heating

distinct phases. Microwaves may also be able to initiate chemical reactions not possible

in conventional processing through selective heating of reactants. Thus, new materials

l11ay be created.

Although direct heating by microwaves can offer advantages over conventional

heat transfer, the different mechanismof energy transfer in microViave heat,ing has led to

new processing challenges. As materials are processed, they oftenundergophysical and
'-,' -', .1 _' '," ",., ,' ... ,.:

structural transformations that affect the dielectric properties. Thus, the ability of.' . . . . .~

microwaves to generate heat varies during the process.Sharp tran~fprmations in the ability

of microwaves tQ generate heat cancause difficulties with tl1eprocessmod~.ling. and

control. Understanding. the generation"propagation, andjnt~rc~ç~ionof microwaves with

materials is critical. Because the processing equipment determines the electromagnetic

field, the design of l11icrowave equipment is particularly important. The properties of the

electromagnetic field,chemical composition of the material being processed, structural

changes that occur during processing, size and shape of th,e abject being heated, and the

physics of the microwave/m~terials interaction ail complicate micrpwave processing.

Recent interest in microwave processing of materials is highlighted in a numbEn of

recent symposia that have been dedicatêd to microwave processing ofmaterial.s.To dàte,
, " . -,. ('

the Material Research Society (MRS), IMPI / IEEE and the AmericanCeramic Society have
. :. -, ". ',-" '," . -,.,-":;.;', '" "; .. ',

helda number of symposia tha.t have focused on microlNaye processing ofmaterjals.!he

7



recent research in microwave equipment design, microwave/materials interactions,

dielectric properties measurement and materials processing continues to expand interest

in microwave techniques.

2.2 Microwave-material interaction aspects

When microwaves are directed towards a material, part of the energy is reflected,

part is transmitted through the surface, and of this latter quantity, part of it is absorbed.

The proportions of energy which fall into these three categories have been defined in

terms of the dielectric properties. The fundamental electrical property through which the

interactions are described is the complex relative permittivity of the material, E*.It is

mathernatically expressed as:

(2.1 )

where E' is thE) dielectricconsta.nt andE" the dielectriclossfactQr.The aQsQlute,permittivity

of a vacuurn is Eoand itis determi.ned by the speed of Iight (Co) and the ma.gl:l~ticconstant

(~o)' which are Iinked together by the equation :

(2.2)

The numerical value for Eo is about 8.854 x 10-12 F/m and ~ =1.26 x 10-6 Hlm. In other

media (solid, liquid and gaseous), the permittivity has higher values and it is usually

expressed relative to the value in vacuum (Nyfors & Vainikainen, 1989): Er' the relative

permittivity of a material is equal to Eabs!Eo' where Eabs is the absQlutepermittivity of materia!.

Materials which do not contain magnetic components, respond, qnly!o t~eeleçtricfield.

The dielectric properties of materials dictate, to a large extent, the behavior of the

materials when subjected to radio-frequency (RF) or microwave field for purposes of

heating, drying or processing the materials. The characterization of dielectric properties is

vital for understanding the response of a material to microwaves, since most useful

quantities needed in the design of microwave thermal processes can be described in terms

of them. The equations relating dielectricproperties to thermal proces~ing parameters are

presented in the following section.
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2.3 Quantities expressed in terms of dielectric properties

The proportion of reflected energy is a function of the dielectric constant, E' and the

angle of incidence. For an angle of incidence of 90°, it is simply:

P,(90) = [ff: -1r
{i' + 1

(2.3)

For example, the E' of water is 78 at room temperature. The reflectivity is therefore greater

than 0.64. However, the reflected energy will also reflect from the walls of the chamber and

impinge on the water over and over again, resulting in a specifie reflectivity of about 0.20.

Thus, about 80% of the incident energy is absorbed by the target material and the rest is

absorbed and dissipated by the walls of the microwave chamber. The E' of moist foods is

usually in the range of 50 - 70.

The power transmitted to the material is simply Ptrans = (1-Pr). The power absorbed

and then generated as heat is directly related to E" (Iossiness) of the material, and can be

calculated using the relation:

PAbs = 5.56 * 10-4 f E" E2 (2.4)

where:

PAbs =absorbed power (W/cm3
)

E = rms electric field intensity (volts/cm) inside given volume

f = frequency (Hz)

E" =dielectric loss factor of the food or other product.

The penetration depth, dp is usually defined as the depthinto a ~ample where the

microwave power has dropped to 1/e or 36.8% of its transmitted value. Sometimes, dp is

defined as the distance at which the microwave power has been attenuated to 50% of

Ptrans• The penetration depth is a function of E' and E" :

(2.5)

where, Ào =free space microwave wavelength; (for 2450 MHz, Ào =12.2 cm). The most

common food products have E"< 25, which implies a dp of 0.6 -1.0 cm. Although dielectric
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properties of sorne foods can be found in the Iiterature (Thuery, 1992), data are mostly

Iimited to pure foods and food components. As the wave travels through a material that

has significant dielectric loss, its energy will be attenuated. If the attenuation is high in the

material, the dielectric heating will taper off quickly as the wave penetrates the materia!.

Attenuation is often expressed in decibels per meter (dS/m). In terms of power densities

and electric field intensity values, this can be expressed as:

1OI0910(~J=2010910[~) =8.686a(z)
P(z) E(z)

(2.6)

where Po is the power level at a point of reference, P(z) is the power level at distance z

from the reference point, and a is the attenuation in nepers/m.

The power dissipated inside a material is proportional to E". The ratio, E"/E', called

the loss tangent or dissipation factor, a descriptive dielectric parameter,is also used as an

index of the material's abilityto generate heat (Mudgett, 1986).

The rate of heating can be expressed by the power equation :

(2.7)

where:

p v =energy developed per unit volume (W1m3
)

f = frequency (Hz)

lEI =electric field strength inside the load (V/m).

The electric field inside the load is determined by tbe dielectric properties and the

geometry of the load, and by the ovenconfiguration. Therefore, this equation is generally

impractical since the determination of the electric field distributionis very complex (Suffler,

1993). The heating effect in agri-food materials is the result of two mechanisms, dipolar

rotation and ionic conduction. The dipole most responsible for heating is water, which is

a major constituent of most agri-food materials. The response of dipoles to an oscillating

field is an increase in rotational and vibrational energies, depending on the degree of

symmetry of the molecule, with a resulting frictional generation of heat. Molecules that are

non-polar but that are asymmetrically charged may behave as dipoles in an electrical field,

however their responses to microwave energy are usually about an order of magnitude
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less than that of water.

The other heating mechanism is ionic conduction. The electrical field causes

dissolved ions of positive and negative charge to migrate towards oppositely charged

regions. This results in multiple billiard-ball-like collisions and disruption of hydrogen bonds

with water, both' of which result in generation of heat. lonic conduction has a larger

influence on E" than on E', and therefore decreases the penetration depth. This behavior

is predicted by the Hasted-Debye relations for aqueous electrolytic solutions (Hasted,

1948). There is a depression of E' due to depletion of free water by dissolved ions and an

increase in E" due to an increase in the free charge density (Kudra et al., 1992). Magnetic

field interactions are negligible, since foods contain only trace amounts of magnetic

minerais such as nickel, cobalt, and iron.

The temperature profile and heating rate developed during exposure to

electromagnetic radiation depends on the distribution and nature of susceptors, the

relationships between the dielectric properties with moisture and temperature and

frequency, as weil as on the thermo-physical properties (thermal conductivity, thermal

diffusivity, specific heat, etc.) of the other constitue,nts. A detailed description of the

temperature profile of a complexagri-food material is thereforeextremely difficult to e>btain.

It is important to recognize that thedielectric properties are not unique for a gi"en

material. They are specific only for a given frequency and stateof the ,material. Thus,in

a processing situation, they are transient since the state of the materia] is not constant in

time. Therefore, it is necessary to establish the relationshipsbetween E' and E"V'ith state

variables at the processing frequency(ies). The principal state variables thatinfluence the

dielectric properties at a given frequency are temperatlJre, and moisture content.

Relationships between these factors, composition and the dielectricproperties of agri-food

materials are reviewed in the following sections.

2.4 Factors Influencing Dielectric Properties at a Given Frequency

2.4.1 Temperature and moisture content dependencies

The dielectric properties of. most materials vary withseveral differentfactors.• In
',- -' ., .-' ", .',' " : ,- :...... ! -",< ,.'-,',' '",-.:.;

hygroscopic materials such as agri~foods, the amount of water in the ,materiaUsgenerally

a dominant factor. The dielectric properties depend on thefrequency of the applied

alternating electric field, the temperature of the material, and on the density, composition,
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and structure of the materia!. In granular or particulate materials, the bulk density of the air­

particle mixture is another factor that influences the dielectric properties. Of course, the

dielectric properties of materials are dependent on their chemical composition and

especially on the permanent dipole moments associated with water and any other

molecules making up the material of interest. With the exception of some extremely low­

loss materials, Le., materials that absorb essentially no energy from RF and microwave

fields, the dielectric properties of most materials vary considerably with the frequency of

the applied electric fields. Thisfrequency dependence has been weil reported elsewhere

in the literature. An important phenomenon contributing to the frequency dependence of

the dielectric properties is the polarization arising from the orientation with the imposed

electric field, of molecules which have permanent dipole moments.

There are several reviews of the dielectric properties at microwave frequencies of

food and agricultural products (Bengtsson and Risman, 1971; NelsQn,J 973; Ohlsson and

Bengtsson, 1975; Kent, 1987). The temperature dependenceofthe dielectric.. constantis

quite complex, and it may increase or decrease with temperaturedepending. IJponthe

materia!. Microwave heating is greatly affected by presence of waterin foods (von Hippel,

1954; Mudgett, 1985; Nelson, 1990). Water is the major absorber of microwave energy in

the foods and consequently, the higher the moisture content, the better the heating. In its

pure form, water is a classic example of a polar dielectric. The dielectric properties of

Iiquid water are listed in Table 2.1 for several microwave frequencies at temperatures of

20 and 50°C as selected from data Iisted by Hasted (1973) and Kaatze (1989). Although

earlier work indicated a better fit of experimental data with the Cole-Cole model rather than

the Debye model, Kaatze(1989) has shown that the dielectricspectra for pure watercan

be sufficiently weil represented by the Debye model when using the relaxation parameters

given in Table 2.2. The relaxation frequency, (21TTr1
, is providedin Table 2.2along with

the static and high frequency values of the dielectric constant, Es and E_, for water at

temperatures from 0 to 60°C. These values can be used to provide close estimates for the

dielectric properties of water over a wide range of frequencies and temperatures. Also,

water is a strong, broad-band absorber of microwaves and is therefore used for selective

heating during food processing(Craig et al. 1995). Theamount of. free moisture in a

substance greatly affects its dielectric constant since that of free wateris high (approx. 78
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Table 2.1 Microwave dielectric properties of water at indicated temperatures (Hasted,

1973).

Frequency e' e
, E" e"

(GHz) (20°C) (SO°C) (20°C) (SO°C)

0.6 80.3 69.9 2.75 1.25

1.7 79.2 69.7 7.9 3.6

3.0 77.4 68.4 13.0 5.8

4.6 74.0 68.5 18.8 9.4

7.7 67.4 67.2 28.2 14.5

9.1 63.0 65.5 31.5 16.5

12.5 53.6 61.5 35.5 21.4

17.4 42.0 56.3 37.1 27.2

26.8 26.5 44.2 33.9 32.0

36.4 17.6 34.3 28.8 32.6

Table 2.2 Debye dielectric relaxation parameters for water (Hasted, 1973).

Temperature es e~ T Relaxation

(OC) (ps) Frequency

(GHz)

0.0 87;9 5.7 17:E37 9.007

10.0 83.9 5.5 12.68 12:552

20.0 80.2 5.6 9.36 17.004

30.0 76.6 5.2 7.28 21.862

40.0 73.2 3.9 5.82 27.346

50.0 69.9 4.0 4.75 33.506

60.0 66.7 4.2 4.01 39.690
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at room temperature and 2450 MHz). That of container materials, such as Teflon, is of the

order of 2. The moisture relationship is consistent in that higher moisture leads to higher

values of both the dielectric constant and the loss factor. This relationship is temperature

dependent. However, water in its pure liquid state appears in food products very rarely.

Most often, it has dissolved constituents, is physically absorbed in material capillaries or

cavities, or is chemically bound to other molecules of water. Dielectric relaxations of

absorbed water take place at lower frequencies than the relaxation of free water (Hasted,

1973), which occurs at about 19.5 GHz for water at 25°C. Depending upon the material

structure, there may be various forms of bound water, differing in energy of binding and

in dielectric properties. Moist material, in practice, is usuallyan inhomogeneous mixtur~,

often containing more than one substance with unknown dielectripproperties. Thus, it

becomes very difficult to understand and predict the dielectric. behavior of such materi~ls

at different frequencies, temperatures, or hydration levels. At present, very IiUle is known

about the dielectric properties of moist materials of different structurescontaining water

at various levels of binding. However, a complete understanding is not always necessary

for the solution of practical problems.

As mentioned earlier, the dielectric properties of materials are quite dependent on

temperature, and the nature of that dependence is a function of the dielectric re,laxation
,

processes operating under the particular conditions existing and thefrequencybeing ~sed.

As temperature increases, the relaxation time decreases, and the loss-factorpeak wiU shift
',;".- ," ",", :

to higher frequencies. Thus, in a region of dispersion, the diele.ctric constant wilUncrease
,,. ,- - ,', ';. ':. ,

with increasing temperature, whereas the loss factor may either increase or decrease,

depending on whether the operating frequency is higher or lower than the relaxation

frequency. Below and above the region of dispersion, the dielectric constant decreases

with increasing temperature. Distribution functions can be useful in expressing the

ternperature dependence ()f dielectric properties but the fr€)9uency and temperature

dependent behavior of the dielectric properties of most materials is cornplicated a~d can

perhaps'best be determined by measurement at the frequenciesand undertne pC::>nditions

of interest.

Dielectric constants and lossfactors of freshfruits,and "egetab,leshav~J;)een

explored by several researchers (Tran et al., 1984, Nelson et al., 1,994). ,Examples of the

frequency dependence observed for twenty-four different fruits and vegetables are
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iIIustrated. The dielectric constant exhibits the expected monotonic decrease in value with

frequency in the 0.2 to 20 GHz range. In ail the fruits and vegetables measured, the loss

factor decreases as frequency increases from 0.2 GHz, reaches a broad minimum in the

region between 1 and 3 GHz, and then increases as frequency approaches 20 GHz. This

behavior is dominated by ionic conductivity at lower frequencies, by bound water

relaxation, and by free water relaxation near the top of the frequency range. The dielectric

properties of these fresh fruits and vegetables at 915 MHz and 2.45 GHz are shown in

Table 2.3 along with other descriptive information. Table 2.4 shows the permittivities of

milk and its constituents (Kudra et al, 1992).

The dielectric properties of powdered potato starch : Sx 920, Matheson, Coleman

& Bell; locust bean gum : Germantown Manufacturing Co.; and carrageenan : product

specification no. 160, typeSeakem CM 514, lot no. 340807, marine coll()ids c:Jivi~ion, FMC

corp;, were found to increase regularly with moisture content in the range of 0 to 20 % wet

basis , at 2.45 GHz (Nelson, 1991). The dielectric properties of these hydro colloids were

also found to increase with temperature over the range 20 to 100°C, an.cf the temperature

difference increased markedly as moisture content increa,sed(Nelson et aL, 1991)."

It is important to note that food electrical and physical properties whieh affect

microwave heating change dramatically at temperatures below freezing point. Ohlsson et

aL (1974) found that E' and En increased significantly with falling frequency for mostfoods

tested, and in most cases, dielectric properties increased ,sharply with temperature during

the transition from -10 to O°C (thawing).ln preliminary studie,s of the dielectricproperties

of Tylose at different salt concentrations Venkatesh et at. (199€H opseryE}d a shétrp

increase in the loss factor from -20,to -15 oC, with trend~ thereafter c:Jep~ndE}ntons~*

concentration.
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Table 2.3 Permittivities of fresh fruits and vegetables at 23°C (Nelson et al. 1994).

Fruit 1 M.C.(wb) Tissue 915 MHz 2450 MHz

vegetable (%) Density(g/cm3
) E' E" E' E"

Apple 88 0.76 57 8 54 10

Avocado 71 0.99 47 16 45 12

Banana 78 0.94 64 19 60 18

Cantaloupe 92 0.93 68 14 66 13

Carrot 87 0.99 59 18 56 15

Cucumber 97 0.85 71 11 69 12

Grape 82 1.10 69 15 65 17

Grapefruit 91 0.83 75 14 73 15

Honeydew 89 0.95 72 t8 69 17

Kiwifruit 87 0.99 70 18 66 17

Lemon 91 0.88 73 15 71 14

Lime 90 0.97 72 18 70 15

Mango 86 0.96 64 13 61 14

Onion 92 0.97 61 12 64 14

Orange 87 0.92 73 14 69 16

Papaya 88 0.96 69 10 67 14

Peach 90 0.92 70 12 67 14

Pear 84 0.94 67 11 64 13

Potato 79 1.03 62 22 57 17

Radish 96 0.76 68 20 67 15

Squash 95 0.70 63 15 62 13

Strawberry 92 0.76 73 14 71 14

S. potato 80 0.95 55 16 52 14

Turnip 92 0.89 63 13 61 12
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Table 2.4 Dielectric properties of milk and its constituents at 2.45 Ghz and 20°C (Kudra

et al. 1992).

Description Fat Protein Lactose Moisture E' E"

(%) (%) (%) (%)

1% Milk 0.94 3.31 4.93 90.11 70.6 17.6

3.25% Milk 3.17 3.25 4.79 88.13 68.0 17.6

Water + Lactose 1 0 0 4.0 96.0 78.2 13.8

Water + Lactose Il 0 0 7.0 93.00 77.3 14.4

Water + Lactose III 0 0 10.0 90.0 76.3 14.9

Water + Sodium 0 3.33 0 96.67 74.6 15.5

Caseinate 1

Water + Sodium 0 6.48 0 93.62 73.0 15.7

Caseinate Il

Water + Sodium 0 8.71 0 91.29 71.4 15.9

Caseinate III

Lactose (Solid) 0 0 100 0 1.9 0.0

Sodium Caseinate 0 100 0 0 1.6 0.0

(solid)

Milk Fat (solid) 100 0 0 0 2.6 0.2

Water (distilled) 0 0 0 100 78.0 13.4

2.4.2 Influence of composition

The dielectric properties of food products are also determined by their chemical

composition. The influence of water and salt (or ash) content depends to a large extent on

the manner in which they are bound or restricted in their movement by the otherfood

components. This complicates the prediction, based on data for single ingredients,of the

dielectric properties of a mixture. The organic constituents of food are dielectrically inert

(E' < 3 and En < 0.1) and, compared to aqueous ionic f1uids or water, may be considered

transparent to energy (Mudgett, 1985). Only at very low moisture levels, when the
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remaining traces of water are bound and unaffected by the rapidly changing MW field, do

the components of low specific heat become the major factors in heating.

Ohlsson et al. (1974) found that for many foods, the influence of different water and

salt content on dielectric properties was significantly large, especially at 450 and 900 MHz.

It was also found that at temperatures above 60°C, E' decreased gently with temperature,

whereas E" increased, particularly at lower frequencies for salty foods (Bengtsson et al.

1980). The dielectric properties of sorne foods as a function of temperature, at 2.8 GHz,

are documented by Bengtsson &Risman (1971). A food map of sorne foods at 2450 MHz

and 20-25°C has been iIIustrated by Buffler & Stanford (1991).

ln the case of high carbohydrate foods and syrups, the dissolved sugars (in water)

are the main MW susceptors (Mudgett, 1986). Dielectric properti~sof aqueous sugar

solutions of different concentrations have been measure.dand compared withtho~e of

grapes of similar moisture concentrations (Tulasidas et .aI.1995). In the case of high

moisture in grapes, the dielectric constant and loss factor decreased withan increase of

temperature and a reversed trend was observed in the lower moisture range (Tulasidas

and Raghavan, 1995).

While alcohols and dissolved carbohydrates are active ingredients in sorne foods

and beverages, their effects are negligible in mostfood products, except for high

carbohydrate foods, such as bakery products or syrups, and alcoholic beverages. The

effects are related to stabilization of hydrogen bonding patterns throu~h hydroxyl-water

interaction (Roebuck et al. 1972). The effects of pH are not believed to be significant per

se, at the pH levels typical in foods (Ohlsson et al., 1974; Mudgett, 1986; Nyfors &

Vainikainen, 1989).

The effect of fat on dielectric properties appears to be that of dilution (more fat, less

water). The heating rate seems to have no effect per se on the dielectric properties, unless

water and juices a~e lost. At lower frequencies (450 and 900 MHz), the relationships

appear to be similar (Bengtsson and Risman, 1971; Ohlsson et al, 1974).

The microwave heatillg characteristics of extraction mi~tures consisting of rosemary

or peppermint leaves suspended in hexane, ethanol and hexane plu$ ethanol mixtures

were reported and it was found that the temperature rises were dependent on the dielectric

properties of the solvents and the leaves in question (Chen and Spiro, 1994).

There have been several attempts to develop relationships between the dielectric
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properties and composition, based on weighted averages of the dielectric properties of

individual components (eg. Sun et al., 1995; Kudra et al., 1992). However, these studies

imply that the approach is incomplete due to possible synergistic and loss effects.

Essentially, cross-binding of components in the parent material seems to play a role that

cannot be easily accounted for when measurements are done on the components

iridividually. The dielectric properties of four differerit processed cheeses are shown in

Table 2.5 for temperatures of 20 and 700e (Datta, 1999). At higher moisture and lower fat

contents, the loss factor increased somewhat with temperature.

2.4.3 Physical structure of target material

Dielectricproperties vary With a number of physical attributes including bulkdensity,

particle size, and homogeneity. Nelson (1992) developed relations for the dielectric

properties of whole and powdered grains at different bulk densities, moisture content and

frequency. Bulk density has been identified as a major source of variation for E' and E"

(Kent, 1977; Nelson, 1983a,b; Nelson, 1984a, b; K~nt élnd Kress-R,ogers, 1986 and

Nelson and Vou, 1989). The density dependence of the dielectric properties of materials

must be accounted for in elaborating functions determining grain moisture content ( Meyer

and Schilz, 1980). This relation could also be used in the control of continuous on-line

processing of the grain.

Table2.5 Dielectric properties of processed cheese at 2.45 GHz as related to composition

and temperatures 200e & 700e (Datta, A.K, 1999).

Composition Dielectric Constant and Loss Factor

% Fat % Moisture E' (20) E" (20) E' (70) E"(70)

0 67 43 29 43 37

12 55 30 21 32 23

24 43 20 14 22 17

36 31 14 8 13 9
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2.4.4 Density dependence

Since the influence of a dielectric depends on the amount of mass interacting with

the electromagnetic fields, the mass per unit volume, or density, will have an effect on the

dielectric properties (Nelson & Datta, 1999). This is especially notable with particulate

dielectrics such as pulverized or granular materials. In understanding the nature of the

density dependence of the dielectric properties of particulate materials, relationships

between the dielectric properties of solid materials and those of air-particle mixtures, such

as granular or pulverized samples of such solids, are useful. In sorne instances, the

dielectric properties of a solid may be needed when particulate samplesare the only

available form of the material. This was true for cereal grains, where kernels were too small

for the dielectric sampie holders used for measurements(Nelson and You, 1990) andin

the case of pure minerais that had to be pulverized forpurifiçation. For some'rnaterials,

fabrication of samples to exact dimensions required for dielectric prQpertiesmeasurement
, ... - '- \: : '1 -, -, ..';

is difficult, and measurements on pulverized materials are moreeasily performed. In such

instances, proven relationships for converting dielectric properties of particulate samples

to those for the solid material are important. Several well-known dielectric mixture

equations have been considered for this purpose (Nelson and You, 1990).

The notation used below applies to two-component mixtures"w,here E,represents

the effective permittivity of the mixture, El is the permittivity of the medium in which

particles of permittivity E2 are dispersed, and W1 and UJ2 are the volume fractions of the

respective components, where Wl+ W2 = 1. Two of the rnixtureequationsf9uncjparticularly

useful for cereal grains werethe Complex Refractive Index mbçtlJre,equatiQn (Nelson,

1992):

And the Landau and Lifshitz, Looyenga equation (Nelson, 1992):"

(e)1/3 =COt(et)1/3 +W2(E2)1/3

(2.8)

(2.9)

To use these standard equations to determine E2 , one needs to know thé dieleCtric

properties (permittivity) of the pulverized sample at its bulk density(air-particle mixture

density), and the specifie gravity or density of the solid material. Nel~on(1992)has

reported that the Complex Refractive Index and Landau Lifshitz,Lbôyenga (Nélson, 1992)

20



relationships provided a relatively reliable method for adjusting the dielectric properties of

granularand powdered materials with characteristics Iike grain products from known values

at one bulk density to corresponding values for a different bulk density.

The differences due to bulk density follow expectations due to differences in the

air-occupied volume. Nelson et al. (1991) reported that the dielectric properties of the solid

material of various hydro-colloids were greater than of the powdered materials. Although

many researchers are of the opinion that there is no theoretical basis for a pure particle

size effect, studies on instant coffee and milk powder implied that such an effect is

possible (Kress-Rogers and Kent, 1987). Measurements on various sieve fractions of

powdered or crushed grains obtained by Venkatesh et al. (1998) also indicated the

possibility of a particle size effect. Essentially, when a material is crushed or powdered,

one may expect changes in the surface characteristics, and it is therefore possible that the

proportion of energy transmitted changes. This would be reflected by a change in the

dielectric constant, without necessarily a change in the loss factor. However, t(ress-Hogers

and Kent (1987) do not agree withthis explanation. One of the proQlem$ inconcluding

partiele size effects is to ensure that the moisture content and compositions of the various

partiele size fractions are the same and that there are no changes due to heatinl;) during

grinding. If there is a "pure" particle size effect, it appears to be so small compared to the

influence of bulk density andother factors, that only very thorough and precise

experimentation will prove or disprove itsexistence.

2.5 Applications of Dielectric Properties Measurements

As mentioned in the introduction, the dielectric prop~rties of materials depend.on

many factors,includingsome thatare related to chemical composition. Once.fundamental

data on the relationships between the dielectric properties and other factors have baen

established, the rapidity with which the dielectric properties can be measured, and the non­

destructiveness of the methods, can lead to better methods of quality analysis or

monitoring of relevant properties or states, before, during or after processing. There are

many examples of such applications in the Iiterature of which only a few have been Iisted

below.
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2.5.1 Quality of agri-food material

These properties and the quality of a substance can be correlated. For example

either high frequency or lower frequencies can be used to measure the quality of fish and

meat (Kent & Kress-Rogers, 1987).

2.5.1.1 Edible oils 1fats

Consumption of oil and fat based foods have rapidly increased in recent years. To

guarantee an effective quality control for used frying fats, simple and rapid methods for the

measurement of thermal abuse are needed. Sorne of the tests that are reported include

heating several frying oils with and without food stuff and estimating the change of polar

parts, acid number, colour, specific absorption and dielectric properties. with prolonged

heating time. However, it is reported that these routine analyses may not always be

sufficient to characterize heated frying oils and fats. In recent reports, food-oil sensors

(Hein et al. 1998, U.S and German patented) have been shown to be useful in determining

heat abuse for fryingfats and oils. So far, there is neither much information nor simple

techniques that are available to understand the deteriorating nature .of theheated edible

oils which are ubiquitous in any food processing industry or operation. Çon~umers and

food catering units continue te use and reuse the fryingqils to meeteveryday demam:ls.

The dielectric constant was found to be the most significantindicator for quality
. . " ,', :. ". ", -.' ,',' .

control in commercial deep fat frying operations and it was also concluded that polymer

content and changes in dielectric constant are useful for monitoring frying oil quality (Paul

et al, 1996). It is reported that the measurements of the dielectric properties of edible oils

were compared to conventional methods of analysis (viscosity, refractive index, iodine

value, peroxide value & the fatty acids) for evaluating the frying quality of a blendof cotton
.' '.: : . -, -' !. , ,', \".

seed and sunflower oils and also for predicting deterioration occurring during heating of

the oil, as a large portion of edible oil iscQnsumed in frying of foods (EI-Shami et al. 1992)~

For fats and oils, both E' and E" are very low. For sorne oils, tallow and lard, E' is between

2.4 and 2.7 and physical stat~ is .rJ()t important for the values;h0'h'ever,itis more important

for the e" values. These values vary from 0.035 (lard -10°C) to 0.172 (corn oil +60"C,

impure) at 2.8 GHz. The E" increases with temperature and with transition.from solid to

Iiquid phase.

Venkatesh et al. (2000) reported the summariesof various recent stu~ies related
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to heated edible oils and their characteristics in an effort to establish comparative

standards used in deep frying operations in routine food services and processing

scenarios. Conventional analytical and chemical techniques have been identified and

compared with recent methods including Microwave based sensors and instrumentation.

The Food ail Sensor (FOS) is reported to be the most useful and helpful tool to investigate

the characteristics of oill fats and to assess their quality for monitoring purposes. Since

the technology is patented in Germany and the USA, the details of the design and

development of FOS is difficult to access in reported Iiterature. It is identified that edible

oils and fats are thermally altered during frying operations and whether or not there will be

residual effect on human consumption is yet to be fully justified. Onehéls to unqerstand

the interaction mechanisms of oill fat molecules subjected to MW radiation at broad range

of approved frequencies and temperature ranges. The advent of MW-chemistry techniques

will answer many issues related to quality sensing of usedheated edible oils. On the other

hand, dielectric properties measurement and its simplicity inanalysis needs more research

aswell. This research study has attempted to integrate the need for chemical anél1yses and

microwave techniques to address this challenging task of assessing quality of the most

sensory and culinary element of human food and diet.

2.5.2 Water quality detection

Raveendranathetal.,(1995) have adapted the microwave technique to study and

assess water quality aspects. They suggested that the dielectric behavior ofartificially

polluted water and polluted water collected from various industrial locations, could be

related in the use of an effective technique for detecting the polh,Jtants. in water at

microwave frequencies (2.685 GHz) based on the measurement of complex permittivity

of polluted water at 27°C. This may be useful for the study of oil- water mixtures for both

food and soil applications using microwaves.

2.5.3 Dielectric behavior of agri-food products

Dielectric properties vary considerably among different kinds of grain, crop and

weed seed. In general, (' and (" are greater for grain.and seed sarnples of higher bulk

densities and higher equilibrium moisture contents. The main inter~st in the dielectric

properties of agricultural products is for the determination of moisture content.
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Mathematical models for the E' vs. p of cereal grains have been developed (Chugh et aL,

1973; Nelson, 1973, 1987). Recent studies (Trabelsi et al. 1997) have indicated that

measurement of dielectric properties has potential in estimating engineering properties

such as mass, density, thickness, fat content, etc.

2.5.3.1 Baked food products and Flours

Microwave and radio-frequency heating have also been used for baking processes.

Microwave permittivities of bread dough were measured over the frequency range from

600 MHz to 2.4 GHz by Zuercher et al., (1990) as a function of water-f1our composition,

proofing time, and baking time.The dielectric constant and the los.sfactorboth decreased

as the water content and baking time was reduced. Permittivity of cracker dough, starch

and gluten were measured over the 0.2 to 20 GHz frequency range by Haynes and Locke

(1995) who also studied the dielectricrelaxation in this frequency range. They identified

two relaxation regions, one for doughs below 35% moisture associated with bound water,

and another for moisturecontents. above the level associated with free water. The

dielectric constant and loss factor of baked dough, as.a. functionQfJempe.rature:aod

moisture, were reported at .27 MHz. The dielectric constant gradLJally inçreÇisedw,ith

moisture content and temreratpre. Temperature alsoaff~cted thedielectric lossfactor

beyond this point. The ionic conductivity and the bound waterrelaxation are considered

the dominant loss mechanisms in the baked dough at this.frequency.. Seras etaI. (1987)

rneasured the permiftivity during heating of different flours with varying water contents. The

increase in E' before reaching 100oC, for dry flour, or with 10% water content, shows that

the water interacts with the polysaccharide matrix and thus is unfreezable. When water
, , . .,.' ., ; .~, . ':

evaporates, E' decreases to ,a stable level in a dry product. Dielectric propertiesforbread

and flour have been measured mostly at high frequencies.Althought" varies with

moisture, as can beexpected,temperature has only a minor effect.

2.5.3.2 Dairy Products

Dielectric properties of dairy products are relatively scarce. Properties of wheyand

skim milk powders have been measured by Rzepecka and Pereira (1974). Those of

aqueous solutions of nonfat dried milk were modeled by Mudgett et al.,(1971, 197.4).

Representative dielectric properties of milk and its constituants a.t 2.45 GHz are shown in
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Table 2.4 from the work of Kudra et al.,(1992). For butter, measurements between 30 Hz

and 5 MHz were reported by Sone et al. (1970). The dielectric constant and 1055 factor of

butter at 2.45 GHz as functions of temperature were measured by Rzepecka and Pereira

(1974). Their results revealed that the permittivity of bound water at 2.45 GHz had a

positive temperature coefficient, while the permittivity of free water decreased with

temperature. At temperatures below the freezing point, free water crystallizes, and its

permittivity decreased rapidly to very small values, 50 the behavior appears to result from

the influence of bound water. The rapid increase in the permittivity of butter above 30°C

may be caused by the disintegration of the emulsion. Over a small range of moisture

content, Prakash and Armstrong (1970) showed a Iinearincrease in dielectric constantwith

moisture content. SeasonaJ variation in dielectric properties of butter showed no significant

changes (O'Connor et al., 1982).

To et al.(1974) used aqueous nonfat dry milk soh,ltions asmodel sy~terTls~f9.l.md

that the milk salts do not dissociate completely. Bound salts (~bol.Jt33% of milkfats}do

not exhibit the same dielectric behavior as freely dissociated salts in solution. The dielectric

properties of milk, based on the total ash content, are lower than expected from the

chemical composition alone.

2.5.3.3 Fish, Seafood and Meat

Dielectric propertiesof codfish were measured at frequencies from 1Oto ?OO MHz

at temperatures from -25 to 10°C (Bengtsson et al., 1963). An abrupt change in the

dielectric constant was noted in the region of freezing temperatl.:'res wtliçh, beCélmeslightly

more graduai as frequency decreased. At temperatures below the freezing point, dielectric

constants increased slightlyfrom values below 1Oto valuesbetween 1Oand 20,b~fore the

abrupt increase, on thawing, to values between 60 to 90, depending on the frequency. At

10 GHz, dielectric properties of fish meal were studied by Kent (1970, 1972) as functions

of the temperature and moisture content. Both the dielectric constant and loss factor

increased non-linearly with.moisture content. They also increased with temperature in a

relatively Iinearfashion. Kent also examined the complex perl1li~tivityof fi$h me9-Un relat,ion

to changes in temperatur~, density, andmoisture content (Kent, t977), and concluded that

at high moisture contents and temperatures, the dependence of the permittivity on den~ity

was similar in nature to its dependence on temperature and moisturecontent.
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Kent and Anderson (1996) have reported the ability to distinguish differences in

scallops from those soaked in water and also those soaked in polyphosphate solutions by

a microwave spectra of the dielectric properties taken between 200 MHz and 12 GHz with

data subsequently subjected to principal component analysis.

Zheng et al.,(1998) recently reported dielectric properties at 915 MHz and 2450

MHz on raw non-marinated and marinated catfish and shrimp at temperatures from about

10 to 90°C. Measurements showed that marination increased both the dielectric constant

and loss factor. The dielectric constant generally decreased with increasing temperature

whereas the loss factor increased with temperature. The dielectric properties of tuna fish

at 2450 MHz and 915 MHz and from -30 to 60°C is reported elsewhere. The dielectric

constant and loss factor varied with the composition of a substance and the temperature.

The values of dielectric properties were smail at temperatures below the freezing point.

The sharp increase in dielectric properties was observed around the freezing point. The

dielectric constant and loss factor increased with increased water content at constant

temperature; the dielectric constant and loss factor of lean tuna were I.arger than those of

fatty tuna.

Ohlsson et al.,(1974) studied meat emulsions at 900 and 2800 MHz and concluded

that correlation with dielectric data for fat and protein content was complex. Bengtsson and

Risman (1971) reported dielectric properties data for a large variety of foods, measured

at 2.8 GHz with aresonant cavity as a function of temperature, including both raw and

cooked meats. In general, both the dielectric constant and loss factor increased with

increasing moisture content. When temperature increased through the freezing point,

sharp increases were notedin both the dielectric constant and Ipss factor. They found no

significant differences in dielectric properties between ground and wh.o1e.. meat. Although

moisture content is dominant, both ash and protein content can affect meat dielectric

properties. For beef products, both (' and (" increase with falling freqLJen<~y,at consta~t

temperature; however, (' decreases and (" increases withincreasing temperature at

constant frequency. The (" of turkey is higher than that of beef, which is mainly due to

moisture content. Both E.' and E." are smalt for frozen meat, under 10 and 2, respectively.

Both the permittivity and 1055 factor for cooked beef are about 60% of those for raw beef

(Kent, 1987).

When dielectric properties data for many different types of fooc;:ts (meélts, fruits, and
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vegetables) are considered together, they showed very little correlation with composition

(Sun et al. 1995). This was attributed to variability in sample composition and

rneasurement errors, and the general unavailability of detailed composition data. To et aL,

(1974) reported statistical correlations of data at 2450 MHz from a restricted set containing

about 25 data points for raw beef, beef juice, raw turkey, and turkey juice, with composition

data taken from the USDA Handbook (USDA, 1976). Their study revealed significant

relationships between both the dielectric constant and 1055 factor and the water and ash

contents and temperature (Sun et aL, 1995). The addition of terms for components such

as protein, carbohydrates, and fat, did not improve the correlation significantly. Also, de

Loor and Meijboom (1966) found that highwater-content foods, such as potato, agargels,

and milk, had similar relaxation times, which they attributed to the availabilityof free water

in the foods. Thus, since the moisture content of ail the meatsand meat products used in

the correlation (Nelson and Datta, 1999) was greater than60%, the free water shouldbe

the dominant component governing the overail dielectric behavior of these. foods.

The ash content was taken to be a good indicator of the to.tal salts in these foods.

Increased ash content served to elevate the dielectric constant in the foods, which agreed

with the experimental data reported by Bengtsson and Risman (1971), in contrastto the

behavior of aqueous salt solutionswhichexhibit a reductionin thedielectric constant with

increasing salt concentration. In the range of temperatures studied (Sun et aL, 1995) the

ash content elevated.the dielectric loss, indicating thatincreased~alt adds conductive

charge carriers that increase the loss of the system as a result of charge migration.

The dielectric loss of aqueous solutions at microwave frequencies may pe divided

into effects of dipole rotation and ionic charge migration. As discussed by Mudgett (1980),

the dipole loss component decreases as temperature increases,while the ioniccomponent

increases with temperature. Furthermore, if the ash content in the food is sufficiently high,

the ionic component may dominate the dipole loss, resulting in an increa~e in the dielectric

loss with temperature. Results of Sun et al.,(1995) showed that for salt contents greater

than 2%, the predicteddielectricloss increased with temperature, w,hich is in accord with

the behavior of aqueous salt solutions. As discussed by Ohlsson et al.,(1974), the high

temperature dependence of the ionic conductivity explains the rise in the dielectric 1055
'. "

with temperature.
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2.5.3.4 Water mixtures of sugars and starches

Kent and Kress- Rogers (1987) measured the dielectric properties of sucrose,

glucose and syrup. Complex permittivity varied with frequency and concentration. The

values measured at 2.8 GHz differed greatly from those at 3.05 GHz. Roebuck et al.

(1972) have studied the dielectric properties of potato starch, sucrase, glucose, ethanol

and glycerol, at 1 and 3 GHz and 25 oC. At intermediate water concentration, gelatinized

potato starch has higher (' and (" values than starch in granular form. Carbohydrates do

not show appreciable dipole polarization at microwave frequencies. Exclusion of water by

the carbohydrate is, therefore, important for the dielectric properties of a carbohydrate­

water mixture. Mladek and Komarek (1974) studied potato and wheat starches containing

up to 40% water. At 10 GHz, the (' of potato starch is higher than that of wheat starch,

however the (" of potato starch islower. The losses are due to relaxation of hydroxyl

groups in a dry starch molecule. The dielectric properties of chemically modifiedand sorne

unmodified starches have been studiedby Miller etaI. (1991). The (II for mosl starches

generally decreased during heating, however it remained constant withinthe temperature

range associated with the th~rrTlal transition of starch~ Th~ typ~ of qhemiçal modification

seems to have a strong influence onthe dielectric behaviour,

2.5.3.5 Salt Solutions

Many agricultural and food materials contain water as the major constituent. Also,

salt ions can affect the dielectric properties significantly,. especially the. dielectric 10$s

factor. Thus, it is useful to study the dielectric properties of salt solutions (Sun et aL,1995,

Hasted et aL,1948) which are relatively simple systems,and they may suggest trends in the

dielectric behaviour of sorne food materials. The dielectricproperties ,of saline solutions

have been studied in deta.il and models for calculating theseproperties as functions of

temperature and salinity have been developed and testedagainst experimental data from

the reported literature. The dielectric constants of the salt solutions decreased as

temperature rised. However, the sign of the temperature coefficient of the dielectric loss

factor depends on the concentrati.on for the range of temperatures selected.
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2.5.3.6 Broth, gravy, soup and salad cream

The temperature dependence of broth, gravy and soup seems to be similar to that

for water and other foods (Bengtsson & Risman, 1971). Laursen (1987) found that the

permittivity curves for salad cream changed considerably during extended storage at room

temperature; the droplet size had no effect.

2.5.3.7 Water Activity (aw)

The "mobility" of water within the structure of a host material may vary widely - from

highly mobile "free" water, to "bound" water that is somehow kinetically constrained.

Mobility is Iinked to water activity, which describes water's contribution to the support of

bacteria and fungi. Quantifying water activity is key to research on food preservation and

safety. The dielectric measurements are a unique research tool inunderstanding aqueous

solutions, water activity, food preservation, shelf Iife, hyctratjon phenomena, and phase

transitions. Properly designed and calibrated electrical instruments are used to quickly

determine the moisture content.

2.5.3.8 Food dielectric properties atfreezing and sterilizing temperatures

Accurate knowledge of dielectric properties in partially frozen.material is critical to

determining the rates and uniformityof heating in microwa"ethawing. As the ice in the

material melts, absorption of microwave energy increases tremendously. Thus, the

portions of material that thaw first, absorb significantly moreenergy and heat at increasing

rates that can lead to localized boiling temperatures while other areasar~ still frozen.

Dielectric properties of ..fro:zenfood materials have .. been rep<;>rted in the literature

(Bengtsson et al.,1963, 1971; Kent et aL, 1975) and these properties can be heavily

influenced by composition, particularly total water and salt content. Salt affects the

situation through freezing point depression, leaving more water unfrozen at a given

temperature in this range. Salt also increases the ionic content and consequently the

interaction with the microwave fields.

Chamchong (1997) reported dielectric properties at 2450 MHz of TyloselM, a food

analog, covering the frozen range. For complex and formulatedfoods such as TyloselM,

the dielectric properties must be measured or estimated (Ohlsson, 1989; Buffler &

Stanford, 1991, Venkatesh, 1996). Both the dielectric constant and loss félctor decreased
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significantly as more water was frozen. Since the fraction of unfrozen water is a nonlinear

function of temperature, the increase in dielectric properties of the partially frozen material

is also nonlinear with temperature. Above the freezing range, the dielectric constant of

tylose decreased Iinearly with temperature. With the addition of salt, the dielectric constant

decreased while the dielectric loss factor increased.

Dielectric properties at high temperatures, useful for microwave pasteurization and

sterilization, have been scarce (Nelson and Datta, 1999). In addition to temperature effects

perse, physical and chemical changes such as gelatinization of starch (Miller et al., 1991)

and denaturation of protein causing release of water and shrinkage (Li and Barringer,

1997) at higher temperatures can significantly change cjielectric pr()pel1jes. ~everal

authors have published equations to predict the dielectric properties asa function of water,

salt and temperature. These equations work best for foods where a large number of

relatedsamples have been reported in the literature. For foods where .Iittle has been

published, the accuracy of the .models decreases, in sorne cases dramatically.

The dielectric properties of simple systems sUGhas waterof.salt waJerare Iinear

with respect to temperature.Liquid foc;>ds, such as broth artd gravy,area's()~ypic~.Ilyl,inear

with temperature. More complex food systems, such as meats, are notlinear. One reason
. - . . ,:'; " ....., ... \-',' - .;. '

may be due to phase changes, such as protein denaturationand starch g~latinization.

Protein denaturation changes the water and salt bindingcapacity of thefood,e)(pels water,

and changes the dielectric properties. For high-salt products such as hélm,the change in

dielectric properties at the denaturation temperature is strongly a function of salt content

(Barringger, 2000).

The dielectricproperties ofseverai powdered hydrocolloids, including potato starch,

locust bean gum, gum arabic,carrageenan and carboxymethylcellulose, were measured

at 2.45 GHz as functionsof temp,erature (20 to 1DOCe) al1dmoistlJr~ç~ntent beween Q%

and 30%, wet basi~ (Praka~~,etal.,.1992, Nelson et al., 1991 )" Jh~,die,lectriccpnstants

and loss factors of ail hydrocolloids increased with moisturecontent andwithternperature

indicating a relaxationfrequency below 2.45 GHz atall moisture contents and

temperatures. The degree of temperature dependence of ail five hydrocolloids increased

as moisture content increased but to a lesser extentinpotélto starch and a much lesser

extent in locust bean gum.
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2.5.3.9 Dielectric properties of nuts

Dielectric properties of nuts are quite Iimited. Dielectric constants and loss factors

for peanuts have been reported for the 1 to 50 MHz frequency range (Nelson, 1973,1981)

showing the expected variation with frequency and moisture content. More detailed

information is available for chopped pecans (Nelson, 1981), and these data are reported

for the frequency range from 50 KHz to 12 GHz over the moisture range from 3 to 9%, wet

basis, at 22°C. The temperature dependence at 0 to 40°C of the dielectric constant and

loss factor were determined for the frequency range from 100 KHz to 110 MHz over a

similar range of moisture contents (Lawrence et al., 1992, 1998). Both the dielectric

constant and loss factor increased regularly with moisture content at ail frequencies and

decreased as frequency increased. At low moisture contents, the temperature dependence

was minimal, but both the dielectric constant and loss factor increa~ed rapidly with,

temperature at high moisture levels.

2.6 Dielectric behavior of soils

Irnportant factors in the behaviour of soils exposed to microwavesare thedielectric

properties of the componentsotthe Boil. Only limited information is availableon these

properties in the Iiterature, particularly at microwave frequencies. Hoekstra and Delaney

(1974) studied the dielectric properties of a fine san<;f, a silt, asilty clay ~nda clay soil (f

=100 to 26000 MHz). Theirdatél revealed the following general relationships: E' increa~e

with an increase in temperature, but. the E" remains. fairly constant .as t~rnperature

increases; the E" goes through a relaxation point; as temperature decreases the frequency

(at which relaxation occurs) increases; both E' & E" increase with an increase in water

content; the frequencyat which relaxation occurs increases with a decrease in water

content; and E' decreases with frequency and decreases more sharply after the relaxation

frequency. In general, the E' of soils varies from 2 to 3 for dry soils to up to 20 for soils with

a moisture in the range of 0.3 g/cm3
• The En vary from 0.5 for dry soils to approximately 4

for high moisture soils. SoUs with concentrated organiccompoun<;fs hilyehigher elec~rical

conductivities than soils permeated with the sameamoLJnt of water.As weil, if the

compound has a low E' and is present in a high concentration, clay. particles will tend to

f1occulate.
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2.6.1 Dielectric Behavior of Organic Solvent Mixtures

Very Iittle information is available on the dielectric properties of solvents and solvent

mixtures at microwave frequencies. Knowledge of these properties is required to

understand how soil/solvent mixtures behave when exposed to microwaves. The testing

of solvent mixtures is essential as it is found necessary to use a mixture of solvents in

compounds. Certain selected solvents and their mixtures have been tested in this study.

2.6.2 MApTM

The Microwave-Assisted Process (MAp1M
) is an enhanced extraction technology

patented by Environment Canada that uses microwaves to rapidly transfer target

compounds from one phase to another by selectively heating the phase containing the

target compounds (Pare et aL, 1994). The MAp1M technologies use microwaves to assist

in physical or chemical processes. The use of this technology for the solvent extraction of

organic contaminants from soil has proven successfulin the area of analytical sample

preparation and has penetrated various areas of research including quality control;

pharmaceutical, food products, food safety, nutritional verification, environmental sample

separation; contaminated soil, contaminated water, waste streams, contaminated animal

tissues, pesticide residues in plants and in forensic sciences - drugs in tissues.

2.7 Summary of Industrial, Scientific, Medical and Domestic (ISM & 0) Applications

2.7.1 Agriculture

There have been relatively few recent attempts to apply microwave power to

agriculture; more investigations were carried out in late1960s and early 1970s (Person,

1972). The areas of application include drying of grains {Bhartiaet aL, 1968, Copson,

1962, Fanslow and 8au11971, Rzepecka et al. 1972a, Wesley et al. 1974, insectcontrol

(Nelson, 1972; Nelson and 8tetson, 1974), and seedgermination (JoUy and Tate, 1971;

Nelson, 1976a; Nelson etaI., 1976). 8uch exotic usesof microwave ene,rgy as protection

of plants form cold were also suggested (Bosisio et aL, 1970; Bosisio and Barthakur,

1973). The main limitation of these applications is economics. Insect control and seed

germination are more Iikely candidates for economic use of microwave power than grain

drying.

Insect control is achieved by heating the insects for a .sufficient period to a
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sufficiently high temperature, preferably without heating the host material. The difference

in the heating rate of the insects and grain depends on the dielectric properties of the two

and their size and shape (Nelson, 1972; Nelson and Stetson, 1974). The dielectric

properties of various grains were measured in a broad range of frequencies, temperatures,

and typical moisture contents Chugh et al., 1972; Nelson, 1976b, 1977; Nelson and

Stetson, 1975). Similarly, the permittivity of a few typical insects was investigated (Nelson,

1976b).

Seeds of many legumes present a germination problem owing to a large number

of hard seeds. While these seeds are viable, an impermeable seed coat prevents the entry

of moisture necessary to initiate gemination, and consequently the seeds germinate and

grow late and may not have sufficient lime to mature by the harvesttime.8uch .seeds,

when heated to an appropriate temperature, show greatly improvedgerminationwithout

any other undesirable side effects. Extensive studies were conducted of alfalfa seed

germination aftertreatment atvarious frequencies (Nelson et al., 1976a). Also, germination

of clover, acacia, Douglas fir, pine and spruce were investigated (Tran and Cavanagh,

1979).

2.7.2 Food

Application of microwave powerto numerous food processes has been investigated

on a laboratory scale, and a few successful industrial processes are presently in operation

(Bengtsson and Ohlsson, 1974; Friedmann, 1972, 1973; Thourel,1979). The processes

studied include drying (Anon, 1972; Maurer et al., 1.971; RZepeck~-Stuchly, 1976;

Rzepecka et aL, 1976; Sobiech, 1980; Suzuki and Oshina, 1973), freeze-drying

(Decareau, 1982; Ma and Peltre, 1975; Sunderland,1982), preheating, thawing (Bialod,

1978; Phan, 1977; Priou et aL, 1978), sterilisation (Decareau, 1982; Jaynes, 1975; Kenyon

et al., 1971; Lin and Li, 1971), enzyme inactivation (Aref, 1972; Goldblith et al., 1969),

meat tempering (Meisef, 1973; Schiffmann, 1973, 1976), blanching (Avisse and

Varoguaux, 1977; Chen et aL,1971 a, 1971 b), and cooking (Decareau, 1982; Goldblith,

1975; May, 1969; Nykvist and Decareau, 1976; Suzuki and Oshima, 1973).

ln the baking industry one of the most successfulapplications deve10ped on a

commercial scale is the microwave doughnut proofing. The systems developed by PCA

Food Industries, Inc. in the USA operates at 2.45 GHz,with an output power between 2.5

33



and 10 kW. Another microwave application in baking, also developed by the same

company (DCA), was the doughnut fryer (Moyer, 1973; Schiffmann, 1973).

A highly successful system for meat tempering was developed by Raytheon

Company (USA) (Schiffmann, 1973). One of the most important factors in tempering is to

ensure that the product enters the microwave tunnel at a uniform temperature without any

incipient thawing. Thawing is understandable in view of the difference in the dielectric

properties of frozen foods and foods at temperatures close to O°C. The high loss factor of

the thawed part of the food is responsible for overheating and thermal runaway. The meat­

tempering system operates at 915 MHz.

Drying of pasta products is another example of successfu1 comm,ercial-scale

application of microwave power. The system developed by the Microdry Corporation (USA)

operated at 915 MHz with a power of 30 or 60 kW (Schiffmann, 1976).

The growth of applications of microwave power in food industryin Europe has

paralleled, if not outrun, that in the United States (Meisel, 1973). Tempering tunnels

developed by LMI in France are used for beef, lamb andham. They operélte at 2.45 GHz

with an output power of 2.5 kW or 5 kW.

Two interesting systems were developed by Thomsonat CSF (France) and Nestle

Company (Switzerland), and Thomson and Japanese companies (Nittan Foods Co., and

ShirTlada Raka Kogyo Co.),(Meisel, 1973). The microwavepowerof ,5 k,W iS,supplie,q Cil

2.45 GHz. Various systems are in use operating at 915 MHz and 2.45 GHz wit~ an output

power ranging from 1.4 kW to 30 kW (~ase, 1973; Ogura élnd Kase, 1978). Puffing and

drying of snack foods is another popular application, and some products have been

developed specifically for microwave processing, e.g. puffed rice cake and seaweeds. In

China, microwave power is used to dry chocolate powder and milkcake, and to age wine

and spirits (Chen et al.,1982).

2.7.3 Paper and Textiles - industrial application

Microwave power has been used in processing of paper and textiles in :several

ways including moisture leveling orfinishdrying (Chen et,aL, 1.~82;Galeano, 1971; Jones

et al., 1974; Jones and Lawton, 1974;Williams, 1966), rapid dryingof.print (An()n, 1968;

Moore,1968; VanKoughnett and Wyslouzil, 1972), drying of glue on paper (Cumming and

Bleackley, 1967), polymer sturation (Minami and Branion; 1972; Takahashi et al., 1969),
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and drying of various coatings.

2.7.4 Aspects on Scientific Applications - biological

2.7.4.1 Power

Microwave power is used to generate and heat plasma. A relatively large number

of studies has been carried out in this field (Bosisio et aL, 1972, 1973; Johnston, 1970;

Moisanet aL, 1979). Rapid microwave heating aids or even enables chemical reactions.

ln neuro-chemical studies microwave power is used to rapidly fix the brain of living

animais (Butcher et aL, 1976; Kant et aL, 1979; Lenox et aL, 1976; Merritt and Frazer,

1977; Schmidt etaI., 1972; Sharp-Iess and Brown, 1978). Special applicators have been

developed to apply the energy effectively to the desired brain volume. The microwave­

fixation technique permits the measurement of neurochemical parameters unobtainable

by other methods (Merritt and Frazer, 1977). Microwave energy was also used for the in­

situ fixation of cells grown in tissue culture (Patterson and Bulard, 1980), in rapid

processing of the vitreous carbon-polymethacrylate implant(Hodosh et aL, 1978).

2.7.4.2 Measurements - emerging fields

Microwaves have beenextensively used in investigating molecular structure of

materials in dielectroscopy (measurements of the permittivity) and in spectroscopy. Both

of these fields are very sophisticated and highly developed, and detailed description is

outside the scope of the review. From the measurements of the permittivity ofliquid and

solid materials, including biological materials, as a function of frequençyjn themicrowave

range, and temperature, it ispossible to determine sorne featur~sof the molecularand
,- ,', ,- ,.' " - : ':', .

cellular structure. Microwave spectroscopy is also used in·illv:estigating molecularstructure

of gaseous media. This technique can also be utilised in industry; for instance, for air­

pollution control (Schiek et aL, 1977). Plasma can not only be generated with the aid of

microwave energy, but low-intensity microwaves are used in diagnosis of the state of

plasma (Johnston, 1970). Another interesting application is in a study of laser-production

blast waves (Hall, 1969).

2.7.4.3 Monitoring. properties of materials; nondestnJctivetesting

Since dielectric properties depend on properties ott)er than Vl(ater content;th~~e
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other properties can also be monitored by measuring the dielectric properties at microwave

frequencies. The organic content (e.g. macromolecule kerogen) of oil shale was measured

by Judzis et al. (1977). The void fraction in organic coolants used in nuclear reactors was

continuously monitored in an open-ended cavity similar to that used for measuring bound

water (Stuchly et aL, 1974). A Iinear dependence of the resonant frequency as a function

of void fraction was obtained for a sensor operating at about 1.5 GHz. The sensor was

designed to be incorporated into the cooling system. Changes in the dielectric properties

were also used to measure the density of cryogenic fluids (Ellerbruch, 1970), to monitor

concrete curing (Rzepecka et aL, 1972) and to measure the fibre orientation in paper (Tiuri

and Liimatainen, 1975). A pulsed-radar technique was utilised to detect oil on water

(Klemas, 1972), and the microwave ferromagnetic resonance was used to find f1aws in

metals (Anon, 1978).

2.7.4.4 Safety aspects of 1S M& 0 applications

From the numerous devices developed for industrial, scientific, medialand

domestic use, emissions from r11icrowave ovens, both industrial and domestic, are

regulated in most of the Western countries. It has been established. thatexposureto the

operator from a leaking oven is extremely low. Surveys of theovens in the USA and

Canada (Stuchly et al., 1979) indicated compliance with the regulations and leakage weil

below the limit for many r11odels. A large number of simple and inexpensive devices have

been developed for detecting leakage from microwave ovens (Bojsza, 1980; Voss and

Turner, 1982).
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III DIELECTRIC PROPERTIES MEASURING TECHNIQUES

- an Overview of Usefulness, Applications, Instrumentation and Development

3.1 Background

Dielectric parameters of various agri-foods and biological materials are finding

increasing application as fast and new technology is adapted for use in their respective

industries and research laboratories. Dielectric properties and measurement studies dates

back to more than 80 years. Earlier concept of perrnittivity measurements based on dc

electrical resistance to determine grain moisture content. Non-linear increase in resistance

of the grain as temperature increased, gave useful observation. However, no quantitative

data were reported. Later on, ac measurements were commonlyemployed tomeasure the

change in capacitance and suitable sample holding capacitors were developed. Grain

moisture measurement based on dielectric properties data became the most prominent

agricultural application. Newer instruments and their calibrationledtQ thedevelopment of

a Standard -oyen technique which further contributedto several applications, of radio­

frequency dielectric heating and supplemented the quest formorequanti~ativevalues. First

moisture meter was designed and developed in U.S.S.R. for barley and wheat moisture

measurement. In recent times, the concept of permittivity measurement hasextended to

various agricultural, food and biosystems problems. Research and development in.this

area need to be intensified.

With a need for development of improved sensing devices for the control and

automation of several agricultural,enyironmental and food prQcesses, there isan ab,solut~
.... '1 ,"

need for better understanding of the dielectric propertiesotmaterialsand techniques for

measuring these parameters. Measurement of the bulk dielectric properties(t', t") isnot

an end unto itself. Rather, these parameters are an intermediaryvehicle forunderstanding,

explaining and empirically relating certain physico-chemical properties of the test materia!.

Therefore, in this study, an attempt is made to further the knowledge of dielectric

properties (complex permittivity), their role and importance in agri-food sectors; and

concept of various measurement techniques and development are briefly summarized. An

extensive review of Iiterature onmeasuring techniques, comparison and potential

appliçation of dielectriqproperties is reported and the read~rsare advis€)d to fol.lowthe

appropriate literature citec;f for detailed and complete reference.
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3.2 Literature on Measurements - an overview

Early measurements of food dielectric properties were made by Dunlap and

Makower (1945) for carrots at frequencies in the range of 18 KHz to 5 MHz. The dielectric

constant and conductivity were reported to depend largely on moisture content as

influenced by frequency, temperature, density, and particie size. The dielectric constant

was essentially constant at moisture contents up to 6-8% and increased rapidly at higher

moistures; similar behavior was seen for measured conductivities. Their results suggested

that higher frequencies were most suitable for moisture determinations in food products.

Dielectric properties of potato, carrot, apple, and peach tissue were measured by Shaw

and Galvin (1949) at frequencies form 1kHz to 40 MHz. Their measurements showed a

general region of dispersion between 100 kHz and 20 MHz and provided sorne useful datél

on the temperature dependence of conductivity in fruits and vegetables. Dielectric

properties of raw potato at frequencies from 300 to 3000 MHz dropped appreciably with

increasing frequency (Pace et aL, 1968b). The dielectric properties of apples(ThornPson

and Zachariah, 1971) atfrequencies of 300 to 900 MHzwerefound to vary withrllaturity,

dropping appreciably in the process of aging.

Morse and Revercomb (1947) measured the dielectric.constélntancposs of rrlE~ats

and vegetables at temperatures above and below the freezing point andfoundlarge

differences in the properties of frozen and unfrozen $amples. Thawed pqrtiQns of

processed samples also showed "runaway" heating effects, resulting from selective energy

absorption by unfrozen fluids; unevenness in thawing was also reported by Brown et aL,

(1947). Harper et al., (1962) measured dielectric properties for a variety of products at 500

MHz and 2 GHz in connection with freeze -drying studies. Values obtained for peaches,

pears, beef steak, and beef fat showed that loss factors decr~a~edas freq4fiH)CY increased

or as temperature decreased. Measurements of various meats and fish, including raw

beef, pork, beef and pork fat,codfish, and herring, were made by BengtssonetaL (1963)

at radio frequencies from 10 to 100 MHz. They foundlarge qifferençes in. the dielectric

properties of frozen and unfrozen samples and significantdifferences between $amples

with fibers oriented perpendicular ofparallel to the field, Le., anisotr~piç behavi<;>r. The

dielectric properties of raw potato, potato starch, and milk were measured by de Loor and

Meijboom (1966) at microwave frequencies form 1.2 to 18 GHz.

The effect of moisture content on the dielectric properties of granular solids was
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studied at 9.4 GHz by Stuchly (1970) over a wide range of temperature and moisture

contents. Temperature dependence was not seen for dried solids but increased

dramatically at higher moisture contents. Similar behavior as a function of moisture has

been reported by many other researchers.

Goldblith and Pace (1967) considered the potential for microwave finish drying of

potato chips and found that energy absorption at 1000 and 3000 MHz increased at higher

moisture contents and temperatures. In connection with this study, Pace et aL, (1968a)

measured the dielectric properties of 11 commercial fats and oils at frequencies from 300

MHz at 3 GHz and at varying frying temperatures. Little variation in dielectric behavior was

seen for these measurements. One of the oils was measuredoveran ~xtended frequency

range form 100 Hz to 80 ~Hz and wasfo.und to have a. region of <:iisper~ion (rélpiq variation

in dielectric behavior with frequency) from about 19 MHzto t GHz, The dielectric

properties of reconstitutedground beef were measured at 915 MHz by van Dyke et aL,(

1969) to study the influence of moisture, ash, and fat contents.·Moisture contents below

20% showed little variation in.dielectric loss. Losses increased sharply with an increase in

moisture form 20% to 45% and then more slowly at higher moistures. Losses were also

found to increase with ash content and to decrease with fat content. More recently,

Bengtsson and Risam (1971) measured food properties at 2.8 GHz and temperatures fram

-20 to 60°C. Foods included raw beef and pork, cooked beef andham,fish, carrots, peas,

mashed potatoes, gravy, and fats. Their results showed a wide variation in dielectric

behavior due to differences in chemical composition,physicalstate, and temperature. It

is not possible to estimate theeffects of conductivity in these measurements,because ash
• • .".':' .. - . " - .: "-', ~ .",:,' ; .0;._•. :'.. _ . '. . : .; J .' .,:

contents of the samples were not reported. The effects of dissolved salts on dielectric loss

in milk were also investigatedin chemical simulation studies, which showedthat

predictions of milk loss based on conductivities implied by ashcontents needed to be

corrected for binding and nonbinding interactions of milk salts (Mudgett et aL, 1971).

Abstracts on much of the work described above and on areas of related interest in

microwave food processing are available in a bibliographyon microwaves by Goldblith and

Decareau (1973). During the next decade, food measurements providing a broad overview

of dielectric behavior for liquid and semisolid products at frequencies and temperatures of

interest in food processing were reported based on research performed at the

Massachusetts Institute of Technology (Roebuck et al., 1972; Mudgett, 1974; Mudgett et
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al.,1974a,b; To et aL, 1974; Roebuck and Goldblith, 1975; Mudgett et aL, 1977, 1979,

1980), the Swedish institute for Food Research (Ohlsson et aL, 1974; Ohlsson and

Bengtsson, 1975), and the U. S. Department of Agriculture (Nelson, 1973, 1980).

Although dielectric properties and their effects in food processing can now be

predicted over a wide range of frequencies for many foods and processing conditions

based on models, there still remain sorne interesting questions on the dielectric behavior

of a number of polar and non-polar food constituents and their mechanisms of interaction

with an electromagnetic field. A quantitative model for the coupling of electrical energy in

foods by radiative transfer has not yet been found. The relationships between the dielectric

properties of foods and the electrical characteristics of microwave applicator/generatorwith

respect to mutual interactions between the loaded cavity and the generator during the

course of dielectric heatingor processing is not clearly understood or interpreted.

The mechanisms of interaction between complex polysaccharide such as starch,

pectin, and cellulose with water and their effects on dielectric behavior and organoleptic

quality and the basis for energy coupling and attenuation by high mole.cular weigh Iipids

(fats or oils) and food solids (colloidal proteins) at both microwave and sub~microwave

frequencies are of particular. interest. Dielectric measuremellts of foods at elevated

temperatures and pressures would also be useful for developing predictive sterilization

models, particularly for the design of high temperature short time (HTST) processes to
. " ..

optimize retention of nutrients. At microwave frequencies, dipole lasses in high and

intermediate moisture foods are dominant at low temperatures while ionic losses become

increasingly dominant at higher temperatures, where penetration. depths become

increasingly shallow, or lower moisture, where penetration depths .become increasingly

large. While ionic losses and penetration depths are much greater at sub-microwave

frequencies, dipole losses for high, intermediate, andlow moisture foods.are negligible at

frequencies below 100 MHz.

3.3 Methods of Measurement of Dielectric Properties

The measurement.of dielectric properties has gained importance because it can

be used for non-destructive monitoring of specific properties of materials undergoing

physical or chemical changes. There are several techniques to measure the dielectric

properties of agri-food materials (Sucher and Fox 1963; de Loor and ME;lijboom 1966;
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Bengtsson and Risman, 1971; Metaxas and Meredith, 1983). The dielectric properties of

food materials in the microwave region can be determined by several methods using

different microwave measuring sensors (Kraszewski, 1980). The particular method used

depends on the frequency range of interest and the type of target material. The choices

of measurement equipment and sample holderdesign depend upon the dielectric materials

to be measured, the extent of the research, available equipment and resources for the

studies. Vector Network Analyzers (VNA) are expensive but very versatile and useful if

studies are extensive. Scalar network analyzers and impedance analyzers are relatively

less expensive but still too expensive for many programs. For limited studies, more

commonly available RF and microwave laboratory measurement equipment cansuffice if

suitable sample holders areconstructed. Nyfors and Vainikain.en (1989)gllcyefourgroups

of measurement methods : IlHilpedcircuit, resonator, tré;lnsmissiorlline andfr~.e-$t:>~ce

methods. The lumped circuit techniques are no longer used to any great extent sinoe they

were only suitable for low frequencies and high loss materials. The latter threeand the

recent open-ended coaxial probe (Hewlett-Packard, 1992) employ impedance, spectrum

or network analyzers. Currentdevelopments are aimedat eliminating the need for these

expensive yet versatile accessories (Nelson, 1991).

3.4 Measurement Principles élnd Techniques

The measurementmethods relevant for any desired applicatiOl'l depe~don the

nature of the dielectric material to be measured, both physically and electrically, the

frequency of interest and the degree of accuracy required. Despite the factthat dif,ferent

kinds of instruments can be used, measuring ins~n,lment that provide reliable

determinations of the required electrical parameters involving the unknown material in the

frequency range of interest can be considered (Nelson, 1998). The challenge in making

accurate permittivity or dielectric property measurements is in designing of the material

sample holder for those measurements (RF and MW frequency ranges) and adequately

modeling the circuit for reliable calculation of the permittivity from the electrical

measurements. If one. can estimate the radio-frequency .(RF) .circuit pl;lrameters
,.- ",; ',- ... -'" ,- . " ", . ,.,.' .,."-' "

appropriately, the Impedance or admittance for example, the dielectric properties of that

material at that particular frequency can be determined from equations thatproperly relate

the way in which the permittivity of the material affects those circuitparameters.
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Field (1954) has reviewed the techniques for permittivity measurements in the low,

medium and high frequency ranges, including the use of several bridges and resonant

circuits. Dielectric properties of grain samples were reported from measurements with a

precision bridge for audio frequencies from 250 Hz to 20kHz with sample holders confined

in a coaxial sample holder (Corcoran et al., 1970). Attention must be paid to electrode

polarization phenomena at low frequencies, which can invalidate measurement data.

Results of grain and seed samples tested using Q-meter based on resonant circuit

have been documented in the range of 1- to 50-MHz range (Nelson, 1979a). Other

techniques were designed and developed for higherfrequency ranges with coaxial sampie

holders modeled as transmission-line sections with lumpedparameters and measured with

an RX- meter for the 50- to 250- MHz range (Jorgensen et al., 1970) and for the 200- to

500- MHz range, measured with an Admittance meter (Stetson and Nelson, 1970).

Lawrence et al. (1998) have designed and modeled a coaxialsample holder to

accommodate flowing grain and characterized by full twQ~port parameter measur~ments,

with use of several organic solvents such as alcohols .of kn()wn perrnittivities, and signal

flow analysis, to offer dielectric properties of grain over a range of 25to.350 MHz. '

At microwave frequencies, generally about 1 GHz and higher, transmission-line,

resonant cavity, and free-space techniques have been commonly used. Principles and

techniques of permittivity measurements have been illustratedin several reviews

(Westphal, 1954; Altschuler, 1963; Sussey, 1967). Dielectric property measurement

techniques can be categorized as reflection or transmission types using resonant or non­

resonant systems, with open or closed structures for sensing of the properties of material

samples (Kraszewski, 1980). Waveguide and coaxial-line t~ansmission measurements

represent c10sed structures while the free-space transmission measurernents and open­

ended coaxial-line systems represent open-structure techniques respectively. Resonant

structures can include eitherclosed resonant cavities oropen resonant structures operated

as two-port devices for transmission measurements or as one-port devices for reflection

measurements (Nelson, 1998).

ln the earlier measurements by Roberts and von Hippel (1946), the standing wave

ratios (SWR's) were required to measure in line with and without the sample inserted.

Based on the shift of thestanding-wave node and changes in the widths of nodes, related

to SWR's, sample length, and waveguide dimensions, etc., E' andE"can be computed with
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suitable computer programs (Nelson, et aL, 1974). Similarly, the complex reflection

coefficient of the empty and loaded sample holder can be measured using a network

analyzer or other instrumentation, where similardeterminations can be made as discussed

above.

Microwave dielectric properties of wheat and corn have been reported at several

frequencies by free-space measurements with a network analyzer and dielectric sample

holders with rectangu1é:lr cross-sections between horn antennas and similar radiating

elements (Trabelsi et aL, 1997).The attenuation and phase shift are the two main

components of the complex transmission coefficient, which permits thecalculation of E'

and E" of the materialunder test. It is important that an attenuation ofl 0 cH:3thrC?ug~the

sample layer be maintainedto avoid disturbances resulting from multiple reflections

between the sample and the antennas, and the sample size, laterally, must besufficiently

large to avoid problems caused by diffraction at the edges of the sample, for free-space

measurements (Trabelsi et aL, 1998).

For liquid and semi-solid materials including biological and fo()d mé:lterials, open­

ended coaxial-line probes have been used for broad-band permittivity measurements

(Grant et aL, 1989;Blackhamand Pollard, 1997). Similar technique is use,d forpermittivity

measurements on fresh fruits and vegetables (Tran et aL"Nel,son etaI., 1994a,b). Due: to

density variations in material, such techniques are notJree,of errOIS.. Ifthere are ~ir gaps

or air bubbles between the end of the coaxial probe and the sample, thetec~nique is not

suitable for determining permittivities of very low-Ioss granular and pulverized samples

when bulk densities of such samples were established by auxiliary permittivity

measurements.

3.5 Perturbation Technique

The cavity (TM or T~ ~ode),perturbation techniqlJE) is fre9uently useq for

measuring dielectric properties of homogeneous food materialsbecéluseofits~implicity,

easy data reduction, accuracy, and hightemperature capability(pucherandFox, 1963;

de Laar and Meijbaam, 1966; Bengtssan and Risman, 1971 ; Meta)(qs and t0ered,ith, 19~3).

The technique is also well-suited to low-Ioss materials (Ke~t & Kress R0gers, 1987;

Hewlett Packard, 1992). It is based on the shift in resonant frequency and the change in

absorption characteristics of a tuned resonant cavity, due to insertion of a sample of target
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materia!. The measurement is made by placing a sampie completely through the center

of a waveguide (rectangular or circular) that has been made into a cavity. Changes in the

center frequency and width due to insertion of the sample, provide information to calculate

the dielectric constant. Changes in the Q-factor (ratio of energy stored to energy

dissipated) are used to estimate the dielectric loss. EM field orientation for two standard

cavity modes (TE and TM) is shown in Figure 3.1.

Cavity Perturbation Method

TE 011 TM 010

E field

H field
.... _ .......•

Figure 3.1 Schematic ofa circular perturbation cavity in simple TE and TM modes.
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Figure 3.2 Schematic of a resonant cavity method.

The size of the cavity must be designed for the frequencyof interest, the

relationship being inverse (higherfrequency, smaller cavity). Each cavity needs calibration,

but once the calibration curves have been obtained, calculations are rapid. Sample

preparation is relatively easy, and the permittivities of a large number of samples can be

determined in a short time. This method is also easily adaptable to high (up to +140OC) or

low (-35°C) temperatures (Risman & Bengtsson, 1971; Ohlsson & Bengtsson, 1975;

Venkatesh, 1996), and has been used to determine the dielectric properties of many agri­

food products over a wide range of frequencies, temperatures and compositions.

For ease of measurerhent, VNA can be used to automatically display changes in

frequency and width (Engelder and Buffler, 1991). A recommended waveguidecavity

design with skeletal theory and design details are available as a standard procedure

published by the American Society for Testing and Materials (ASTM, 1986). The proposed

research will target the development of such a measuring system to operate at certain ISM

approved frequencies (915, 2450 MHz) and wide temperature ranges, etc., however the

use of a very expensive network analyzer could be elilninated in the future. Figure 3.2

represents a typical cavity measurement system using network analyzer.
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3.5.1 SoUd sample preparation

For solid materials, samples in the form of rods can be formed, molded, or

machined directly from their material into microwave transparent test tubes or tubing. While

quartz is the best available material for this purpose, borosilicate glass is considered

acceptable, and ordinary glass should not be used. Wall thickness should be as thin as

possible while having the required mechanical rigidity. Paper or plastic straws may also be

used if glass is not available. For a semi-solid material such as TyloseTM, the sample

preparation is quite difficult; however a special micropipeting equipment for such gel type

materials, has been successfully designed and built (Venkatesh, 1996) .

3.5.2 Liquid sampie preparation

Liquids are filled into test-tube sample holders with a pipet. Small diameter pipettes

themselves also make excellent sample holders. For 10s~loss materials, 200 IJL pipettes

are suitable and 10 IJL pipettes for high-Ioss materials. Materials that can be melted can

be poured into sample holders and allowed to solidify. This technique is appropriate if the

material does not change its properties following melting and resolidification.

3.5.3 Semi-solid samples

Sample preparation involves either filling the sample in its molten state and then

solidify or applying vacuum at one end while forcing the sample into a thin cylindrical

shaped holders. Since temperature measurements may be difficult due to the nature of the

rnaterials such as cheese, butter, etc., it is important to develop suitable fixtures to contain

sampies at different threshold conditions.

3.6 Waveguide and Coaxial Transmission Line Method

Early efforts to characterize the dielectric properties of materials were made at the

Massachusetts Institute of Technology (Roberts and von Hippel, 1946; von Hippel, 1954b).

The values of E' and E" were derived from transmission line theory, which indic~ted that

these parameters could be determined by measuring the phase .and amplitude of a

reflected microwave signal from a sampleof material placed against the end of a short­

circuited transmission line, such as a waveguide or a coaxial line. Figure 3.3 shows

schematic of a reflected wave method, often adopted by a coaxialline. For a waveguide
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structure, rectangular samples that fit into the dimensions of the waveguide at the

frequency being measured are required. For coaxiallines, an annular sample needs to be

fabricated. The thickness of the sample should be approximately one-quarter of the

wavelengthof the energy that has penetrated the sample. Since the shift in wavelength

is related to the dielectric constant, a guess must first be made as to the magnitude of the

constant. Typical thickness at 2450 MHz range from 0.2 " (0.5 cm) for woods to 0.75" (1.9

cm) for fats and oils. Dielectric sample holder design for a particular material of interest is

an important aspect of the measurement technique.

Network Analyzer
Computer

'+
Software

Receiver

Material

....... 1--------------,
1 1

1 ~'-t--.
: Refl Trans 1

• • L 1

r~.,_----1

Source

:~.· .· .· .. .

Figure 3.3 Schematic of a reflected wave methQd.
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Figure 3.4 Schematic of a coaxial transmission method.

Coaxial-line and rectangular wave-guide sample holders were used with various

microwave measurement systems assembled for dielectric properties determination on

grain, seed, and fruit and vegetable tissue sampies at frequencies from 1 to 22 GHz

(Nelson, 1972, 1973b, 1980, 1983a). The same sample holders were also found to be

useful for measurements on pulverized coal and minerai samples (Nelson et al.

1980,1989). The details of each of the above techniques is described in the following

section. Figure 3.4 represents coaxial measurement system.

3.7 Transmission line technique

This technique is cumbersome because the sample must be made into a slab or.

annular geometry. At 2450 MHz.,the sample size is somewhat large, particularlyforfats

and oils. Commonly available waveguide test equipment for 2450 MHz is.designated WR,..

284. For measurements at 915 MHz, only the coaxialline techniqu~ ispractica\ due to the

large size of waveguide required. Liquids and viscous-f1uid typefoods canl::~e measured

with this method by using a sampie holder at the end of a vertical transmission Une. The

dielectric parameters can be easily and inexpensively obtained by the transmission line

technique, particularly if one utilizes a slotted line and standing-wave indicator (Nelson et

al. 1974). A more sophisticated implementation of the technique utilizes a swept-frequency

network analyzer, where the impedance is measured automatically as afunction of

frequency. Figure 3.5 represents a typical transmission measuring system using VNA.
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Figure 3.5 Schematic of a transmission line - waveguide method.
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Figure 3.6 Schematic of an open cavity (T~ 013) dielectric resonator.
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3.8 Resonators and transmission line

A microwave resonator (as shown in Figure 3.6), partly or completely filled with a

material can also be used to determine permittivity. The resonator (perturbation technique)

is usually calibrated with materials whose dielectric properties are known, usually with

organic solvents such as methanol, ethanol, etc. The measurement frequency range is

from 50 MHz to above 100 GHz. If the transmission line is enclosed (ie. it is a waveguide),

the permittivity of a material can also be measured without the resonator, by putting it

directly inside the waveguide. The method applies to allliquid and solid materials, but not

to gases since their permittivities are too low . There are, however, problems with the

sample preparation of solid materials. The accuracy is not as good as that of the

transmission line with resonator.

ln transmission line methods, a sample of the substance is put inside an enclosed

transmission line. Both reflection and transmission are measured. Although this method

is more accurate and sensitive than the more recent coaxial probe method (described

later), it has a narrower range of frequencies. As the substance mlJstfill the cross-section
: ',' .' .C', •• " ,. ,

of the transmission line (coaxial or rectangular), samplepreparation.i~al~o moredifficu!t

and time consuming (Engelder & Buffler, 1991; Hewlett-Packard,199~). When.such

methods are used to determine moisture content, the frequency used should be above 5

GHz to avoid the influence of ionic conductivity and bound water relaxation (Kraszewski,

1995). For this reason, sorne studies on dielectric properties vs density relationships have

been concentrated to high frequencies. However, the size of microwave components is

usually proportional to the wavelength and therefore, inversely proportional to frequency.

3.9 Open ended probe technique

A method that. circumvents manydisadvantage~.ol the transmissjon .Iine

measurement technique was pioneered by Stuchly ançf$tuchly{19801. The technique

calculates the dielectric parameters from the phase and amplitude of the reflected signal

at the end of an open-ended coaxial line inserted into a sample to be measured. qare

must be exercised with this technique because errors are introduced at very low

frequencies and at very high frequencies, as weil as forlowva/ues of dielectric constant

and loss factor. This technique is valid f~r 915 and 2450 MHz, for materials with loss

factors> 1. Interpretation for lower-Ioss materials such as fats and oils must be treated
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with caution. Typical open-ended probes utilize 3.5 mm diameter coaxial line. For

measurement of solid samples, probes with fiat f1anges may be utilized (Hewlett Packard,

1991). The open-ended probe technique has been successfully commercialized and

software and hardware are available (HP dielectric probe kit).

The coaxial probe method is basically, a modification of the transmission line

methods. It uses a coaxialline which has a tip that senses the signal reflected from the

material. The tip is brought into contact with the substance by touching the probe to a fiat

face of a solid or by immersing it in a liquid. While the method is quite easy to use and it

is possible to measure the dielectric properties over a wide range of frequencies (500 MHz

- 110 GHz), it is of Iimited accuracy particularly with materials withlow values of E' and E"

(Engelder and Buffler, 1991; Hewlett-Packard, 1992).

3.10 TDR (reflectometry) method

Time domain spectroscopy (or reflectometry) methods were developed in the 1.980s

and used for studies of the dielectric properties of food. Essentially, this method also

utilizes the reflection characteristic of the material under testto compute the dielectric

properties. They cover a frequency range from 10 MHz t01 0 GHz. Measurernent is very

rapid and accuracy is high, within a few percent error. The sample size is very small and

the substance measured must be homogeneous. Although these methods are expensive,

they are excellent tools for advanced research on the interaction of the electromagnetic

energy and materials over a wide frequency range (Mashimo et al, 1987, Ohlsson, T.,

1987).

3.11 Free-space transmission technique

Of the measurement techniques available, free-space techniques is also grouped

under non-destructive and contactless measuring methods. They do not requirespecial

sample preparation. Therefore, they are particularlysuitable for materials at high

temperature and forinhomogeneous dielectrics. In addition, they may.pe easily

implemented in industrial app!ications fpr continuous monitoring and. C0l'ltr:()J. e.g, rnoistur~

content determination and density measurement (Kragew§ki" et.al. 1995).
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To Network Analyzer

Port 1 Port 2

Measuring reflection and transmission

Figure 3.7 Schematic of a free-space transmission technique.

ln a free-space transmission technique, a sampleis placed between a transmitting

antenna and a receiving antenna, and the attenuation and phase shift of the signal are

measured. The results of which can be used to translate the material dielectric properties.

Accurate measurement of the permittivity over a wide range of frequencies can be

achieved by free space techniques. In most systems, the accuracy of (' and (" determined

depends mainly on the performance of the measuring system and the validity of the

equations used for the calculation. The usual assumption made during this technique is

that a uniform plane wave is normally incident on the fiat surface of a homogenous

material, and that the planar sample has infinite extent laterally"so that diffraction effects

at the edges of the sample can be neglected. Figure 3.7 represents a free-space

measuring technique with the transmitting and receiving antenna elements.

Trabelsi et al. (1997) accounted for multiple reflections, mismatches, and diffraction

effects at the edges of the sample as they are generally considered the main sources of

errors. To enhance the measurement accuracy, special attention must be paid to the

choice of the radiating elements, the design of the sample holder, and the sample

geometry and location between the two radiating elements.
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3.12 Microstrip transmission line

Microstrips have long been used as microwave components, and shows many

properties which overcome sorne of the limitations, and thus making it suitable for use in

dielectric permittivity measurement. It is weil known that the effective permittivity (a

combination of the substrate permittivity and the permittivity ofthe material above the line)

of a microstrip transmission line (at least for thin width to height ratios) is strongly

dependent on the permittivity of the region above the line. This effect has been utilized in

implementing microwave circuits and to a lesser extent investigation of dielectric

permittivity. Furthermore the measurement of effective permittivity is relatively straight

forward, and weil suited to implementation in industrial equipment. Such a system could

be based on determining the effective permittivityof a microstrip Iin~covered b,yan

unknown dielectric substance (Keam et al., 1995). Use ofprintedcircuit Qoarç:fs élnd adding

substrate materials to characterize.materials and measuring permittivity using algorithmic

models, have been reported. However, its applicability to food and agricultural material

processing would still be an anticipatory issue at this stage.

3.13 Six-port Reflectometer using an Open-ended COélJ:Cial.Probe

Ghannouchi et al., (t989) have been working onnondestructiye broad-band. : '.- .'., ", ." ~ , ..'" . "" .' ,, -, . " ", ..' .

permittivity measurements usingopen-~mded coaxiallines (lsiJ'TlP~dance~en~or$,whiph

are of great interest in a wide variety of biomedical applications. An attempt is madeto

replace expensive automaticnetworkanalyzer (ANA) such as the HP851 OB by combining

the capabilities of personal computers with customizedsoftware toderive ail the neeessary

information fram less expensivecomponents. The reportedmeasuringsystem consists of

a microwave junction design~d to operate from 2 to 8 GHz and a number of standard

microwave laboratory instruments (power meters, counters, sweepers, etc.) controlled by

IEEE 488 bus interface by a microcomputer (HP9816)to provide.a precision low-cost

automatie reflectometer suitabletor permittivity meélsurernents. The .deyice ;under test

(DUT) is an open-ended çoaxial test pr()b~ immersed in the t~st liquid kept ata constant
'. ,,:- _, ','" :', .. -',' l' ',' .,

temperature. Data açguisition am:f reduction are fully a,utomatiç. The co",plex reflection
.- - ',.' ',_' -. ,'".,. " <", ; .'.,',:' -,;, i. '-.' ,-: . .'-.

coefficient is calculated from the four power readings and the calibration parameters of the

six-port reflectometer.

It is concluded that the SPR (six-port reflectometer) cao, provide nondestructive
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broad-band permittivity measurements with an accuracy comparable to commercial ANA

accuracy but at a considerable reduction in equipment costs. This effective transmission

line method, used to represent the fringing fields in the test medium, provided a good

model to interpret microwave permittivity measurements in dielectric liquids. Using such

a model, the precision on relatively high-Ioss dielectric Iiquid measurements is expected

to be good. Howeverthis method involves more complex mathematical procedure in order

to translate the signal characteristics into useful permittivity data.

On a similar line, current research elsewhere has been initiated (Venkatesh et al.,

1998) to measure the dielectric properties of agri-food materials which basically aims at

reduction in huge costs (in relation to VNA) and accessories. The functional aspects of the

network analyzer can be utilized to design and build the basic system which analyzes the

transmission and reflection characteristics, resulting in dielectricmeasurements.

3.14 Colloid Dielectric Probe: (Hewlett Packard)

Engineers at HP have developed whatthey say is thefirst radio-frequencydielectric

probe for evaluating colloidalliquids such as milk, etc. The unit can quickly and accurately

measure dielectric properties of these types of materials, offering the promise of improving

a variety of food, chemical, pharmaceutical and bio-chemical products.

The HP E5050A Colloid Dielectric Probe is designed for permittivity evaluation of

colloidalliquid materials in the food, chemical, pharmaceutical, and biochemical industries.

It operates from 200 kHz - 20 MHz with the HP4285A precision LCR meter and HP vectra

personal computer. The advanced sensing technique provides permittivity vs. frequency

characteristics. Its electromagnetic technique eliminates the electrode polarization effect

which causes measurement error when ionic materials are measured with metal

electrodes.

3.15 Instrumentation

3.15.1 Network Analyzers

This section is aimed at recognising the usefulness, dev~lopmentand role of

simplified instrumentation steps in a MW· measuring context. Network analysis is the

processof creating a data model of the transfer andl orJmpedance characteristics .of a

Iinear network (active or passive). This is done through stimulus response testing overthe
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frequency range of interest. Sorne analyzers do this with point-to-point frequency testing,

while others do this by sweeping the frequency band at one time.

Network analysis is generally limited to the definition of Iinear networks. Sine wave

testing is an ideal method to characterize magnitude and phase response as a function of

frequency. Network analyzers are instruments that can measure the transfer and/or

impedance functions through sine wave testing. Since transfer and impedance function

are ratios of various voltages and currents, a means of separating the appropriate signais

from measurement ports of the device under test is required. The analyser must detect the

separated signais, form the desired signal ratios, and display the results. At microwave

frequencies, where standing waves might occur on the transmission line.,the analyzer mu~t

be capable of separating the signal from the traveling waves.

Automatic Vector Network Analyzers (AVNA) are commolîplace for.doing these

precise forms of measurements. Scalar network analyzers (magnitude only) and vector

network analyzers (both magnitude and phase) are available.

Two types of detection methods are usually employed by network analyzers.

Broadband detection accepts the full frequency spectrum of the input signal, while narrow

band detection involves tuned receivers that convert continuous wave (CW) or swept RF

signais to a constant intermediate frequency (IF) signal. Each detection scheme has .its

advantages.

Scalar analyzers usually employ broadband detection techniques. Broadband

detection reduces instrument cost by eliminating the IF section required by narrowband

analyzers. This sacrifices noise and harmonic rejection. Broadband systemscan make

measurements when the input and output frequencies are not the same, as in

measurements of the insertion loss of mixers and frequency doublers. Narrowband

systems cannot make these measurements.

Vector network analyzers normally employ narrowband detection techniques. This

makes for a more sensitive low-noise detection of the constémt IF.This also .increases the

accuracy and dynamic range forfrequency selective measurements (as compared to

broadband systems).

There is a good range of adaptability and f1exibility in analyzer systems.

Impedances can be shown on a Smith-chart overlay for a polar display. An S-parameter

test set can be attached to perform S-parameter measurements. Computer controlled
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network analyzers can be programmed to set up and make many measurements

automatically. The measurement process is further accelerated by the computer's ability

to store, transform, summarize, and output data in a variety of formats to a number of

peripherals. Functions that are normally displayed in the frequency domain can be

converted to the time domain for additional analysis.

3.15.2 Microwave measurements with network analyzer

When a network analyzersystem is used for performing microwave measurements,

there exist certain Inherent measurement errors which can be separated into two

categories: instrument errors and test set / connection errors. Instrument errors are

measurement variations due to noise, imperfect conversions in such equipment as the

frequency converter, cross-talk, inaccurate logarithmic conversion, non-Iinearity in displays,

and overall drift of the system. Test set / connection errors are due to the directional

couplers in the reflectometer, imperfect cables, and the use of connectors and adapters.

The instrument errors exhibited by modern network analyzers are very smalt.

ln a probe network analyzer measuring system, the primary source of measurement

uncertainty is due to test set / connector errors at ultra high frequency and microwave

frequencies. These uncertainties are quantified as directivity, source match, and frequency

tracking errors. Hewlett Packard has developed a suitable analytical model to account for

test set / connection errors for correcting reflectivity measurements on their semi-automatic

network analyzer system. This model has been implemented for use with in-vivo

measurement probe and equations which correct for the open-circuit fringingcapacitance

of the probe have been added to the algorithm (Burdette et al. 1982). Data for standard

reference liquids such as water, methanol and ethanol might be helpful for correcting

errors.

Since voltage and current values vary along the length of a transmission line, they

are not suitable for accurate measurements at microwave frequencies; therefore, it is much

more convenient to measure power. The measurement of microwave power requ ires that

one should know how to operate power detectors and indicating instruments and how to

apply techniques that minimize errors and increase the accuracy of the measurement. For

power measurements (or any other parameter) to have any significance, the instruments

used must be calibrated to specifications. Concept of uncertainty analysis will.be useful
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for accounting possible causes of error. Usually, there are three different power levels in

a microwave measuring system: the power generated by the source, the amount on the

transmission line, and that absorbed by the load. Evaluating these power differences

involves a concept that is quite mathematical in nature.

3.15.2.1 Noise

It is helpful to divide noise into two types: internai noise, which originates within the

microwave component or equipment, and external noise, which is a property of the

channel. The channel is the Iink through which the signal travels. At any temperature

above absolute zero (QoK or -273°C), electrons in any material are in constant random

motion. Although this random motion does not produce a current f10w in any direction, it

does produce current pulses that are the source of noise. Most electronic systems are

evaluated on the basis of a signal-to-noise ratio (SIN or SNR). It is not really the amount

of noise that concerns, but rather the amount of noise compared to the level of the desired

signal; that is the ratio ofsignal to noise power. This signal to noise ratio can be expressed

in decibels. It is noted that the ratio is always given in power and not voltage. The formula

for SIN in dB is given by (SIN (dB) =1Qlog PslPn)' where Psis the signal power and"Pn is the

noise power. The ratio is difficult to measure; since it is notpossible to turn off the noise

in order to measure the signal power alone.

3.15.2.2 Frequency measurements

Many microwave procedures require a measurement of frequency. There are

basically two methods to measure microwave frequencies. The first approach, and the

mostaccurate, is to measurethe frequency directly with afrequency counter. Direct

frequency measurements are made by comparing .an unknown signal to a reference

frequency, the crystal oscillator. The input signal is first conditionedinto a series of pulses,

then passed to the main gate. The frequency is measured by generating agate time,

consisting of a number of cycles of the reference clock, during which the input signal is

counted. The frequency is calculated by dividing the number of cycles by the gate time.

To make frequency measurements at microwave frequencies various down­

conversion techniques are used to convert the microwave input to an IF so that the

resultant signal can be directly counted. The three basic techniques for down-conversion
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are prescaling, transfer oscillator, and harmonic heterodyne.

3.15.2.3 Prescaling

Prescaling uses a divider circuit to reduce the frequency of the input signal to a

lower frequency that can then be counted by the direct counter circuit. However, this

technique has frequency limitations.

If the microwave signal's amplitude is sufficiently low, the output of the detector is

proportional to the square of the microwave signal voltage and, therefore, proportional to

the microwave signal power (since V2ocP). When the voltage is low, the detector is said to

be operating in its quadratic, or square-Iaw region. When the microwave signal power is

greater than -15 dBm, the voltage of the detector's output signal tends to be directly

proportional to the microwave signal voltage. The detector is said to be operating in its

linear region; that is, it rectifies the applied signal.

3.16 Development Aspects

3.16.1 Optimum 1S M & D frequency based equipment

As we know, domestic microwave ovens operate at 2450 MHz. However, a large

commercial oven might be destined to operate at any of the other approved ISM

frequencies, which could give gains in cost efficiency, processing time, or product quality.

A key factor in such a choice is E of the product being processed. Dielectric measurements

and computer modeling will help to choose the optimum frequency.

Researchers needto understand microwave performance and optimize product

design, instead of using expensive "trial and error" guesswork. Dielectric measurements

also have uses in package design, process control, and physical/chemical analysis.

Any measuring system needs improvement and accurate considerations. The need,

suitability and the operating conditions, ail play a dominant role in evaluating the

performance of such systems. Since biological materials are transient in nature, it is

difficult to standardize the tools for dielectric measurements; however,applying proper

calibration and mathematical routines one can minimize errors and generate useful

information on the MUT. The following section deals with some of the recent developments

in the permittivity measurement domain. The details can be obtained by referring to cited

literature.
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3.17 New Microwave sensor - On-Iine moisture and density measurement

King (1997) has reported new developments and applications for a continuous, on­

line determination of moisture content and dry density of food products with microwave

sensors. Two unique types of sensors and their ancillary electronics for process control

and/or product quality measurement are introduced. For both, measurement principles are

based on the interaction of electromagnetic fields with the dielectric and power dissipative

properties of matter, particularly of water. These properties are diagnostics of the partial

water and dry densities.

The material being measured is interfaced through various ways with an open

reflection type resonator which is in contact with the material.Sensors o.f this type can be

fiat or curved for flush mounting in a shaker, hopper, chute or a conveyor pipe. The other

sensor developed is a non-contacting type, wherein a microwave beam is transmitted

through the test material. Signal attenuation (absorption) and phase delay measurements

are measured and then related to the moisture and dry basis weights by suitable empirical

algorithms. Either type of sensors indicated above can be used for continuous, on-Iine

measurements or as stand-alone benchtop instruments (King, 1997). Both sensor types

have sorne advantages as weil as limitations with respect to flexibility, applicability to

different forms of materials, resolution and accuracy, cost, speedofdata acquisition, etc.

However, the relative advantages and limitations are matters of degree, depending on the

particular application.

3.18 Other useful applications of permittivity measurements

There are other uses for dielectric properties measurements (not related to

microwave heating of food) that can be of interest to the food researcher•.Some of them

are listed below (Nelson, 1973a):

if An important use of the dielectric properties of grain and other agricultural products is

their exploitation for rapid, nondestructive sensing of moisture in materials.

if Moisture content is often the most important characteristicof agricultural products,

because it determines their suitability for harvest and for subsequent storage or

processing. It often determines the selling price of the products for intended purposes.

if Dielectric properties have been utilized with properly designed electronic sensors with

reasonable accuracy. Such moisture testing instruments, operating in the range of 1-50
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MHz range, have been developedand used for rapid determination of moisture in grains

for many years.

~ More recently, techniques have been studied for sensing the moisture content of single

grain kernels, seeds, nuts, and fruits so that instruments for measuring the moisture

content of individual objects can be developed.

~ There is a need for more precise on-Iine moisture monitoring equipment that can provide

continuous records for commodities moving into and out of storage, or being processed

or loaded for transport.

~ Recent studies have shown that with proper measurements, such as simultaneous

measurement of microwave signal attenuation and phase changes, reliable moisture

measurements can be obtained independent of density fluctuations (while products are

conveyed).

Continued research and development of such techniques are aimed at providing

tools for better management of factors important in sensing, preserving, processing and

maintaining the quality of agricultural and food materials for ever growing consumers.
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IV MATERIALS AND METHODs

4.1 Perturbation theory

This developmental research study is based on the existing concept of cavity

perturbation and its principles. It is weil known that the insertion of a dielectric material

different from air inside the cavity affectsits resonant frequency, fo and quality factor, Q.

If the sample is smail enough compared to the cavity dimensions, perturbation theory may

be used to Iink frequency shift 6f to the dielectric constant, E' and the quality factor shift

6Q to the loss factor E".

Thesurvey and the experimental procedures as weil as the results of the weil

known cavity perturbation concept, commonly employed for measuring the dielectric

properties of agricultural and food materials have been reported (Altschuler, 1963, Gallone

et al. 1996, Kraszewski, 1996; Venkatesh, 1996). This method allows for simple and

precise cavity measurements and also improves the rapidity, which makes it useful for

process monitoring applications. Calibration and measurement procedures are necessary

to carry out in any new method and design.

4.1.1 Principles and Concept

The concept of cavity perturbation has been developed and widely applied in the

study of dielectric properties of several materials (plastics,ceramics, foods) over wide

frequency ranges in recent years. Presently, many passive and active techniques for

measuring dielectric quantities are available and much work hasbeen carried out by

researchers using this method,thus proving it to be a very powerful tool of investigation.

The experimental requirement consists in the determination of the characteristic

parameters of a resonant cavity, namely the resonant frequency and the merit factor Q (Q­

factor) of the cavity. The parameters have to be measured with the empty cavity and with

a small dielectric sample, properly inserted. Then the real and imaginary parts of the

col1lplex permittivity can be calculated. Ali known techniques feature the resonant

frequency measurement by taking the minimum (maximum) of.. the power reflected

(transmitted) by the cavity to the extemal network during an appropriélte frequency sweep

(Ney and Gardiol, 1977), or in phase-Iock conditions (Akyel et aL, 1978; Martinelli et aL,

1986). The Q-factor is usually found by measuring the positions of the -3 dB points in the
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resonance curve with appropriate coupling conditions, although it is possible to measure

the Q-factor directly from the decay time of the output signal of a cavity excited by

microwave pulses (Montgomery, 1947) or through the phase shift with a frequency tracking

system (Akyel et aL, 1978, 1983).

When the aim of an experiment is the study of dielectric properties of a material for

monitoring some chemical or physical processes, the response time (reaction time) of the

experimental apparatus must be sufficiently small in comparison with the time scale

involved in the process. As a consequence, when dealing with such purposes, researchers

have so far neglected techniques involving time consuming frequency sweeps, turning

rather to phase-Iock methods (Akyel et aL, 1978) whose performances are weil established

in giving both rapid and accurate measurements. Indeed, a phase lock loap ensures an

almost immediate recognition of the resonance frequency soit allows a continuous

monitoring of its value and, consequently, the real part of the complex permittivity.

ln such development work reported, the microwave power is usually supplied by

the frequency synthesizer (signal generator) : it provides a narrow frequency sweep which

crosses the resonance point. The frequency extremes of the sweep can be rapidly and

smartly adjusted in order to follow the migration of the cavity resonance. Time resolution

and frequency range must be chosen according to the process to be monitored, therefore

determining the type of microwave source, power detector and cavity shape and size.

Synthesizers are able to change frequencies very rapidly, within 50 ms (milliseconds) with

phase-Iock, but some can also be used in a fast swept mode; such instruments are called

'Synthesized 8weepers'.

The following sections briefly describe the working components (electronics) and

essentials of the permittivity analyzer (measuring equipment) being designed and

developed. It is designed to operate on the same lines as the network analyzer however

the cavity perturbation technique is the main focus. This limits the choice of wide frequency

sweeps and ranges. The present measuring system is aimed at measuring the dielectric

properties of agri-food materials for further microwave / RF processing applications at two

major ISM frequencies.

4.2 Permittivity Analyzer at 915, 2450 MHz - using cavity perturbation concept

The development of a new permittivity analyzer with the earlier concept of cavity
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perturbation, operating at two major ISM frequencies (915, 2450 MHz) is presented and

discussed in the following sections. The main process variables considered for practical

interest are frequency and temperature even though moisture content and bulkdensity are

equally important. Comparative studies involving network analyzer measurements and

permittivity analyzer developed, may be necessary to evaluate the performance and

validation of the results (Venkatesh et al., 1998).

The permittivity measurement is based on the perturbation concept and uses a

circular cavity operating in standard TMa10 mode (ASTM, 1986). The material used for

cavities are copper (915 MHz) and brass (2450 MHz), which have high thermal conductivity

and are recommended for such measuring systems (Gauthier, 1997). These circular

cavities were coupled to a constant external recirculating temperature control bath

permitting the dielectric properties measurement at temperature range of practiC,ÇJ,1 interest

(freezing, cooking and boiling). TMa10 mode is widely used for its simplicity in mathematics

and symmetry. The design and fabrication of the resonant cavities for various modes have

been reported elsewhere. The excitation of the microwave signal and the coupling is

usually achieved with standard antenna loop and iris. Proper tuning of the loop was

necessary to achieve the best peak conditions for the desired resonant frequency of the

cavity. The main perturbation equations followed by the perturbation theory are:

e" = Bessel x(_l l_)x Vc

2 Os 0 0 Vs

where;

Bessel = Bessel function of first kind for circular (TMo1o ) cavity = 0.539

Os = Q of cavity with sample

0 0 =Q of empty cavity

Vs =volume of sample (mm)3

Vc =volume of cavity (mm)3
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fo = resonant frequency of empty cavity (GHz)

fs = resonant frequency when sample is in place (GHz).

To perform measurements with this technique, the user has to input the following main

parameters regarding the cavity:

(i) resonant frequency of empty cavity and when loaded with sample,

(ii) Q of cavity with and without sample,

(iii) volume of the cavity,

(iv) volume of the sample (ail SI units).

4.3 Sampie Selection and Preparation

The sampies selected in this study represent sorne of the commonly used standard

agri-food materials and chemicals (Table 4.1). In using the cavity perturbation technique,

it is very convenient to prepare Iiquid samples vs. solid or semi-solids as it not only

eliminates the density effect on the dielectric parameters but also offers homogeneous

sample representation.

4.3.1 Organic Solvents

Ethanol and ethanol-hexane mixtures (90% ethanol+10% Hexane, 70%

ethanol+30% hexane, 50% ethanol + 50% hexane, 30% ethanol +70% hexane, 10%

ethanol + 90% hexane) were prepared and properly sealed in the standard glass

laboratory bottles. The sample bottles were kept in ambient conditions until the dielectric

measurements were performed. The solvents were purchased from Fisher Scientific,

Canada and ail the tested samples were of laboratory grade purity. Measurements were

performed at both 915 and 2450 MHz and at varying temperatures.

4.3.2 Edible oils (vegetable)

Commercially available cooking / edible oils such as canola (Brassica nq.pus L.),

sunflower (Helianthusannuss L.) and soya (Glycine Max.) were stored in the refrigerator

(4°C) for 2 days and small quantities were drawn and kept at ambient conditions for 1-2

hours before the start of dielectric measurements.
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4.3.3 Neem Oil/pulp

The Neem oil was procured from a pharmaceuticallaboratory (Medinova pharmacy,

India) and was stored in the refrigerator until hours before dielectric properties testing. The

neem kernel was manually separated from the seed to obtain the pulp that was very soft

and delicate. The seeds were crushed using a standard grinder (Multi speed Osterizer™)

for 5 seconds and the pulp was separated. The history of the seed production and

processing was not known.

4.3.4 Milk

Commercially available homogenised milk (QuebonTM : 1%; 2% and 3.25% fat) was

procured from the local super market and was stored in the refrigerator for 2 days.Small

quantities were drawn and kept in ambient conditions for 1-2 h before the start of dielectric

measurements.

4.3.5 Liquid sampie preparation

Liquid samples such as ethanol, hexane (and their mixtures), and edible oils and

milk were pipetted into the standard corning 1 micro-pipettes (10, 50,1 OO!JI ) made of

borosilicate glass. The selection size of the micro-sampling pipettes depend on the

lossiness of the sample to be tested. High loss materials such as milk prefer lower range

(volume) micropipets since the cavity demands the smallsample size for the signal to

interact with such samples. One end of the pipet was sealed using a standard tube sealant

(S/pTM Sure-seal, 8axter Model 84425, Canada) which is a very low loss material itself.

The volume of the sample (mm3
) was calculated by knowing the height of the sample or

the cavity and the rated capacity of the micropipet:

* Height of the sample =68mm

* Height of the cavity =40mm

* Capacity of the micropipet (sample holder) = 100 !JI

* Volume of the sample (vs) = (40/68) x 100 =58.82 mm3

4..4 Temperature control

The cavity was conditioned to various temperature settings by an external

refrigerated circulator (Fisher Scientific ISOTEMP 10138, Qanada). Ethylene glycol was
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used as the cooling / heating t1uid. The temperature readings were read on an LGD

screen. The sample attained the set temperature value within 2-3 minutes after inserting

the sampie into the cavity. Gare was taken to avoid heat loss by proper insulation. The

operating range of the unit was -30 to +200oG. The set values were confirmed by

measuring the inside (geometric center of the cavity) temperature using the standard 'K'

type thermocouple sensor whose tip was mounted with the similar sample holder.

4.5 Design and Fabrication of Resonant Cavities (TMo1o Mode)

Ali the steps followed in the design and development of the resonant cavities (both

915 and 2450 MHz) were based on the concept reported in the ASTM Designation

02520-81 (ASTM Standards Standard Test Methods for Gomplex Permittivity (Dielectric

constant) of Solid Electrical Insulating Materials at Microwave Frequencies and

Temperatures to 1650°C). Plane wave propagation in the cavity can follow the transverse

electric mode (TE) or the transverse magnetic (TM) mode. The second alphabet

designates which field has its direction always and everywhere transverse to the direction

of wave propagation. The mode notation also includes three subscripts in the form of

TMmnk or TEmnk• The alphabet 'm' represents the number of full cycles of transverse field

variation in one revolution through 2 radians of diameter; 'n' represents the number of

zeros of the transverse field along the radial of a guide; 'k' represents the number of

repeatition of the TMmnk or TEmnk mode with the opposite phase of the field configurations

in the axial direction. In this research, the mode of configuration of electromagnetic waves

was TMo10 type (transverse magnetic) for its simplicity in construction (symmetry) and

mathematical steps. The shape of the cavity was circular.

4.5.1 Cylinder Walls

The perturbation method requires that the specimen be relatively small compared

to the volume of the cavity and that the specimen be positioned symmetrically in a region

of maximum electric field. Although resonant cavities are sensitive to low-Ioss materials;

the small specimens size Iimits the precision attainable. Nevertheless,the methodhas

several additional advantages besides reasonably good precision.

The permittivity analyzer (detailed below) was connected to the resonant cavity

operating in standard TMolO mode (ASTM, 1986). The materials used for cavities are high
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quality copper (915 MHz) and copper-brass combination (2450 MHz). As their thermal

conductivities are high, they demonstrate low electrical Jasses and are recommended for

such measuring systems (Gauthier, 1997). These circular cavities were connected to an

external constant temperature recirculating bath, permitting the dielectric properties to be

measured at a range of temperatures of practical interest. TMa10 mode was chosen for its

mathematical simplicity and symmetry. The design height of the cavity was 45 mm and the

sample-microwave exposure height was 40 mm. The cavities were made at the Post­

harvest Engineering Laboratory of McGiII University, Macdonald Campus. The design and

fabrication of the resonant cavities for various EM modes (TM, TE) and measuring

techniques is reported (ASTM Standards,1986). Proper tuning of the antenna was

necessary to minimize the loss in the coupling and to obtain the maximum 0 0(the ratio of

energy supplied to the energy absorbed inside the resonant cavity).

4.5.2 915 MHz resonant cavity

The cylinder was constructed out of a 6 mm thick fiat copper bar made of copper

of high thermal and electrical conductivities. The material was rolled into a cylindrical

shape using a roller press. After the bar was rolled into shape, the jQint was soldered using

a 50/50 lead solder. The piece was then loaded into a lathe to machine the side walls into

a uniform thickness and to finish the inside surfaces to the required smoothness. Both

ends of the cylinder were grooved to accept a fitting end cap. The piece was cleaned and

made ready for assembly. The thickness of the bottom and top plates was 15.24 mm. The

circumference of the cavity with the clearance (wall thickness) was 822.2 mm. The inner

diameter of the cylinder was 249.68 mm. The height of the cavity was maintained at 40

mm (inside) for both frequency schemes. The microwavetransmis~ionwas cOnfinedtQ the

enclosed volume of the cylinder with the above dimensions. The total enclosed volume of

the cavity (Vc) is 196,7862 mm3
• Figures4.1 and 4.2 iIIustrate the pictorial viewof the end

cap and the end cap- cavity before assembly. The cavity was connected to the test ports

of the Permittivity Analyzer through appropriate coaxial cables (M17184-RG223).

4.5.3 2450 MHz resonant cavity

A similar procedure was followed for the 2450MHzcavity. In this case the metal

used was a combination of copper and brass for better conductivity. Since the diameter
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and the overail size of the cavity is smaller than the 915MHz frequency eavity, a

eombination of copper and brass metals offered least resistance from the machining and

polishing point of view. The top and bottom plates were made of brass (125 mm thick)

and the wall was made by a sheet of copper (60 mm thick). The coupling of the eavity and

the analyzer was aceomplished exactly as the 915 MHz system. The diameter of the

cavity was 96 mm and the height was maintained at 40 mm. The empty cavity volume (Vc)

was calculated to be 280,308 mm3
•

Inner surface area was always kept smooth and polished to enable the cavity to

yield higher and optimum Q values. The cavity was connected to the test ports of the

Permittivity Analyzer through appropriate coaxial cables (MIL-C-17 68999 AA-3413).

4.5.4 2 End Capslparts assembly

The assembly procedure of the end caps and parts were similar for both the

frequency schemes. Two end caps of the same grade copper and thickness were

prepared to close the ends of the cylinder. The bottom end cap was first cut into a circular

shape in a band saw. To mount the piece into the lathe, a hole was drilled at its ends to

accept a boit to hold the piece into the lathe's chuck. A matching groove was eut on the

circumferenee of the disc to fit into a groove at the end of the cylinder. The disc was sweat

welded into the cylinder using a 50/50 lead solder. After the joined piece cooled, two holes

(95.3mm dia.) were drilled into the cylinder to accommodate two microwave couplers that

will introduce the microwave 'antennas' into the cavity. One brass fitting was soldered into

each hole. Each brass fitting was threaded to the pitch required by the couplers. The

centering hole for the disc was also plugged with a small copper disc soldered into the

hole. The piece was then re-machined to remove excess solder and smoothen the joints

between the two pieces as weil asbetween fittings and plug.

A second disc was prepared using the same method as the bottom cap. In this disc,

the centering hole was plugged with a brass fitting used to connect a threaded specimen

holder. The inner surface of the dise was thoroughly smoothed with the lathe and the

grooved edge was dampened to avoidsweating out of solder when the piecewaswelded.
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Figure 4.1 A photograph of the End-Cap of a 915 MHz cavity set-up

Figure 4.2 A photograph showing interior of 915 MHz cavity and an end-cap
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The disc was then press fitted into the groove of the cylinder and welded using a 50/50

lead-tin solder. Ali the openings of the cavity were closed except for the top end cap. Using

a suitable brass fitting for connector rings, compressed air was introduced into the cavity

to check for leaks. When the cavity was found to be air tight, the external surfaces were

cleaned and insulated with an aluminum / Styrofoam duct insulating materia!. The joints

of the insulation were sealed with aluminum tape. The cavity was then mounted over four

leveling supports made up of (11.1 X 50.8) mm bolts (Fig. 4.14). The coupling antenna

(standard) and specimen holders were installed and the unit was coupled to the microwave

generator / Vector Network Analyzer (HP 8753D) for testing and evaluation purposes. The

, Figures 4.3 and 4.4 exhibit pictorial representation of cavity with coupling element and a

standard MW coupler antenna element for the 915 MHz cavity.

4.6 Critical Cavity Parameter

The dimensions of the cavities are to be determined with very specific rules.

Cylindrical cavities are more commonly used than rectangular ones (Akyel, 1991). For

simplicity, only the equations for the size of the cylindrical cavities is shownhere;

Cylindrical cavity in the TMo1o mode: f =22.966 / D (4.3)

where : f = resonant frequency in GHz

D = inside diameter in cm

The only restriction to the height of the cavity is that it must be less than 0.5 D.

Also, it is recommended that the cavity be made of brass, copper or aluminium. High

moisture content samples and high frequency cavities (5 GHz and above) are not

recommended for this type of design. The rule of thumb is that the sample si~e should be

equal or smaller than 1/1 OOOth of the volume of the empty cavity to minimize perturbations

(ASTM, 1986). Literature suggested the use of simple and easy mathematical steps (Akyel,

1991) for basic modes of electromagnetic energy configuration. Accordingly, the was

decided to use and simplify the reported steps of calculations that formed the basis of the

cavity design and development. Suitable constants were introduced to take into account

the size, shape and the nature of various materials under test. The following section

represents the tracking of resonant frequency limits and computational steps during a

standard sweep of the measurement .
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Figure 4.3 A photograph of the 915 resonant cavity with the MW coupler

Figure 4.4 A photograph of standard MW couplers with an antenna loop
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4.7 Mathematical representation

The Q-factor (Q) represents the ratio of energy supplied and energy stored in a

given enclosure of electromagnetic field. It is the basic governing parameter necessary

to estimate the dielectric loss factor and heat dissipation mechanisms.

(4.4)

where:

f = resonant frequency

f2 (3dB) = frequency 3 dB past f (frequency where signal is 3db below resonant

frequency, (f2>f)

f1 (3dB) = frequency 3 dB before f (frequency where signal is 3db below resonant

frequency (f1<f).

Accomplishing this procedure with the empty cavity results in the determination of

Qo, the Q factor of the empty cavity. With this reference Q factor, it is then possible to

obtain the Q factor with samples with a simple relation of frequencies:

(4.5)

where:

Qs =Q of cavity loaded witha sample

Qo = Q of empty cavity (without sampie)

Wo= resonant angular frequency of empty cavity

Ws= resonant angular frequency of loaded cavity

t::.wo = resonant angular frequency band width of empty cavity

t::.ws= resonant angular frequency bandwidth of loaded cavity

4.7.1 Dielectric Properties Calculation

Sorne of the common assumptions used in the calculation of f:' and f:" are:

(i) the maximum electric field intensity is maximum at the geometric center of a tuned

resonant cavity

(ii) the shape and orientation factor (Bessel) of the cavity did not change with the geometry

72



of the resonant cavity for 915 and 2450 MHz frequencies.

(iii) there was no perturbation inside the cavity for empty cavity measurements

(iv) there was no influence of magnetic field on agri-food materials at both frequencies

(v) coupling coefficient was negligible and was not calculated

The following equations apply to ail methods using the cavity perturbation

technique and therefore are not restricted to Active Cavity Perturbation. The perturbation

theory has been discussed by many authors (Waldron, 1967). It establishes a relationship

between the properties of the cavity (shift in resonant frequency,.M and Q-factor, Q) and

the dielectric properties of the material (E' and E"). The transmission factor (âT) must first

be described as :

(4.6)

Then, the perturbation equations are:

(4.7)

(4.8)

where:

E' = dielectric constant

E" =dielectric loss factor

Vs =volume of the sample

va =volume of the cavity

K = factor dependent upon object shape, orientation and permittivity.

Combining equations (4.6) and (4.8), will result in:

(4.9)

or

Other perturbation equations found u$eful for TMo1o circular cavity are:
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(4.10)

(4.11 )

where, M = (fo-fs)' Bessel =0.539 for circular cavity.

4.8 Instrumentation and Software

The operation of the apparatus was made user friendly with the development of an

appropriate modification of a Ouick Basic Program to a Visual Basic version 6.0 for

Windows 95/98/NT. When using the software, it first prompts the user to enter the

parameters which remain constant regardless of the samples. It first asks for the

resonance frequency of the cavity, in order to know what frequency to sweep during the

sensing. The next thing the operator must enter is the volume of the empty cavity, for

further use as Vo in Eqns. 4.10 and 4.11. The last input is the shape of the cavity

(rectangular or circular), to use the proper value of Bessel constants in the equations.

When proceeding with sample testing, the next step is to put the empty sample

holder in the cavity and press enter on the PC Keyboard. The program then activates the

permittivity analyzer (PA) to read ~F and 0 0 for an empty cavity but with the sample holder

present so that the tested material is the only addition. in the real test. The program then

prompts the user to put the sal1lple in the sample holder and press enter. It then takes only

a few seconds for the program to calculate ~F and O. The next information the operator

is asked to enter is the volume of the sample vs' The program then has ail the variables

necessary to calculate E' and En and display them on the screen.

4.9 Essential components and functions of new Permittivity Analyzer (PA)

4.9.1 Description of the functional block

The entire measuring system consists of a PA, computer (PC) and a cavity, as
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shown in Figure 4.5. The PA is connected to the computer through a standard seriai port.

The connection is the same for both frequency schemes, only the resonant cavity is

changed. The functional block of the permittivity analyzer consists of a micro-controller,

microwave signal synthesizer, low pass tilter, detector, ADC (16 bit) and a resonant cavity

as represented in Figure 4.6.
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Cavity
r-------, Seriai Port

Analyzer

ES W.*k.W Yi 1

PC

Figure 4.5 Schematic of the measuring set up

Synthesizer Filter

Seriai
port Micro

-T-o----+I Controller
computer L-_....- --'

ADC 16 bit

Cavity

Detector

Figure 4.6 Functional block of the Permittivity Analyzer& resonant eavity

Figures 4.7 and 4.8 iIIustrate the photographie view of experimental set-up with

bath resonant eavities (915, 2450 MHz) along with the permittivity analyzer and the

refrigerated re-eirculator. Computer interface is also shawn.

4.9.2 Mierowave Synthesizers

Two synthesizers were installed in the equipment. The synthesizer for the 915 MHz

band swept from 600 to 1200 GHz, whereas the synthesizer for the 2450 MHz band,
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Figure 4.7 A photographie view of experimental set-up with both resonant eavities,
a~~;;;::;ii"",,",~-"·,sc

Figure 4.8 A photographie view of experimental set-up with both resonant eavities

(915, 2450 MHz), permittivity analyzer, refrigerated eireulator and a PC
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swept from 2200 and 2500 MHz.

4.9.3 Synthesizer specifications

The LMX 2325 (National Semiconductor Corporation, 1996) is a high performance

frequency synthesizer with integrated prescaler designed for operation up to 2.5 GHz.

Using a proprietary digital-phase locked-Ioop technique, the synthesizer generates a very

stable, low phase noise signais to perform permittivity analysis.

The synthesizer Figure 4.9 consists of a crystal oscillator (highly stable), reference

counter, normal (main) counter, phase comparator, prescaler, voltage control oscillator.

The R counter divides the frequency of the crystal oscillator (10 MHz).

Crystal
oscillator

Prescaler

R. Counter

N. Counter

Control

~
voltage

VCO

Phase
comparator

Synthesizer

Figure 4.9 Schematic of microwave synthesizer

The output of the Voltage Control Oscillator (VCO) was in the ·range of 2.2 to 2.5

GHz (Figure 4.10). For a 2450 MHz frequency scheme, OV refers to a frequency of 2.2

GHz and the 5V refers to a maximum scale of 2.5 GHz. The frequency spanlimit ranged

from 350 MHz to 0.3 GHz, respectively, for the 915 and 2450 MHz. Inside the synthesizer

there are two counter chains; one going in a phase comparator and the other one to the

reference (R) counter. This divides the frequency of the reference signal. In our case the

reference signal was a 10 MHz signal originating from a crystal oscillator. On the other

counter chain the signal cOrnes from the VCO. A pre-scaler rnakes the first division while
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the N counter makes the second one. These two chains of counters are individually

programmable. When the signaIs are coming from the R chain and the N chain, they are

compared in a phase comparator. The output of the phase comparator changes the

voltage of the VCO input to tune it to the right frequency. As a result of this, the control

voltage will change and the system tracks and locks when both the signaIs have attained

the same frequency.

2.5
GHz

Output
signal
frequency

2.2
o

Control voltage
5 V

Figure 4.10 Standard VCO output curve

The following equation was used to program this system:

prescaler x Ncounter
fout = R / fcounter crystal

(4.12)

where 'crystal was the frequency of the crystal oscillator. The number of bits in the Rand N

counters were 18 and 19 respectively and te prescaler was fixed at 64 bits. Two signais

are present at the output of the VCO; the fundamental of 2.45 GHz and the second

harmonies (Figure 4.11). A low pass filter is connected atthe output of the VCO to

eliminate the harmonie.

A similar configuration was accomplished at the lower band; 600 to 1200 MHz for

the 915 MHz system.
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Figure 4.11 Secondary harmonics of VCO

4.9.4 Detector

Power was detected using a schotky diode. This zero bias diode rectifies the RF

signal. A 50 0 resistor was placed in parallel to the input to match it The output voltage

is related to the input power by the following relationship :

(4.13)

ln our case, R = 50 O. This equation represents the voltage as a square law function.

4.9.5 AOC: Analog to Digital Converter

An AOC was used to translate the voltage to bits. The resolution of this system

was 16 bit, or 65536 different states. The input signal to the AOC was +2 volts =4 volts

whereas the maximum output ofthe detector was only 200 mV. Therefore, an amplifier

was added with a logarithmic gain. The fraction gain of the amplifier allowed a higher gain

at low power and a lower gain at high power. The minimum microwave signal that could

be detected with this system was -40 dBm. The functional elements of the AOC are shown

in Figure 4.12.

4.9.6 Microcontroller

The micro-controller is a mini computer. It has a 32 byte RAM, EEPROM(hard disk)

of 2 kb and 16 serially programmable input/output ports. The purpose ofthis micro­

controller (Figure 4.13) is tointerface data between the computer and different circui.ts of
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the analyzer. The micro-controller receives data coming from the seriai port of the

computer and addresses the synthesizer and ADC. Then it sends back the binary values

of the ADC reading to the computer.

Amplifier

2V

16 bit
ADC

/
To microcontroller

Figure 4.12 ADC circuit diagram

Icomputer 1 Analyz r

................................ ii·s·232·~~~i············17

Seriai port

Synthesizer

ADC

:..•.............................................................,

Figure 4.13 Flow chart of the Micro-controller

4.9.7 Amplifier

A 20dBm amplifier could be plugged into the output port of the permittivity

analyzer. The purpose of this amplifierwas to increase the power into the cavity for sample

heating. The sample is small in size and just a fraction of a watt is sufficient to heat il. At

the same time, by adding an amplifier, the gain of the total chain is higher. More gain is

necessary when one attempts to measure high loss materials. By this means the dynamic
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range of the PA is improved. However, if a low 1055 material is to be tested (with amplifier),

one can expect saturation of the detector because too little microwave energy is absorbed

by the sample. To prevent this an attenuator was added to the input of the detector.

Typically the maximum power at the input of the detector is 0 dBm and the minimum

power is -40 dBm. Without the amplifier the dynamic range of the analyzer is 40 dB. By

using the amplifier properly we can increase the dynamic range of PA by the factor of the

gain of the amplifier. Without a sample (empty cavity) the attenuation of the cavity is in the

range of 12 to 15 dB, and with a high 1055 material the attenuation in the cavity reaches

40 to 60 dB. Thus, with a proper amplifier the factor of the gain reduces the attenuation

in the cavity for high 1055 material such as water. Since most of the agri-food materials

have high dielectric 1055 factor values, it will be necessary to optimize the working dynamic

range of the system before permittivity measurements are planned., Addition of suitable

amplifiers may be an easy solution to handle high loss materials, butit increases the

associated cost of other components in the assembly. For measurement purposes to

handle various materials, the control software was modified to allow the user to input

appropriate numbers. Figure 4.14 shows a photograph of an amplifier and attenuator

elements for both the frequency schemes. Figure 4.15 shows a snap shot of the actual

control software window display screen.

4.9.8 Component specification

The amplifiers comprised of the following specification:

Attenuation: 10 dB and 6 dB

Amplifier: from Mini Circuits parts NO ERA 5

Gain is 13 dB at 2.45 GHz and power output is 100 mW

Gain is 17 dB at 915 MHz and power output is 100 mW

The original RF output of our system was < 5 mW however it was upgraded with

suitable amplifiers and detectors to handle power output of about 150 mW in ail the

measurements reported in this study.

4.9.9 Control software

The algorithms were translated from Q-basic to Visual Basicprogramming to control

the PC that first makes a sweep in frequency to find roughly the value of resonant
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Figure 4.14 A photographie view of experimental set-up (915, 2450 MHz),

permittivity analyzer and amplifier / attenuators and filters

Figure 4.15 A snapshot of development of the control software in Visual Basic

for windows environment for 915 & 2450 MHz sehemes
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frequency. After the initial sweep, it is zoomed further at this point with a maximum

resolution of 20 kHz and a curve of resonant frequency vs. power is plotted. Subsequently,

it searches for the maximum and minimum (± 3 dBm points) power. The calibration curves

(Figure 4.16, 4.17) for the detector are included in the main program. A frequency sweep

is made at the input of the cavity and the power is read at the output and subsequently,

a curve of transmitted power vs. frequency can be generated to track the resonant

frequency. Figure 4.17 iIIustrates the typical3dBm range points and frequency shift.

Transmitted
power

f

fresonant

Figure 4.16 Typical resonant frequency curve

-3 db

f

Figure 4.17 Typical resonant frequency shift curve
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With the help of a computer program, the value of the maximum resonant

frequency was found and from this information, dielectric constant e', was computed. At

the same time, with a calibrated output detector, we can compute the Q. Once Q is known,

the dielectric 1055 factor e"is computed. With this information, we calculate fo and Qo. The

sampie is loaded and the steps are repeated to calculate Qs and fs· Further, with this data,

one could easily obtain the dielectric properties (e', e") of material under test.

This equipment (Figure 4.18) can be connected to any IBM compatible PC (486

or higher) computer through a R8232 cable to a seriai port. The 915 MHz cavity assembly

along with a temperature sensing unit is illustrated in Figure 4.19.

Figure 4.18 Pictorial view of the permittivity analyzer assembly for a 2450 MHz

resonant cavity connected with an amplifier and an attenuator.

A control software was developed to control the analyzer functions and compute

the complex permittivity ofthe material undertest. The schematics and the circuit diagrams

of each component and the data acquisition layout for both frequencies of the analyzer is

shown in the Appendix.
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Figure 4.19 A 915 MHz resonant cavity (insulated) with a temperature sensor (K

type thermocouple) at the maximum electric field position.
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4.10 Experimental Plan

After a series of trials and testing of the developed permittivity analyzer with

standard reference materials such as air, water and alcohol, it was decided to carry out the

permittivity analysis of certain edible oils of plant origin (soya, canola and sunflower),

homeogenized milk (1,2 and 3% fat), neem oil and pulp, ethanol and hexane mixtures and

selected standard laboratory reagents. These materials were tested for their repeatability

and to ensure the proper working of the equipment. Cavity perturbation technique was

used to measure parameters such as: dielectric constant, loss factor, Q-factor (empty,

loaded), resonant frequency (empty, loaded). 2 replicates were used for ail the sampies

and an average of 4 readings each were recorded for both 915 and 2450 MHz frequency

schemes at varying temperatures.

Table 4.1 Experimental samples and treatment levels.

The table presents the sample types and test parameters configured in this study.

Material Frequency (MHz) Temperature (OC)

1. Edible Oils 915,2450 -25 to 100

Soya, Canola, sunflower -25 to 100

2. Milk (homogenised) 915,2450 -25 to 100

1% fat, 2% fat, 3% fat -25 t0100

3. Neem products 915,2450 oto 100

(seed oil, pulp)

4. Organic solvents 915,2450 20 to SO

Ethanol+Hexane mixtures

(Slevels)

5. Standard chemicals 915,2450 22

Alcohols, reagents, etc
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V RESULTS AND DISCUSSION

5.1 Development of a Permittivity Analyzer

The main objective of the research presented in this thesis was to develop an

equipment package permitting the determination of the dielectric properties (permittivity)

of materials over a wide range of temperatures, as weil as at two frequencies. The

equipment specifies and measurement procedure are described in Chapter IV. The present

chapter attempts to evaluate the performance of the developed technology, and consists

of three sections. The first section focuses on the working of the equipment and control

software features. The second section focuses on repeatability and validity of

measurements on the test substances Iisted in Tables 5.1 and 5.2. The last section

represents the results of dielectric properties measurement of ail the samples, followed by

a section on economic and other advantages of permittivity analyzer.

A permittivity analyzerwas designed and developed based on the existing concept

of cavity perturbation at two ISM approved frequencies; 915 and 2450 MHz ranges and

suitable for obtaining the values at variable temperature levels, accorçling to the design

principles reported in ASTM Designation:D2520-81 (Method B, G -Resonant cavity

perturbation method). Suitablecontrol software was developed to carry out the

measurement procedure and analysis. Selected standard reference materials (solvents,

water, air and alcohols) were tested for their E' and E" values at single frequency and

temperature combinations. Both the resonant cavities (915, 2450 MHz) exhibited very high

Q values (> 4000) and are therefore inherently sensitive for low loss measurements. Once

the performance (shift in ilf and Q-factor) was tested and found satisfactory for standard

reference materials, detailed experiments were carried out on various agri-food materials

such as edible oils (soya, sunflower and canola), plant based oils (neem oil and pulp),

solvent mixtures (ethanol and hexane)and homogenised milk at varying fat percentages

at both 915 and 2450 MHz frequencies and varying temperatures.

5.2 Working of the permittivity analyzer, software development and testing

As discussed in Chapter IV, the permittivity analyzer consists of a resonant cavity

at 915 MHz and 2450 MHz each, and the component assembly that consists of two MW

synthesizers, a micro-controller, a detector, and an analog-to-digital converter (AOC).
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These synthesizers are in fact programmable microwave generators operating in a

frequency ranges: 600 to 1200 MHz and 2200 to 2500 MHz, respectively for 915 and 2450

MHz frequency schemes. They are programmable by incremental steps of 20 kHz

frequency, thus giving the possibility of 50,000 and 12,000 points in the range of interest,

for 915 MHz and 2450MHz, respectively. A micro-controller is needed in this analyzer to

manage ail signais coming from the PC to control the synthesizer and AOC. In order to

reduce the reaction time, the software starts with a wide sweep in the selected band, and

ohce the resonant frequency is tracked, the analyzer will focus to this point and pertorm

an accurate measurement at that point. The number of points was as high as 800 in this

small portion of spectrum. At the output of the cavity the powér is measured usinga zero­

bias diode (Schottky). The voltage of the diode is a function of t.he power of the received

signal. A calibration curve is stored by the software to translate this voltage to power. The

voltage measurement is made by a 16-bit AOC. For each voltage measurement, signal is

converted and returned to the computer through the seriai port. Hence, a complete

permittivity analysis can be carried within 10 seconds. This equipment can be connected

ta a standard PC through a RS232 cable ta a seriai port. Softwarehas been developed

ta control the analyzer functions and compute the dielectric parameters.

5.2.1 Tuning of the resonant cavities (915 and 2450 MHz)

The resonant cavitywas coupled to a networkanalyzer (VNA) (HP 87530) through

standard co-axial cables and the coupler-antenna element was tuned at both ISM

frequencies (915, 2450 MHz). Standard procedure (Log-Mag Marker™) was followed ta

excite the MW signal and check the performance of the cavities. Initial tuning is necessary

to optimize the EM energy configuration mode (TMo1O) of the system and to test for it's

peak resonant conditions that govern bath frequencyandQ-factor shifts during

subsequent empty and loaded cavity measurements. Figure 5.1 shows the standard

resonance curves (power vs. frequency) of the PA system tuned by VNA at bath

frequencies. The 'start' and the 'stop' points of the frequency sweep are narrowed to a

smaller range during each sweep and in the case of 915 MHz system,the peak value of

resonant frequency is in the arder of 916.10008 MHz and for the 2450 MHz system, it was

2489.1367 MHz (ISM tolerance is 100MHz). Similar resonant curves with and without the

perturbing abject are reported by Kraszewski & Nelson (1994) and Akyel et al(1978).
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Figure 5.1 Standard calibration curves of permittivity analyzer obtained by network
analyser tuned to both 915 MHz (a) and 2450 MHz (b) frequency schemes
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5.2.2 Control software development

Figure 5.2 shows the block diagram and flow sequence of the dielectric properties

measurement steps. The main program consists of defining ail the variables and constants

with calling statements to various sub-programs dedicated to specifie tasks, such as

configuring input parameters, calculating empty resonant frequency and a-factor, tracking

peak resonant frequency conditions, etc. The entire user-friendly program (control

software) was developed in Visual Basic 5.0 (MS-Windows 95/98/NT) from the original

program written in a-Basic (MS-DOS). The interface of the analyser and the computer is

controlled by this software. Microwave signal generation and sweeping across the selected

bandwidth takes place according to the desired test material and experimental conditions.

Initialization refers to the normalizing of diode functions to zero before the input

parameters are configured. The program allows an erTlpty cavity rTleasurement and stores

the values of the peak conditions of resonant frequency and a-factor. The measurement

of the loaded cavity follows the final sweep and the change in both the peak conditions will

be inputted in another sub-program and is called in the main module everytime there i$

a sweep. Figure 5.3 represents the main control page of the software thatgoverns the

overall dielectric measurement. The computation of dielectric parameters and the

generation of graphies (frequency vs. power) along with the calculated values of the above

parameters. Pull-down menus are made available to the user for inputting the cavity

specifications (volume, shape) for configuration. Figure 5.4 shows the frame designed to

'save' ail the data points and computed values along with other useful information. This

option was not possible in the Q-basic version. The snapshot frame of the 'configuration'

window appears as shown in Figure 5.5. Both the empty and loadedcavity measurements

can be performed in less than one min for both frequencies and the program hasthe 'time

delay' function to accelerate the translation of binary. data. Every aspect of the

measurement was incorporated in the main program supported by various sub-routines for

different actions.
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Input configuration parameters

Input Empty Cavity Parameters

Initial frequency sweep

Empty Cavity Measurement

Tracking peak resonant frequency

Data translation and communication

Final sweeping and tracking

Loaded cavity measurement

Display of frequency vs. powercurve

Computation of E' and E"

Saving data and printing graphs

Return for next measurement

Figure 5.2 Flow diagram of the dielectric properties measurement sequence
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Figure 5.4 Display of an integrated data saving feature of the control software
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Figure 5.5 Display of initial configuration window of the control software

5.3 Calibration of Permittivity Analyzer

The standard curve (as shown in Figure 5.6) of power vs. frequency for distilled

water revealed that the measuring system and components performed weil as the

observed noise level was not significantly high. The above sampie was repeatedly tested

to determine its peak resonance condition at 2.45 GHz frequency and room temperature.

The results obtained with the permittivity analyser matched with the standard network

analyser based values for similartest conditions. The resolution of each measurement was

in the range of 10 - 20 kHz step size and the number of data points for each sweep was

801. In general, the lower the Q, higher the heating rate. High Q-factor defines the

bandwidth (or sharpness) of the resonance curve of field intensity plotted against

frequency. There is a slight scatter in the data points for water media due to noise

produced by the system's electronic components however it is very minimal or absent for

air (Figure 5.7). These checks will be made at the start of the dielectric measurements of

an unknown sample and in-between measurements to verify the functioning of the unit.
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5.3.1 Factors Affecting the Measurement Conditions and Performance

The following factors and experimental difficulties were observed during the

measurement and are worth to consider in carrying out the accurate permittivity analysis:

it takes 3-6 hours to set and stabilise the system (temperature re-circulating bath)

at freezing temperatures (-15 to -35°C).

sample reaches the set temperatures in 2 to 3 min and K type thermocouple sensor

can be used to check the temperature at the geometric center of the resonant

cavity. The difference between the set point value and the actual temperature

inside the cavity was found to be 1 to 2°C.

heat loss can be minimized by perfect insulation, however at the sample insertion

point, coupling holes, and cable connection points, they are not perfectly air tight.

Condensation effect will be evident when working at low temperatures (-15°C and

below). This physical change is speculated to affect the measurement values as

the cylindrical core of the sample holder isenclosed bya thin ice layer (exterior)

and perhaps the outer walls of the cavity could becovered with ice (wet). Detailed

observation was not possible because of the enclosure and liJ:nited access space.

ln our set-up, there was no deposit of ice inside the cavity.

values of fo and Q-factor remain constant for empty cavity measurements and are

saved in memory for use in computing dielectric properties of the sample. The shift

in the above parameters forms the basis of calculation of dielectric constant and

loss factor.

sources of errors may be due to instability of the temperature bath (re-circulator)

at sub-zero temperatures.

electrical noise and vibration due to temperature bath placed on the same levelas

the electronic components.

difficult to store and measure volatile samplesat high or low temperatures

(example, organic solvents)

• system errors due to voltage fluctuations (electronics)

Data saving capability feature of the control software eliminatesany transcription

errors and can be recalled for comparison purposes.
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5.4 Repeatability, measurement accuracy, comparison with other reported data.

This section evaluates system performance in terms of the data obtained. The first

issue is the stability of measurements taken on the same sample under the sarne

conditions in sequence. The second is that of variability of measurements taken on

different sampies of material of the same batch with respect to the different temperatures

and frequencies. The third issue with respect to the gathered data is that of validity in

terms of values reported in the Iiterature where available. Finally, the dielectric properties

of the different test materials are presented and discussed in terms of their frequency and

temperature dependencies, and in Iight of available data from the Iiterature.

5.4.1 Repeatability

The following procedure was used in most of the measurement sequences. The

recirculating bath was set to bring the cavity to the desired temperature. A borosilicate

glass micropipette (10 l-ll) containing the sample was then introduced into the cavity, and

the sample was allowed to equilibrate to set cavity temperature for less than two minutes

(in the case of temperatures above 22°C) and about five min for sub-zero temperatures.

The measurement sequence was then initiated. Four scans (quadruplets) were made on

the sample within 50 to 60 seconds. The micrapipette was then extracted and replaced

with another holding either: (i) a different sample of the same material, or (ii) a sample of

another material to be tested at the existing temperature. Since the Iimiting factors for

speed of operation are changing the desired temperature, and changing to a different

frequency, it would be desirable,.in practice, to work at a given frequency for asmany

types of materials as are to be tested in a session, and to test themall at a given

temperature before resetting the desired temperature. The measurements were repeated

both fram coldest to warmest and warmest to the coldest range and there was no

difference in the values o.f E' and E". Howèver, it was not possible to execute tests

according to this strategy because ail of the materials were not available at the same time

over the course of this research.

The stability of quadruplets of dielectric constant, considered over ail of the

materials, temperatures and frequencies tested was excellent. In 95% of the tests, ail

members of a quadruplet were identical. The stability was very good for the dielectric loss

factors; 84% of quadruplets having identical members. When members were not identical,
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variations were nevertheless quite small «1 % of the average reading). Thus, a nominal

error of less than 1% can be attributed to the system's circuitry and cavity conditions.

5.4.2 Testing of the Permittivity Analyzer

Table 5.1 shows the values of dielectric properties and cavity a-factor of standard

solvents and chemical reagents commonly used in the microwave enhanced chemistry

applications and calibration materials. The values represent the average of four readings

over two replicates measured using cavity perturbation technique at 2.45 GHz and ambient

temperature (22-25°C). They are in agreement with the Iiterature values obtained by

(Kingston and Haswell, 1997; Giroux, 1987; Chen and Spiro, 1994; Gabriel et al. 1998).

The high value of a o (5096) for an empty cavity measurement and the corresponding

nurtlbers for these samples indicates that the measurements tested under certain

conditions are highly reliable. The variation in a-factor for sorne standard solvent and

chemical reagents indicatesthe heatdissipation qualities, i.e., methanol ((n =13.92) heats

faster than acetone ((n = 0.93) or toluene (En =0.01).

The standard errors are calculated for ail the temperature levels and the

percentage mean values of the standard errors along with the measured data. are

presented in the Tables 5.2 and 5.3.

Table 5.4 represents the numerical values of (' and (" of selected agri-food

rnaterials (solids, semi-solids, particulates and liquids) determined under conditions similar

to the standard materials, as above. The values obtained by using the new permittivity

analyzer is found to agree with the reported values (Giroux, 1987). The standard errors are

calculated and the percentage mean values along with the measured data are presented

in the Table 5.5 and Table 5.6.
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Table 5.1 Dielectric properties and cavity Q factor of sorne standard solvent and chernical

reagents at 22-25°C and 2.45 Ghz.

1_1I1_._t.
Distilled water 78.5 78.6a 12.57 9.48a 457

Acetone 21.9

Methyl ethyl 19.2
ketone

Ethanol 7.19

Ethyl acetate 6.75

n-amyl alcohol 3.05

Toluene 2.83

Fumaric acid 2.37

Hexane 2.01

Dimethyl 1.93
fumarate

Starch -H20
solution

DMF

Methanol

81.3

38.5

23.1 21.9b

24.7C

22.1 d

3.51 h

2.6i

1.gi

10.36

5.35

13.92

0.93

1.19

7.24

0.25

1.51

0.01

0.006

0.009

0.12

14.6b

14.9c

16.0d

0.839

7.1'
7.959

O.oogi

485

714

348

2659

2327

629

3854

2756

5021

5021

5021

4966

Petroleum 1.84 0.002 5092
ether

Empty cavity 0 0 =5096, E' (meas.) = experimentally determined values, E'(litr.) = literature value

Reported literature measurements by other techniques:

aGabriel et al.(1998), bGabriel et al.(1998), cGiroux (1987), dUaoet al. (2001)

eGabriel et al.(1998), 'Gabriel et al.(1998), Chen & Spiro (1994), 9Uao et al (2001)

hGiroux (1987), 'Gabriel et al.(1998), iChen and Spiro (1994)
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Table 5.2 Quadruplet data of E' and standard errors as percentage of mean values for the

standard solvent and chemical reagents measured at 22-25°C, f= 2450 MHz using

Permittivity Analyzer. The standard error and the standard error as % of mean were

calculated across ail four values (eg.,for material #1: E'= 81.26, 81.14, 81.26, 81.22) for

bath replicates (1,2).

Material* Replicate Temp. Freq. [' [' Std.error Std error as

(oC) (MHz) %ofmean
1 1,2 22 2450 {81.26 81.14 0.028284 0.034824
1 1,2 22 2450 81.26 81.22}
2 1,2 22 2450 {78.46 78.38 0.022174 0.028281
2 1,2 22 2450 78.42 78.36}
3 1,2 22 2450 {39.29 38.45 0.210000 0.543197
3 1,2 22 2450 38.45 38.45}
4 1,2 22 2450 {23.13 22.95 0.044230 0.191615
4 1,2 22 2450 23.13 23.12}
5 1,2 22 2450 {21.79 21.92 0.068602 0.312360
5 1,2 22 2450 22.04 22.10}
6 1,2 22 2450 {18.68 18.68 0.125000 0.664717
6 1,2 22 2450 19.18 18.68}
7 1,2 22 2450 {07.19 07.19 0.007500 0.104203
7 1,2 22 2450 07.19 07.22}
8 1,2 22 2450 {07.02 06.52 0.125000 1.881114
8 1,2 22 2450 06.52 06.52}
9 1,2 22 2450 {03.05 02.95 0.048045 1.642568
9 1,2 22 2450 02.86 02.84}
10 1,2 22 2450 {02.84 02.82 0.005000 0.176367
10 1,2 22 2450 02.84 02.84}
11 1,2 22 2450 {02.37 02.37 0.000000 0.000000
11 1,2 22 2450 02.37 02.37}
12 1,2 22 2450 {02.05 02.01 0.010000 0.495050
12 1,2 22 2450 02.01 02.01}
13 1,2 22 2450 {01.94 01.93 0.004082 0.211528
13 1,2 22 2450 01.92 01.93}

Material*: 1-Starch-Water solution, 2-Distilled water, 3-Dimethyl Formamide (DMF), 4-Methanol,

5-Acetone, 6-Methyl Ethyl Ketone, 7-Ethanol, 8-Ethyl acetate, 9-n-Amyl alcohol, 10-Toluene, 11-

Fumaric acid, 12-Hexane, 13-Diemethyl Fumarate
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Table 5.3 Quadruplet data of E" and standard errors as percentage of mean values for the

standard solvent and chemical reagents measured at 22-25°C, f= .2450 MHz using

Permittivity Analyzer.

Material* Replicate Temp. Freq. E" E" Std. error Std error as

(oC) (MHz) %ofmean
1 1,2 22 2450 {10.3617 10.1200 0.058983677 0.574562039
1 1,2 22 2450 10.3617 10.2200}
2 1,2 22 2450 {12.5700 12.3800 0.059494397 0.477195889
2 1,2 22 2450 12.5700 012.350}
3 1,2 22 2450 {05.3074 05.5973 0.091354461 1.706618981
3 1,2 22 2450 05.1571 05.3500}
4 1,2 22 2450 {13.9200 13.9200 0.001700000 0.012211152
4 1,2 22 2450 13.9268 13.9200}
5 1,2 22 2450 {00.9355 00.9368 0.008522177 0.90234284
5 1,2 22 2450 00.9355 00.9700}
6 1,2 22 2450 {01.1900 01.1871 0.006746975 0.564836721
6 1,2 22 2450 01.2146 01.1863}
7 1,2 22 2450 {07.2492 07.2400 0.002374167 0.032760229
7 1,2 22 2450 07.2492 07.2500}
8 1,2 22 2450 {00.2490 00.2501 0.000275000 0.110077054
8 1,2 22 2450 00.2501 00.2501}
9 1,2 22 2450 {01.5100 01.4065 0.047151326 3.182996965
9 1,2 22 2450 01.6024 01.4065}

10 1,2 22 2450 {00.0158 00.0160 0.000173205 1.103217075
10 1,2 22 2450 00.0152 00.0158}
11 1,2 22 2450 {00.0060 00.0061 6.29153E-05 1.052975514
11 1,2 22 2450 00.0058 00.0060}
12 1,2 22 2450 {00.0090 00.0095 0.000144338 1.560406133
12 1,2 22 2450 00.0095 00.0090}
13 1,2 22 2450 {00.1239 00.1231 0.000230940 0.186996039
13 1,2 22 2450 00.1239 00.1231}

Material*: 1-Starch-Water solution, 2-Distilled water, 3-Dimethyl Formâmide (DMF), 4-Methanol,

5-Acetone, 6-Methyl Ethyl Ketone, 7-Ethanol, 8-Ethyl acetate, 9-n-Amyl alcohol, 10-Toluene, 11-

Fumaric acid, 12-Hexane, 13-Diemethyl Fumarate
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Table 5.4 Dielectric properties of selected agri-food and MW transparent materials.

Sample

j,:::!:.:.-::t:i!::il::!·ii.j:::i~:::::::-:":·:::·!I'~~ii:::::\::::·ij·:::':/::····:.:::··i:·:·:::i:·..:

Tefion™ (88%)

Borosilicate glass

(micropipette Icorning)

:i·,i::~.:::·!:,.:.,i·':::·:::~~·,·i::·iil'i,I~'i·.·'·:·'i::::.:"iii··,:I···ii'i:i:'j:'

Wax (plastic)

:~il~!,::.··:t·'i::::;::::.:·:.:i::8Iméll~li!i:i.::iiii.:::::,:,::!;i,i::::i::

Clay soil (12% m.c.)

Loamy soil (7% m.c.)

Grape seed powder ­

(freeze dried)

:·;i·:i:::::'j:::::::':,:i::::':::~,~i.Ji~i"::i~:I.:!~:i:.::i·;:::t·i'::'::::::·:.i

Corn oil

E'(meas.)

2.74

4.65

2.01

2.44

7.01

3.57

2.59

E'(litr.)

2.51°

E"(lItr.)

0.0003 0.00032a

0.008 0.006b

0.007

0.14 0.15°

0.05 0.08d

0.26

0.13

Sunflower oil 2.51 2.49' 0.18 0.18'

Empty cavity Qo = 5096, E' (meas.) =experimentally determined values, E" (litr.) = Iiterature

value.

Reported Iiterature measurements (other techniques):

aGiroux (1987), HP Product Information, bGabriel et al.(1998), cBreccia et al.(1987),

dBreccia et al.(1987), eBengtsson and Risman (1971), 'Akyel et al.(1983).
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Table 5.5 Quadruplet data of E' and standard errors as % of mean values for the standard

agri-food and MW transparent materials measured at 22-25°C, f= 2450 MHz using

Permittivity Analyzer. (Materiar: 1-TeflonlM
, 2-Borosilicate glass, 3-wax, 4-Clay soil (12% m.c.),

5~Loamy soil (7% m.c.), 6-Grape seed powder, 7-Corn oil, 8-Sunflower oil)

Malerial Rep Temp. Freq. E' E' Std.Err Std error as

(OC) (MHz) %ofmean
1 1,2 22 2450 {2.74 2.62 0.028284 1.047566
1 1,2 22 2450 2.74 2.70}
2 1,2 22 2450 {4.65 4.28 0.101366 2.265155
2 1,2 22 2450 4.65 4.32}
3 1,2 22 2450 {2.01 2.01 0.000000 0.000000
3 1,2 22 2450 2.01 2.01}
4 1,2 22 2450 {2.44 2.51 0.021747 0.868997
4 1,2 22 2450 2.54 2.52}
5 1,2 22 2450 {7.01 7.15 0.040415 0.570827
5 1,2 22 2450 7.01 7.15}
6 1,2 22 2450 {3.57 3.57 0.002500 0.069979
6 1,2 22 2450 3.57 3.58}
7 1,2 22 2450 {2.59 2.61 0.005774 0.222058
7 1,2 22 2450 2.59 2.61}
8 1,2 22 2450 {2.51 2.49 0.005774 0.230940
8 1,2 22 2450 2.51 2,49}

Table 5.6 Quadruplet data of E" and standard errors as % of mean values for the standard

agri-food and MW transparent materials measured (22-25°C,f=2450 MHz using Permittivity

Analyzer.

Materia!" Rep Temp Freq E" E" Std. Err Std Err as

(oC) (MHz) %of mean
1 1,2 22 2450 {0.0003 0.00032 4.78714E-06 1.556792045
1 1,2 22 2450 0.0003 0.00031}
2 1,2 22 2450 {0.0080 0.00810 6.29153E-05 0.7889064200
2 1,2 22 2450 0.0080 0.00780}
3 1,2 22 2450 {0.0070 0.00700 0.000375000 5.8823529410
3 1,2 22 2450 0.0055 0.00600}
4 1,2 22 2450 {0.1400 0.15000 0.002500000 1.6949152540
4 1,2 22 2450 0.1500 0.15000}
5 1,2 22 2450 {0.0500 0.05200 0.001181454 2.2830027180
5 1,2 22 2450 0.0500 0.05500}
6 1,2 22 2450 {0.2600 0.26000 0.002500000 0.9708737860
6 1,2 22 2450 0.2500 0.26000}
7 1,2 22 2450 {0.1300 0.13000 0.002500000 1.8867924530
7 1,2 22 2450 0.1400 0.13000}
8 1,2 22 2450 {0.1800 0.18000 0.001493039 0.8329369070
8 1,2 22 2450 0.1750 0.18200}
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5.5 Variability across Samples at Different Frequencies and Temperatures

ln order to gain some insight into the variability one might expect in an experimental

study of dielectric properties or in a quality control or monitoring situation, the variability of

the dielectric constant and of the loss factors of milks and edible oils were evaluated in the

following manner. The average of each dielectric property was assigned to the readings

(quadruplets) obtained from the sample in a given micropipette (section 5.4.1). For each

combination of material, frequency and temperature, the standard error (SE =s n-1
/
2

, where

s is the standard deviation and n is the number of observations) of the quadruplet

averages was determined and then normalized by dividing by the mean of the samples at

that combination (usually 4 or 6 samples). The normalized standard error is hereafter

denoted as NSE. These calculations were done directly in the Microsoft· Excel (2000)

spreadsheets containing the raw data. (Note: The standard errors were normalized to

permit comparison across the different combinations of material, frequencyand

temperature since the magnitudes of dlelectric constant and loss factor rangedfrom the

order of 10-2 to the order of 102
• The NSE is completely analogous to that of the coefficient

of variability, which is used to compare the precision of experiments).

Histograms of the NSE's of E' and E" for measurements made on mllks at three

different fat contents and on the three edible oils (soya, sunflower, canola) are presented

in Figures 5.8a,b and 5.9a,b. The average of the NSE's and 95% confidence Iimits are

noted on the figures since they can be used to estimate confidence Iimitson the average

of E' and E" at a given combination of frequency and temperature. Although the same

procedure was used in investigations of the data sets on ethanol-hexane mixtures, neem

oil and neem pulp, the data sets for these substances were not complete for reasons

mainly due to inconsistent values OfE' & E" obtained atcertain test conditions. Thus,

although the histograms forthese materials are also presented with the averages and

confidence Iimits of the NSE's (Figures 5.10a,b to 5.12a,b), their associated statistics

cannot be considered reliable and are not to be used for estimates of precision at this

stage.

There are two clear features in these histograms. First, they are distinctly skewed

to the left. The vast majority of N8E's corresponding to the dielectric constant (Fig;a) of

each set are of magnitude less than 1% of the mean value of·E' at a given combination of

temperature, frequency and subclass (ego milk fat percentage,fatty acid compositionot

edible 011, etc.). In itself, this is very encouraging in terms of the level otprecisionone might

expect in estimating the dielectric constants of homogeneous materials such as the milks
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and edible oils. Furthermore, these tendencies are quite similar for high (milk), intermediate

(edible oils) and low (hexane-ethanol mixtures) loss materials. The greatest degree of

variability in the distribution of N8E's corresponding to E' occurs in the cases of neem oil

and neem pulp which were the least homogeneous of the substances tested. Of ail the

liquid samples tested, the neem oil was the least homogeneous (Fig. 5.11 a), although it

was certainly more homogeneous than the neem kernel pulp (Fig. 5.12a). Visually, the

neem oil could be described as a turbid or cloudy slurry of oil with sorne suspended

particles, not resembling at ail the highly refined commercial edible oils tested.

The second important feature of the histograms is that the variability of the N8E's

of E" measured on a substance is clearly greater than that of the N8E's of E' on the same

substance (except in the most extreme case of N8E variability which was that of neem

pulp - here the variabilities are about equal). The clearest example is the difference for

milk (see Fig. 5.8a,b). The N8E's corresponding to E" cluster mainly overthe range 0-1.8%

of its mean, whereas those corresponding to E' cluster over a narrowér region (0-0.8%) of

the rilean. The question arises as to why the loss factor exhibits greatervariabilitythan the

dielectric constant under the same range of conditions.

The difficulties associated with accurate determination of E' have been discussed

in terms of the effects of introducing a sample into the cavity on the validity of equation by

Chen et al. (1996). One of the assumptions underlying this equation is that the empty

cavity 0 0 and the Qs for the cavity with the sample, are measured at the samefrequency

and at the same coupling conditions The authors demonstrate that the degree of coupling

between cavity and transmission line is altered by introduction of the sample, as is the

frequency of the signal. They present experimental results that indicate the significance

of re-tuning and adjusting the coupling on the calculated loss factors. These considerations

do not apply to calculation of the dielectric constant. Thus, with respect to Figures 5~8a,b·

5.12a,b which involve samples with different properties and or at different temperatures,

it may be that the N8E's associated with the loss factors are more scattered because of

a wide range of interactions of sample with the coupling coefficient and resoriant

frequency. Table 5.6a representstheextracted and measured values OfE' &E"·of selected

and available values reported in the literature for temperatures belowO°C (-30to O°C) for

certain foods & chemicals. It is observed that lTlajority of sampies (except oils) exhibited

a sharp increase in their epsilon (E' & E") values obtained in the range of -20°C & O°C, with

other techniques and similar conditions (freq., tempr.). It is difficult to compare the absolute

values obtained in this research as the test conditions vary from one study to the other.
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Table5.5a Extracted dielectric data obtained using other techniques

(Literature)
# Sample Frequency Temperature O. constant 0.1055 factor Reference

(MHz) (celsius)
Pure water 2450 -30 3.2 0.027 Giroux (1987)

2800 -20 4.9 Not reported Calay etaI. (1998)
2450 22 73 21.9 Giroux (1987)

2 Ice 2450 -12 3.2 0.003 Schiffman, 93
3 Milkpowder 2450 -10 2.24 0.045 Giroux (1987)
4 Cooked peas 2800 -20 4.1 0.29 "

2800 3 64.3 22 Giroux (1987)
5 Cooked Fish 900 -20 4.5 0.61

(m.c.=75%) 900 -10 5.5 1.1
900 3 54.2 17.1 "

6 Cooked carrot 2800 -20 4.2 0.34 Rao & Rizvi (1995)
..... (m.c.=88%) 2800 3 75.6 25.4
0
0> 7 Mashed potato 900 -20 3.8 0.28 "

(m.c. =81%) 900 3 71.5 18.9
3000 -20 4.6 0.32
3000 3 66.7 25.5

8 Vegetable soup 2800 -20 3.9 0.29 Giroux (1987)
(m.c.=85%) 2800 -10 5.1 0.9

2800 0 74.7 23.9
9 Corn oil 3000 -10 2.57 0.103 "

(refined) 3000 20 2.63 0.149
10 Gravy 3000 -20 6.8 1.6 "

3000 -10 10 3.9
3000 0 44.3 22.4

11 Milk 2450 -30 3.84 0.1447 Measured values
(1% fat) 2450 -20 37.25 49.75 using CPT

2450 -10 68:6 64.55
2450 0 72.1 27.35
915 -30 66.2 14.25 "
915 -20 72.35 14.1
915 -10 31.2 15.25
915 0 42.9 9.28



Table 5.6a Extracted dielectric data obtained using other techniques

(Literature)
# Sample Frequency Temperature o. constant o. loss factor Reference

(MHz) (celsius)
12 915 -20 72.62 15.75

915 -10 33.75 16.35
915 0 41.65 9.97

13 Milk 2450 -30 3.95 0.1447
(3% fat) 2450 -10 65.82 56.75 "

2450 0 69.45 25.65
915 -30 66.5 14.05
915 -10 31.1 15.62
915 0 41.15 9.98

14 Soya oil 2450 -25 6.25 0.117
2450 -10 7.02 0.159

..... 2450 0 11.85 0.3030
--J Sunflower oil 2450 -25 6.27 0.121

2450 -10 7.04 0.171
2450 0 11.75 0.32

Canolaoil 2450 -25 0.08 0.058
2450 -10 0.81 0.08
2450 0 11.35 0.249

15 Tylose 2450 -20 5.1 2.5 Charnchong et al. '98
(3% salt) 2450 -10 14.5 7.81

2450 0 60.56 34.65
16 Methanol 2450 -20 14.75 12.59 Gabriel et al. 1998

2450 -10 17.85 14.25
2450 0 20.9 16.46

17 Propanol 2450 -20 6.33 1.34 "
2450 -10 6.94 1.65
2450 0 6.97 2.08
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The average N8E's are reported in the figures with twice their own standard errors

relative to ail the data corresponding to a given class of substance (milk, edible oil, etc.).

This gives the 95% confidence Iimits on the mean NSE's. The average SE's and their

standard errors are reported in Table 5.7a,b for various materials. The implicit assumption

is that they are minimally dependent of temperature, frequency or composition (eg. percent

milk fat, fatty acid distribution for the edible oils, ratio of ethanol to hexane) and can

therefore be used as global error 'estimates' for the different class of substances. The idea

here is that for a specifie combination of substance composition (milk fat %, fatty acid

composition of edible oil, ethanol:hexane ratio), frequency and temperature, the upper and

lower confidence Iimits of the appropriate mean SE can be associated with the mean value

of the dielectric property in question. To be conservative, the error to attach to the mean

value of the dielectric property at a specifie combination of factors is twice the upper Iimit

of the SE.

Table 5.7 Standard error and confidence Iimits for the classes of substances studied.

Max.
"range

(a) dielectric constant (E')

Sample Avg. Upper Lower

SE Iimit Iimit

Milks 0.16 0.18 0.14

Edible Oils 0.03 0.036 0.024

±0.36

±0.072

Ethanol, hexane mixture 0.1 0.15 0.05 ±0.3
"applicable to means at specifie combination, SE == standard error

(b) dielectric loss factor (E")

Sample Avg. Upper Lower Max.

SE limit Iimit "range

Milks 0.13 0.15 0.11 ±D.30

Edible Oils 0.003 0.004 0.002 ±D.008

Ethanol, hexane mixture 0.024 0.036 0.012 ±0.072.
applicable to means at specifie combination, SE =standard error

113



5.5.1 Dielectric Properties of Various Substances with Permittivity Analyzer

5.5.1 a Homogensied Milk

The dielectric constant and the dielectric loss factor for milk at three levels of milk

fat and two frequencies are presented in Figures 5.13 and 5.14. The dielectric constant

(Figure 5.13a) and the dielectric loss factor (5.14a) exhibited similar responses to

temperature and % fat over the range studied, both being very small in the range of -28

to -30°C and then rising sharply (2450 MHz) upto 40°C (data points); after which it

decreases gradually. In the case of E", there is a sharp decrease from -10°C to ooe and

a slow downward trend thereafter. It is not clearly understood why there is a huge

difference for loss factor of milk at -1 0 and -5°e (2450 MHz). If compared to the value of

loss factor for water at -10°C (37), it is seen that it is far different than the value of 75

obtained here. This difference is attributable to the differences in physical status of water

and milk. It is speculated that milk cannot be considered frozen at thesetemperatures

whereas water would definitely be considered frozen. However, the loss factor drops

thereafter. From the Iiterature it is found that E" value for milk to be around 18 (Kudra et

al., 1992; Mudgett et al., 1974) at 20°C which agrees with the value obtained in this study

for the same condition (Figure 5.14a).

The E' and E" values at varying temperatures for 915 MHz can be seenin Figures

5.13b and 5.14b. The data here also shows inconsistencies below ooe as expected and

there is no literature data available to compare. However, both the E' and E" follows an

increasing trend with temperature which are opposite to the trend observed for 2450 MHz.

5.5.2 Edible Oils

The dielecttic constant and dielectric loss factor for three different edible oils (soya,

sunflower and canola) at two frequencies (915 and 2450 MHz) are presented in Figures

5.15 and 5.16. Ali the three oils, viz, soya, sunflower and canola have shown similar

responses at microwave frequency of 2450 MHz. Whereas at 915 MHz, the values of E'

(Fig. 5.15b) and E" (Fig. 5.16b) for ail the three oils were found to be inconsistent below

25°C, possibly due to contribution of the constituents (saturated fatty acids) of the sample.

As we know, oils and fats are made up of fatty acids of glycerol and come from both plant

and vegetable sources and have important functional and nutritional properties in agri­

foods. Monoglycerides and diglycerides decompose at temperatures ranging from 160°C

to 190°C (Potter et al., 1996).
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Since the dielectric properties of different oils exhibited radically different responses

to frequency and temperature in this study, future efforts should be concentrated on

studying the fatty acid compositions and determining what additives may be present due

to the types of extraction and preservation methods used for each oil in order to explain

the odd behavior. Pace et al.(1968) reported data on 11 commercial cooking oils and this

data compares weil with the data obtained here at similar frequencies and temperature

ranges (25 to 100°C). Canola oil behaved differently than the other two types in the 0 to

-20°C at 915 as weil as at 2450 MHz The data below sub-zero temperatures for these oils

is not easily available in the Iiterature. When suspected factors are identified, specific

studies should be performed to elucidate the mechanisms. This however is outside the

scope of this study.

5.5.3 Ethanol, hexane mixtures

Organic solvents such as ethanol and hexane were mixedin various proportions

(10, 30, 50, 70, 90 and 100% ethanol) and the dielectric properties were determined at

both frequencies. The behaviour of E' and E" of ethanol and the mixture of ethanol and

hexane, at temperatures ranging from 22°C to 62°C was determined. Ali the

measurements were carried out at both 915 and 2450 MHz frequencies. The flash point

(65°C) of these mixtures did not allow permittivity measurements beyond the presented

range as the sample boiled off before the insertion into the cavity. For 2450 MHz, the

values of E' decreased as the % of ethanol decreased (as shown in Figure 5.17a). The

same trend can be observed with respect to E", Samples of pure ethanol (100%) e):{hibited

higher values for both E' and E". The trends of E' with temperature were identical for ethanol

concentrations of 10 to 30% and were fiat from 37 to 62°C. At higher conc~ntrations of

ethanol, E' increased with temperature. The dielectric loss factor, E" increased with

temperature for mixtures containing greater than 50% ethanol by volume (Figure 5.17b).

However, as the ratio of ethanol in the mixture decreased below 50%, the dielectric loss

factor stayed essentially the same for different temperatures. These results also show that,

over the temperature range studied, both the dieleetrie constant and loss factor deereased

Iinearly as the volumetrie ratio of hexane in the mixture increased. The data compares weil

with the Iiterature data reported by Punt (1997), using VNAbased measurement approach

and the data reported by Gabriel et al.(1998), and Giroux (1987).
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ln the case of 915 MHz, the E' increased Iinearly with temperature and decreased

with decrease in ethanol concentrations (Figure 5.18a). The trends of E' with temperature

were identical for ail the concentrations. However, E" decreased with temperature (as

shown in Figure 5.18b) and also with decreasing ethanol concentrations. The trends of

E" with temperature were identical for ethanol concentration in the range of 50-100%;

however, E" increased slightly in the range of 20°C to 40°C (for 10 - 30% ethanol

concentrations). The dielectric 1055 factor values did not change much in the range 40 ­

50°C; however, it decreased gradually thereafter until it reached the flash point (65°C).

There is no literature available for mixtures of ethanol and hexane measured at 915 MHz

and similar conditions.

5.5.4 Behaviour of Neem Oil and Pulp

Plant based materials such as neem oil and pulp were tested for their dielectric

constant and loss factors, at 2.45 GHz frequency and 0-1 OO°C temperature range (Figure

5.19a,b). The preparation of neem pulp sample was very difficult because of the nature

of the bio-ingredients of neem, as reported by Dai et al.(2000). Both dielectric constant and

dielectric loss factor increased Iinearly with temperature; however, the. values of oil was

lower than that of pulp as there was no contribution of moisture and organic substances

contained in the pulp. The E' ranged from 1.5 to 6.0 for oil and 3.5 to 10 for the pulp. The

E" of pulp increased with temperature. The relationship was non-linear as shown in Fig.

5.19(b).

5.6 Economie aspects and advantages

ln this research study, the permittivity analyzer was developed and found to be

simple,easy and flexible to operate. It is a unique, dedicated equipment and portable

compared to the commercially available Vector Network Analyzers (VNAs).

5.6.1 VNA vs Permittivity Analyzer (PA) Comparison

The components and their specifies are diseussedin th~ Materials and Methods

Chapter. Ali the essential electronic components that are directly responsible to measure

dielectric parameters are commercially available. The approximate costs of electronic

components used for Permittivity Analyzer are shown below:
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2 MW Synthesizers - $2000

Micro controler - $200

Amplifier - $250

Detector - $150

• Power supply - $100

Outer Casing - $50

Cable and filter - $200

Total = CAD$2950 (excluding software and computer expenses)

The cost for VNA based measuring system is shown below::

8753D HP VNA Network Analyser- $50000 minimum

GPIB card- $500

• Amplifier -$250

• Power supply - $500

• Cable and filter -$200

Total = CAD$51 ,450

Since the resonant cavities are not commercially available the cost involved in the

design and development (fabrication)need to be considered. However,. this depends on

the selection of the material and nature of experimentation. The material and the

machining costs are similar for both VNA and PA measurements.

For variable temperature measurements, the cost towards the refrigerated re­

circulator and suitable thermocouple sensors are ta be added which are the same for both

VNA and PA. Other parameters to consider are:

• Weight

• Portability

Size

Speed of measurement

Accuracy

Concerning the weight, the permittivity analyzer is a better equipment compared

to VNA. The total weight of VNA is around 60 pounds, and the dimension is around 90 cu

cm; whereas permittivity analyzer studied here weighs only 10 pounds, and the size is

only 15 cu cm. This added advantage will make a big difference for field application. While

it is extremely difficult to use the VNA for field measurement, the Permittivity Analyzer can
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find the best option as most appropriate equipment for in-situ measurements of dielectric

properties. The scanning time and speed of measurement for both systems are relatively

the same.

ln this unit (PA), it was not easy to achieve better than 40 dBm of output microwave

power. Suitable amplifier was integrated in the cavity loop to increase the sensitivity of the

detector. The frequency resolution of PA is 10kHz and this range is sufficient to carry out

dielectric measurements; however the effect of this parameter influences the precision of

dielectric constant. This negative point can be compensated by increasing the size of

sample under test. In the perturbation theory the dielectric constant is a direct function of

sample volume over cavity volume.

ln conclusion, we can see that the analyzer is a dedicated equipment for permittivity

measurement at two frequencies and has a capability te measure in the range of -30 and

+200oC. It is also a perfect tool for field application. VNA is suitable for extensive laboratory

measurements where more accuracy is needed not only for measuring permittivity but for

various other microwave parameters needed in the fields of telecommunications, bio­

medical and space research, etc.
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VI SUMMARY AND CONCLUSIONS

This research is aimed at developing and integrating the permittivity analyzer to

measure the dielectric constant and dielectric loss factors at two ISM approved frequencies

(915 and 2450 MHz) and various temperature capabilities. The permittivity measurement

is based on the perturbation concept and uses circular cavities operating in a standard

TMa10 mode. As per the ASTM guidelines and design principles, two resonant perturbation

cavities were designed and fabricated for 915 and 2450 MHz frequencies, respectively.

The initial coupling of microwave antenna and tuning of the cavities was performed with

the aid of Vector Network Analyzer (HP 8753D). Both the cavities exhibited high Q-factor

(>4000) under empty cavity condition and thereby indicating an accurate and reliable

rneasurement.

Choice of the sample holder (micropipette / teflon tube) and the sampling

procedure depend on the nature of the material (Iow or high loss) and the experimental

conditions. The micropipettes used in ail the measurements were made of borosilicate

glass (E'=4.2, EH=0.008). An empty sample holder is always placed at the geometric centre

of the cavity (where the electric field intensity is maximum for such a mode) to allow

calibration of the tube for subsequent measurements with the sample. After both the

cavities are tuned and the assembly of electronic components are complete, certain

standard reference materials (water, air, alcohol) were repeatedly tested for their E'

(vvater=78.4,air=1) and EH (water=10.98, air=O) 'at 2.45 GHz and 23°C. Similar

measurements were also made at 915 MHz frequency. Suitable control software was

developed to carry out the measurement procedure and analysis. Appropriate

mathematical steps and perturbation formulae were included in the main control software

for complete permittivity analyses at both designated frequency schemes. Calibration of

the equipment was made with the vector network analyzer tuning functions and

performance was verified by repeated testing of standard materials such as distilled water,

alcohols and air. The E' and EH of selected agricultural and food materials ranging from

homogenized milk, edible oils and organic solvents, were tested and validated at 915 and

2450 MHz and at appropriate temperature ranges. Ali the samples tested were

homogeneous in nature except the neem oil and neem pulp.

The permittivity analyzer's performance was evaluated in terms of the data
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obtained. The first issue was the stability of measurements taken on the same sample

under the same conditions in sequence. The variability aspects of measurements taken

on different samples of material of the same batch with respect to the different temperature

levels and frequencies is addressed and validated in terms of values reported in the

literature. The stability of quadruplets of dielectric constant, considered over ail of the

materials, temperatures and frequencies tested was excellent. In 95% of the tests, ail

numbers of a quadruplet were identical. When the members were not identical, variations

were nevertheless quite small «1% of the average reading). Overall, a nominal error of

less than 2% can be attributed to the system's circuitry and cavity conditions. To check the

variability across samples at different frequencies and temperatures, the standard error

(SE) of the quadruplet averages was determined and then normalized by dividing by the

mean of the samples at that combination (usually 4 or 6 samples). The average of the

NSE's and 95% confidence Iimits are calculated.

Milks and edible oils exhibited odd behavior at lower temperatures «5°C) and cou Id

not be easily explaihed. The greatest degree of variability in the distribution of normalized

standard errors corresponding to (' occurs in the case ofneem oil and neem pulp which

were the least homogeneous of the substances tested.

Control software was upgraded and appropriate communication codes for the

measuring system and the PC were identified. Entire permittivity analyses procedure is

encrypted in a user friendly module in Visual Basic 5.0 in which the data can be translated,

stored and plotted. The actual measurement can be carried out with the basic operating

system (Windows 95+) and independent of any software since the application of this

program is an executable format independent of software.

There are economic as weil as several other advantages of this dedicated

equipment over the conventional VNA based system in terms of measuring and analyzing

dielectric properties at a set frequency and variable temperature combinations.

ln conclusion, a dual frequency (915, 2450 MHz) permittivity analyzer is designed

and developed to measure the dielectric constant and dielectric loss factor at varying

temperatures using cavity perturbation concept. The equipment wastested and validated

for its repeatability aspects. Behavior of certain class of agri-food materials were studied

at both frequencies and at varying temperatures.
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VII RECOMMENDATIONS FOR FUTURE WORK

The permittivity analyser design and development presented in this research

needs additional experimental work and validation studies. Detailed proximate analysis of

agri-food samples are necessary to fully understand the microwave material interaction

mechanisms. Standard protocol need to be established for selection of sample holder,

micro-sampling, and sample volume calculation. High lossy samples are recommended to

be filled using 1a ~L or even smaller capacity micropipettes where as bigger ( 50 or 100

~L) sized tubes are suggested to be used for oils and other low loss materials. For a TMo1o

mode cavity, the geometric center of the cavity should be precisely located during the

fabrication of the resonant chambers as the electric field intensity is maximum in this

region. Although shape of the cavity is not important, it is suggested to further investigate

the dielectric properties measurement aspects obtained by a rectangular cavity for the

same mode. Even though this research did not focus on measuring dielectric properties

of powders, particulate and semi-solids, it is possible to determine the dielectric

parameters of such materials in the designed equipment of this study. Choice of sample

holders, filling volume, sealing factors, etc. need to be standardized for such particulates.

This newly configured analyzer can be further adapted for both free space and

transmission type of measurement with suitable modification of electronic design and

computer programming.

Sample selection is very important and the working temperature range should be

examined for standard calibration materials before unknown samples are tested for

dielectric constant and loss factor. Proper insulation of the resonant cavity ensures rapid

and accurate measurements as the condensation effect, if any, can be eliminated.

Measurement of power levels, heating rateand its control will be useful for future

research on molecular structural changes in agri-foods subjected to amplified signais.

There is a need for a comprehensive data hand-book (source) of the values of E'

and E" obtained using other techniques for array of agricultural and food materials tested

under several experimental conditions (frequency, temperature, moisture content, density,

proximate composition, etc.) and is worthwhile to investigate in future.
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VIII CONTRIBUTIONS TO KNOWLEDGE

The work presented here has made an original contribution to the body of

knowledge surrounding the development of dielectricproperties (permittivity) measurement

aspects in the agricultural and food sectors. The main points of this contribution are:

(i) The permittivity analyzer (PA) has been fully integrated to operate at two major ISM

approved frequencies (915 and 2450 MHz) and varying temperatures (-30 to

200°C).

(ii) Resonant perturbation cavities (TMo1O) are designed,fabricated, tested and

validated for both frequencies.

(Hi) Suitable control software is written using Visual Basic 5.0 communication capability

codes and an user-friendly module is developed.

(iv) Permittivity Analyzer is a dedicated equipment, stand-alone, easy to operate,

flexible and portable.

(v) Relationships of E' and E" on temperature and frequency for homogenized milk,

edible oils and organic solvents are obtained using the newly developed PA and

summarized.
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Appendix

(Line diagrams of the dual frequency permittivity analyser assembly and circuit
diagrams of the 915 and 2450 MHz system components)
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