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Abstract

The first microwave measurement techniques usespan ended coaxial probe
with a purposely built sample holder to measure diedectric properties of
potato products from 500 MHz to 1 GHz. The secomdtesn utilises a
waveguide cell with a purposely built sample holder characterise potato
products from 2.4 to 3.5 GHz. Common British vaegtof raw potatoes such as
Estima, King Edward and Maris Piper are used ig $iidy. The two microwave
measurement techniques are also used to measumdielketric properties of
potato products at elevated temperatures for tHesguency ranges. Both
measurement techniques are also used to studyfdut ef storage temperature
on the dielectric properties of Saturna raw pot&r. this part of study, it is
concluded that the microwave measurement technigaes unable to
discriminate between potatoes that had a storagerhiof different temperature
profiles. On the other hand, waveguide cells anehognded coaxial probes are
able to measure the dielectric properties of ratafoo partial cooked fried potato
and fried potato at the 500 MHz to 1 GHz and 2.4zG#13.5 GHz frequency
range. The measurement results show that bothcthieleconstant and loss
values of fried potatoes decreased with frying tichée to the reduced moisture
content during the frying process. Furthermore, digdectric loss behaviour of
raw and fried potatoes is dominated by the effécthe ionic conductivity at
frequencies lower than 1 GHz. An apparatus has designed and built in order
to measure the dielectric properties of potatodoth frequency ranges as a
function of temperature. In the subsequent measemismit is found that the
dielectric properties of potato products at eleddmperatures also depend on
frequency and moisture content. For high moistwmtent potato (~> 70 %), at
2.45 GHz both the dielectric constant and loss fatend to decrease with
temperature, whereas at 915 MHz the dielectric teondecreases but the loss
increases for the moisture content above 30%. Rerittermediate moisture
content (10%<MC<70%), all dielectric propertiesreamse with temperature at
the microwave heating frequencies 2.45GHz, wher@a®15 MHz all the
dielectric properties increase with temperature tfeg moisture content range
10% to 30%. The increase in dielectric propertié vemperature is small and
marginal for fried potatoes with low moisture carit¢< 10 %). It is therefore
apparent that moisture content is the primary factodetecting the complex
permittivity of potato products.
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Chapter 1

Introduction

1.1 Brief overview of work.

Recent developments in food processing and agmeulprocesses have
heightened the need for sensing to monitor thenentjuality of food and
agriculture products. Traditional methods such lasmdcal analysis are time
consuming and this type of analysis is consideedihaasive and destructive.
Microwave measurement techniques are non-hazardouasjestructive and also
non-invasive and therefore may be preferred inftloel industry. In industrial
applications, infrared and microwave methods aeentiodality most commonly
used but due to the short wave length, the pemmtraepth of infrared is only
several millimetre inside the sample and hencetdichito the surface of the
sample. On the other hand, microwave sensors hdeager wavelength and
potentially higher penetration depth than infraesdending the measurement to
the core of the sample. Hence it is a suitable atkth do bulk measurements.

Before the microwave sensors can be used to metsifeod composition,
it is necessary to establish the dielectric propgmf that particular food product
as a function of frequency, temperature, densityfand composition. This data
will be used to do the characterisation of the #eéood and agriculture
product. In this study various microwave techniquase developed in
conjunction with temperature control apparatus ulty fcharacterise foodstuff.
The particular foodstuff of interest to this prdjes raw potatoes and fried
potatoes. This project was partially supported bgdrco Ltd who manufactures
crisps using radio frequency and microwave dryind ¢ghey have a particular
need to know the material properties in the potaioeall states of drying and
frying. So far, however, there are limited studdasthe microwave measurement
techniques and the characterisation of the dieteptoperties for the raw, partial
cooked and cooked fried potatoes, particularlytfe common potato varieties

like Saturna, Estima, King Edward and Maris Pigdre dielectric properties of
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the raw, partial cooked and cooked fried potatsesraportant to determine the
microwave depth penetration, microwave power dagp and heat distribution
in the potato samples from raw potato to the fiatsfried potato products in the
microwave heating system. There are several prevstudies conducted on the
frying of fried potatoes using microwave heatinghteique but these studies do
not evaluate the complex permittivity of the potaitvese papers discuss how
microwave heating offers several advantages over dbnventional heating
system using a heating element.

Estima, King Edward and Maris Piper are the besiwkn and popular
varieties on sale in UK. They are widely grown asrthe country, so the stocks
are always available for the commercial productbuarisp. So these varieties of
potato, Estima, King Edward and Maris Piper weteded in this PhD study.

The other focus of the research presented heceggaluate the possibility of
using microwave measurement techniques to discatmirthe effect of the
storage temperature on the dielectric propertigh@fraw Saturna potatoes. The
measurement method is based on the transmissieratid open ended coaxial
probe measurement techniques within the frequeaoge 500 MHz to 1 GHz
and 2.4 GHz to 3.5 GHz.

The bulk of the study presented here involved usipgn ended coaxial probe
and waveguide cell techniques for characterisin@tposlices in various stages
of cooking. This technique was used to extract dempermittivity of the food
products mainly at 915 MHz and 2.45 GHz, which #@re drying and heating
frequency used in industry. The general result dofrom this study was that as
the potato is cooked, the moisture content of nateeduced and hence the
complex permittivity reduces with cooking time. thermore when studied with
temperature at 2.45 GHz both the dielectric cantstad loss for high moisture
content were found to decrease with increasing ézatpre, where as at 915
MHz the dielectric constant reduced but the lossaased with temperature. The
dielectric properties of intermediate moisture eomtpotato samples were found
to increase with temperature at 2.45GHz and 9.15zMiFor low moisture
content potatoes, the dielectric properties wergelg invariable at 2.45 GHz
and 915 MHz.
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Finally the microwave technique was investigatech asethod of detecting
temperature shock. In this case the microwave ndstheere unable to
discriminate between shocked and non-shocked potato

The objective of this PhD study is to evatu#ite effectiveness of using
microwave techniques to discriminate the effecstwirage temperature on the
dielectric properties of the raw Saturna potato,cha@racterise the complex
permittivity of raw, partial cooked and cooked &ripotatoes at the frequency
range 500 MHz to 1 GHz and 2.4 GHz to 3.5 GHz dmehtto provide a
knowledge and understanding of how the complex figvity of potato slices
change as they are heated and fried

Estima, King Edward and Maris Piper are thetbenown and popular
varieties on sale in UK. They are widely grown asrthe country, so the stocks
are always available for the commercial productiborisp. So these varieties of

potato, Estima, King Edward and Maris Piper weresem in this PhD study.

1.2 Brief overview of Thesis

Chapter 1 describes the scope and background d?hBeresearch study. It
also provides the significance of conducting the=egch study to the commercial
food processing sector. On top of that, this chgptevides the brief overview of
the other chapters in the thesis.

Chapter 2 reviews the previous research on micrewaeasurement of
moisture content and ionic conduction for food agdculture products. A brief
review on the dielectric properties behaviour ofodo products against
temperature at the microwave frequencies is alstudsed in this chapter. There
then follows a review of microwave application fbe potato products

Chapter 3 discusses the overview of the microwagasurement techniques.
This chapter provides the information on the masthmonly used microwave
measurement techniques to measure the dielectojgefres of the food and
agricultural products include open ended coaxiabbpr transmission line
method, resonant cavity method and free space methbhis chapter also

reviews the advantages and disadvantages theseinaeasnt techniques for the
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various type of food products and in the area oéledtric properties
measurement.

Chapter 4 describes the detailed overview of tleéediric properties of food
products. This chapter outlines the brief inforiorat on the theoretical
background and factors affecting the dielectriqoerties of the food products.

Chapter 5 is concerned with the theory of the mieree measurement
techniqgue used for this study. This covers the bcation, theory and
measurement techniques for the open ended coania¢ @nd waveguide cell.

Chapter 6 reports the measured dielectric progedfethe Saturna potato
stored in different temperature storage. The dmtailiscussion highlighted the
possibility of using the microwave measurement m@ples to measure the effect
of the storage temperature on the dielectric ptogeeof the Saturna potato.

Chapter 7 present the finding of the research studiye dielectric properties
of the raw, partial cooked fried potato and cooledd potato. The brief
discussion on the result and conclusion for théediac properties of samples at
the frequency measurement range 500 MHz to 1 Gld2ahGHz to 3.5 GHz is
presented in this chapter.

Chapter 8 concludes the research conducted irPthis study. The detailed
discussion and suggestion are presented here t@wnphe work in the future

work study.
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Chapter 2

Literature Review

2.0Introduction

The development of improved microwave serdevices for control and
automation in the food processing industry neetietéer understanding of the
dielectric properties of food materials and thenmiave techniques to measure
these properties. Therefore, this literature reviewl discuss the role of
dielectric properties and its correlation with fommmposition and the application
of various microwave measuring techniques and trasvelopment for

measuring food composition.

2.1 Microwave measurement techniques for dielectric prperties
of food materials

The most commonly used techniques for dielectroperties measurement at
microwave frequencies include open-ended probe adsthtransmission line
methods, resonant cavity methods and free spacehodset using horn
waveguides. Each of these measurement techniqudseodesigned to operate in
a specific microwave frequency range. The measureteehniques appropriate
for any particular application depend upon the etiglc properties of the
materials to be measured, the physical state ofmtterials (solid, semi-solid or
liquid), the frequency range and the degree of @oyurequired. This literature
review will briefly describe methods that have beeported in the previous
study for the use of measuring the dielectric proge of different types of food

and agricultural products.

2.1.1 Microwave measurement of moisture content anchoisture
related parameters in bulk food samples

In many situations, especially where moisture i®ived, the measurement

of moisture content can be based on microwave tqobs [1 - 4]. Water has a
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dominant effect on the permittivity measurementfaedd in the microwave
spectrum. Free water has a high value of statimivity, which is around 80 at
22 C. Furthermore, water has a wide range of digteconstant with frequency:
at low frequencies the real part is asymptotichi s$tatic dielectric constant (~
80) but as the frequency varies through the micvevwand millimetre wave band
this real part reduces to around 4. The imaginany pf the water permittivity
peaks at around 40 in the microwave frequency bahd.maximum dispersion
of free water occurs at around 18 GHz at 22 C. Tigé sensitivity will make
water detectable and contributes a major portiouliefectric reading for food
composition in the microwave frequency spectrum.

Some of the parameters such as the maturity infiewig water activity and
texture in the food and fruit in particular havelase relationship with moisture
content. One study reported that there is a clekdionship between the oil
content and moisture content during the fruit depeient for palm oil [5]. In
addition water activity which is related to moigtwontent is important in food
processing to determine microbial growth, browngftect, enzyme reaction,
oxidation process and texture of food products][6,7

The water content and soluble solid content of matelon were investigated
with the correlation to its permittivity reading byelson[8]. The open ended
probe was used to measure the complex permittofitwater melon. Moisture
content and soluble solid content of water melorewsed as a quality factor for
the correlation with the dielectric properties. Aghh correlation was obtained
between the dielectric constant divided by solitlilsie content and dielectrics
loss divided by solid soluble content.

Dielectric properties of an apple after 10 weeksstofrage were measured
using the open ended probe technique at radio aawave frequencies [9].
The dielectric constant and loss of the external iaternal tissues of an apple
were correlated with the moisture content, firmnesdid soluble content (SSC)
and pH of juices from the internal and externasues They found no high
correlation between the dielectric reading and toocgscontent, SSC, firmness
and pH. On the other hand, when real permittivitydd&d by SSC and imaginary
permittivity divided by SSC is plotted in the coraplplane a high correlation

was obtained from the graph.
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Furthermore, water related parameters such as débérity index of fruit and
water activity in the food products have been itigased to see whether there is
a good correlation between these parameters [1@&. Water content in the
certain type of fruit like durian has a correlatiatith the maturity index. For
example microwave techniques are also used geyetallcharacterise the
moisture content of material. Water activity measuent by microwave
technigue in coated paper using resonant cavityegidde has been studied by
Henrya [11]. They used the relaxation time parametdree water and bound
water to quantify the value of water activity dgriadsorption and desorption of

water vapour on the surface of solid materials.

2.1.2 Microwave Measurements of Food Particulates

Nelson, Kraszewki and Trabelsi have conducted a beunof research
projects on the determination of moisture contemtfood and agriculture
products. Most of their work is related towards iheestigation of microwave
technigues on particulate materials like wheat mgrarhey developed a
microwave method for online determination of budndity and moisture content
of particulate materials [12]. The moisture contergasurement of particulate
materials is independent of bulk density effect éxtlusively dependent on the
dielectric properties. They used an Argand diagodrthe normalised effective
permittivity for wheat grain at two extreme frequess and three temperatures to
develop a new density-independent function for jgtedy the moisture content.

Trabelsi and Nelson also conducted another stuohgusee space methods
to measure the moisture content of cereal grainodrsed [13]. They developed
a moisture calibration function which is based ba permittivity measurement
at the single frequency and independent from thexedf density parameter and
type of materials. The new universal calibratioetimod in the microwave
moisture sensing method will help to develop thénenmicrowave measuring
method for the moisture content of cereal grain@heér granular materials.

A microwave resonator technique has been used bhgz€wski and Stuart
Nelson to investigate the methods of measuring rhasture and mass

simultaneously for the single soybean seed [14} Tmwisture and mass of
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individual soybean seed are determined by the meamnt of the resonant
frequency shift and change in the transmission agtaristic when the single
soybean seed is inserted into the empty resonavitycavaveguide. The
uncertainty of the measurement for the determinatfomoisture is less than 1 %
and for mass is 3 %. A similar method was develdpe€hua et al for single
wheat grain kernels. A rectangular waveguide rasbrtavity with the corn
kernel is positioned in a plastic tube at the cewfethe cavity was used to
measure the moisture content of the single kema@hgvith arbitrary shape [15].

Another study that has been reported in the likeeatvas to improve the use
of a waveguide cell in measuring the dielectricgemties of granular and liquid
samples. The four boundary cell sample holder fog waveguide cell is
designed to contain the granular materials or dgu{16]. This type of
measurement can be used to measure the permitt/itranular and liquid
forms of the food and agricultural products. In itidd this four boundary
sample holder in the waveguide cell can be usedetermine the moisture
content of food products. One of the problems hik type of measurement is
the interface problem between the Perspex window the granular material
[17].

The microwave measurement system for single kexhelat grain moisture
content was developed using a cylinder cavity usivegresonant T, loaded
by a single wheat grain kernel with an automatediag mechanism [17]. The
density and volume of the single wheat grain aterd@ned by a calibrated gas
displacement pressure transduckr. a separate experiment, the complex
permittivity of compressed wheat was measured usogngular wave guide 10
and this data was used together with the final efenmethod to design the
microwave cavity. The compressed mechanism was usethis study to
minimize the interface problem between the wheatingr and the Perspex
window. The relationship correlation between grastume and density has been
established.

Andrzej Kraszewski and Stuart Nelson presented pitieciples of using
resonant cavity wave guide to measure the singldssand grain kernels such as
peanuts, corn, soybeans, wheat rice and grape Ee:d9]. The cavity
parameters that are related to the dielectric ptigseof seeds and kernel grains

are determined by measuring the shift in the resioftaquency and the change
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in the Q factor when a sample is inserted intochndty. The other dependence
parameters are the volume of the cavity, samplame| sample shape, location
of sample inside cavity and mode operation of gavit

The results of the study show the potential of gsthis technique for
measuring the moisture content in the uniform shafpkernels and seeds and

independent of size of sample.

2.1.3 Microwave Measurements on Food Pastes and ligls

An open ended probe and water jacket with anotberpéerature control
equipment were used to measure the temperaturendiepee and frequency
dependence of the dielectric properties for thaidigsemisolid and pulverised
food materials [20]. The dielectric properties wereasured over a wide range
frequency and can be used to explain the influeridbe other forms of water,
eg: free water, bound water, rotationally hindewswl dielectric relaxation
mechanisms.

The horn free space waveguide with spot focusing \eas used to determine

the complex permittivity of methanol at frequeneypge 8-40 GHz. This method
is useful to measure chemical active reagent, whiuires non contact
measurement[21].
Another study was conducted on dielectric propgrtigeasurement of liquid
whole egg and egg white at the microwave frequangies MHz and 1.8 GHz.
This study provides data of the dielectric progsrtof egg for the microwave
heating application[22].

A portable microwave fat meter for the estimatidrthe fat content of fish
has been studied for the use of measuring theofatent in beef mince, lamb
mince, pork mince and turkey mince [23]. The fisht fneter operates at
frequency 2 GHz and uses the moisture reading tim&® the fat content of
fish. So it is possible for this equipment to usgmailar concept to measure the
fat content in minced meat. Beef mince (high fat¢ak mince (medium to low
fat) and lean mince (low fat) were prepared intosagples for the fat content
measurement. The laboratory analysis such as ayarmgdvas used to determine
water content at the temperature 105 for 24 hours. Fat contents were

determined by Fosslet apparatus. Protein contest deéermined according to
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the method of Kjeldahl. Ash was determined by mgptirying sample at 550C
in a furnace and weighing the residue. The resdltnicrowave meter
measurement showed that it was not accurate cochp@reresults of the
laboratory based method.

Microwave and millimetre methods were used to memghe complex
permittivity of added fat in meat paste[24]. The tioum frequency
measurement range from 8 GHz to 20 GHz was seléwgdthe results of these
two measurement methods. Then a rectangular wade gall was designed and
fabricated for this frequency measurement ranges dielectric loss reading
showed the better accuracy of determining thedatemt than by using dielectric
constant. The accuracy, robustness and repeaatilithe measurement result
were not much influenced by temperature and dewsisample. Mixture model
method was used to predict the fat content from dbmplex permittivity
reading. A study on dielectric properties of ledat and meat blend was
conducted to improve the understanding of the autigsn between meat products
and microwave radiation [25]. The complex permityivof lean, fat and meat
blend were measured at the frequency 915 MHz ar MHz. The results
showed that frequency and composition have an teféec the dielectric
properties and the dielectric properties of porkaimfat were lower than lean
meat (chicken(breast), lamb(leg) and turkey(br¢ast)e effect of composition
change on the dielectric properties was higher he mmicrowave band
measurement than the radio wave band measuremieatcdrrelation between
the dielectric properties and temperature was onotirate when the higher and
lower dielectric activity ingredients were mixeddriean meat.

Another study was conducted on the effect of adeattr on the dielectric
properties of pork products from UK retailers [28ln open ended probe was
used to measure the complex permittivity of thekganoducts at the frequency
range between 130 MHz to 18 GHz. The partial lestgiares or principal
component analysis was used to correlate betweedigtectric spectra with the
amount of added water and also other compositivaahbles such as protein,
fat, salt and water in the pork products. The stashcrror of prediction for the

added water in the pork products was * 1.5%.
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The structure of aging muscle for meat and freefisigwas evaluated using
microwave sensing techniques [27]. Free space &odnrectangular waveguide
probes were used to measure the dielectric pregesfithe fish and meat muscle
at the frequency range 8.2 GHz to 12.4 GHz and Hx ® 24 GHz. The
changing of dielectric anisotropy ratio was useddtermine the freshness of the
aging meat and fish during freezing-thawing cycld atorage.

Guided microwave spectroscopy GMS (Epsilon Indaktnc, Austin, TX
was used to measure the soluble and total solidk/eoisture in continuous
processing of apple, grape, peal; apple-cherryaamie-banana juices in a pilot
scale processing unit [28]. The microwave measun¢érequipment operated at
frequency range 0.25 GHz to 3.2 GHz and temperdiateeen 21 C to 65 C.
GMS is equipped with measurement chamber havingek aefined cut off
frequency response characteristic. The cut-off Ueegy is defined by the
geometry size of the measurement chamber and @teztynetic properties of the
sample. The dielectric constant is determined baseithe cut-off frequency and
dielectric loss is determined from the slope of th#-off curve. Guided
microwave epsilon spectrometer was able to give oadgresult for the

measurement of soluble and total solid in the fuide.

2.1.4Microwave measurement to study the effect of tempature
on complex permittivity

The frequency and temperature dependence of ttectitie properties of a
few fruit and vegetables have been studied by StNalson at the frequency
between 10 MHz to 1.8 GHz and temperature betweém % ° C [29]. The
permittivity measurement was conducted in the mvenee and radio wave
spectrum using an open-ended coaxial probe, an dampe analyser,
temperature controlled stainless steel sample o veater jacket assembly,
built and designed for the probe. The dielectrimstant reading at the
temperature from 8C to 95° C and frequency range from 10MHz to 1.8 GHz
for the 9 different fresh cut fruit and vegetahlesreased at the lower frequency
and decreased at the higher frequency. Furtherrttoza]ielectric loss generally

increased with increasing temperature. This infaionaon the frequency and

31



temperature dependence of the fruit and vegetableatric properties is useful
for the dielectric heating and quality sensing aggpions.

There are number of research papers that discessndasurement of the
dielectric properties of food or agriculture prottu@s a whole and are not
measuring single composition such as moisture, fadtein and others. This
research was conducted to study the effect on ifleatric properties with the

change of frequency, temperature and density.

The dielectric data for the whole composition addgroduct such as mashed
potato, ham, potato puree and others is importantidtermine the power
penetration depth of microwave energy for designimg microwave heating
system. The relation between power penetration hdeptd the dielectric

properties of food products is described as follow.

1/2

o, =

e 1{ j -1

where/lg is wavelength of the microwave in free space.

A microwave heating study on salmon fish and stingeaviar was
conducted by Murad Al Holay at the frequency of 818z between temperature
20 ° C to 80° C [30]. They found that power penetration depthdesl to
decrease as temperature increased. On the otherpwamer penetration depth is
higher for unsalted salmon and sturgeon caviar emetpto salted salmon and
sturgeon caviar.

In another development, the dielectric propertie®)dT milk were studied
over the frequency 1 to 20 GHz and at temperatdré @ to 20° C [31]. The
dielectric properties of fresh UHT milk and spoiledHT milk were measured
and the Cole-Cole parameter and ionic conductiwgre extracted from the
dielectric spectra to see the possibility to dgtiish between fresh and spoiled
UHT milk.

A microwave heating study at the frequency 915 Mkirs conducted on
pickled asparagus for developing short-time micnevpasteurization system on
the food product which is sensitive to thermal mepf32]. The texture quality of
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pickled asparagus under microwave pasteurizateatrirent was compared with
the conventional hot-water pasteurization methotie Textural quality of
asparagus was evaluated in shear tests and th&u€+was used to assess the
impact of different processes. They found that owave method resulted in a
uniform heating and it reduced a process time dmdntal degradation on
asparagus.

Stuart Nelson conducted a microwave measuremedy stging the open
ended probe with sample temperature control equipteemeasure the complex
permittivity of solid, semi solid and pulverizedofib materials [33]. Dielectric
properties of macaroni, ground whole wheat flogpla juice and cheese were
presented as a function of frequency and temperalire result shows the high
dependence of dielectric properties of food mateoia the frequency and
temperature.

A research project was conducted to study the eéffeshort time exposure
of the microwave radiation on contaminated chicleeth bacteriaEscherichia
coli K12 andCampylobacter jguni (5-6 logl0 cfu cm-2) [34]. A microwave
oven with frequency 2450 MHz and power 1138.8wWa&s usedo radiate the
electromagnetic field to the sample for 10, 20 8Adsecond. The result of this
study showed that short time exposure to microwald did not significantly
affect the microbial growth and increase the shiglfof the treated chicken with
microwave radiation.

Another study was conducted on the microwave heateprization
technique for controlling the pathogenic microbike Balmonella enteritidis in
egg [35]. Laboratory microwave oven operating agfrency 2450 MHz and
different power density (0.7, 1 and 2 W/g) was usethis study. The heating
time for every power density was determined from lteating curve. The effect
of microwave heating was compared with the normaiewbath heating on the
physical properties and dielectric properties @ yolk and aloumen of egg. The
result showed no significant changes of physicaperties of egg compared with

pasteurization of egg using water bath heatingriegcie.
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2.1.5 Microwave measurement to determine the sair ionic
conductivity of materials.

Salt or sodium chloride and other ionic conducyivitaterial such as mono
sodium glutamate, sodium nitrate, sodium nitritd athers are ingredients that
can be found in food and agriculture products. €hesmpounds are added
during the food processing of the food product# @ already available in the
fruit and agriculture product. The determinatiorsaft content in food product is
important because salt content will affect the dlavof food, it is used in the
some of food processing techniques such as cucupntides and for the dietary
aspect of food products such as low sodium dietse Variations of salt
concentrations have an effect on the dielectrigperiies of food at frequencies
lower than 2 GHz. This frequency range can be tse@termine the salt content
in the food and agriculture products.

The microwave transmission technique has been tsedetermine the salt
content in a butter making process [36]. The resulhe study indicated that the
salt had a greater influence on the attenuatiorthenmicrowave transmitted
through the butter than the phase shift at theuraqy below than 3 GHz. The
best microwave frequency for detecting the salteanin butter is below 3 GHz.

Another study was made by Chin to characterisecbdeaigh with different
densities, salt contents and water levels usingawiave transmission method
[37]. The microwave measurement was conducted leetvirequencies 0.3 MHz
to 6 GHz but the analysis of measurement was repat the frequency of 3.5
GHz. They found that dough with higher salt conteshbwed a significant
increase in the attenuation. This study shows that microwave frequency
measurement of salt content in the dough is ar@UHGHz.

Open ended rectangular wave guide or microwaveatiineter system has
been used to monitor water quality [38]. The measi@ent system uses the
dielectric properties of water to indicate the dgyabarameters of waste in the
river or other reservoir. The dielectric propertiels different salinities were
measured and used as one of the indicators fatetegmination of water quality.
They suggested to carry out the future researclksvan the investigation of the
capability of this microwave reflectometer systeon fheasuring the other type

of impurity matters in water such as organic matter
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2.2 Previous research on the microwave application fopotato's
products.

As mentioned in the previous section, the dielegiroperties can be used to
measure the food composition such as moisture origg content, solid soluble
content and others. There are a number of foodyats used in the previous
studies to determine their composition by corretatiwith its dielectric
properties. But there was limited studies conductethe dielectric properties of
fried potato. Most of the microwave research stsidenducted on the drying or
frying potato chips are on the advantage of usingrawave frying or drying
over conventional frying or drying method. Heréstkection will outline the
research study conducted on the potato productcedlyepertaining to the

microwave application and its dielectric properties

M.H Oztop conducted the study on the effect of owave frying on the
quality of potato chips such as moisture contemrdhess, colour and oil
absorption [39]. He found that the optimum conditior microwave frying is
550 W microwave power levels for 2.5 min frying &rm sunflower cooking oil.
This optimum condition will give less oil contemtthe potato chips as compared
to conventional frying. He also found that moistaentent decreased but oil
content, hardness and colour of potato increasedhasfrying time and
microwave power level were increased.

A comparative study between microwave drying, comadiconvective and
microwave drying, and convective drying was conddabn the drying rate and
effective moisture diffusivity profiles of drying@cess for the potato chips [40].
The drying duration and diffusivity were decreasgechicrowave drying.

A fluidised bed dryer with the assistance of micage application reduced
the drying time by 85 percent as compared to tliditowt microwave application
[41]. The potato quality parameter of potato slisash as colour remains similar
between conventional the fluidised bed dryer amdfliidised bed dryer with the
microwave application.

Microwave finish frying of potato chips containifty5 % higher glucose

content will make the colour quality of the finishpotato chips more acceptable
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to consumer[42]. The oil content of microwave finidried potato chips is 5.7 %
lower than conventional fried potato chips.

The other research studies were conducted on #iecttic properties of
potato products at the microwave heating frequemcgrder to see the dielectric
properties profile of the potato products for use microwave heating
applications. This study was conducted to studyuse of microwave heating
systems to thaw frozen mashed potatoes [43]. Regiarinvestigated the effect
of temperature (-17 C to 80 C) and preparation gutace on the dielectric
properties of mashed potatoes. They found thatligflectric properties were not
much affected by the temperature at 2.45 GHz alloedreezing temperature.
However, there was a sharp increase of the diedepnoperties above the
melting temperature.

Mladek and Komarek conducted the comparisiutly between the dielectric
properties of potato and wheat starches contaiomg¢o 40% water [44]. They
found that at 10 GHz, the value for dielectric dans of potato starch is higher
than wheat starch. On the other hand, the valudi&ectric loss of potato starch
is lower. The dielectric loss is contributed by teaxation of hydroxyl groups in

a dry starch molecule.

2.3 Conclusion

In this literature review, the main papers on therawave measurement
techniques and dielectric properties of food materhas been discussed and
reviewed. Different microwave measurement techriquesed to measure
dielectric properties of various types of food pros were reviewed. It also
discusses the correlation between the dielectopgrties and food composition
such as moisture, salt and other moisture relagednpeters. The research paper
on the application of microwave frying and drying the potato products have
been enlisted in this chapter. The research stedgribed in these literatures is

used to support the new research presented ithésss.
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Chapter 3.

Microwave Measurement Techniques

3.1 Introduction.

The microwave electromagnetic radiation spectrues Within a frequency
range from 18 up to 16! Hz with the wavelengths of 0.3-300 cm. More
specifically, the microwave frequency range is ¢gfly considered to range
from 1GHz to 30GHz. Example bands within that ranggude: 800 MHz-1.8
GHz ( mobile phone), 2.45 GHz ( microwave oven)H¥&l0 GHz (Radar). An
important parameter associated with electromagmpetipagation is the complex
permittivity of the propagating medium. The permity of the medium affects
how the signal will be reflected, attenuated aaddmitted between a source and
receiver. For example, the permittivity of space @me environment including
weather conditions is important for communicatigignal transmission and
radar. The permittivity of sea-water is important fnarine radar and subsea
communications. Similarly, the complex permitvaf foodstuffs is important
for microwave cooking as in the microwave rangeofad 2 GHz) both the
dielectric constant and dielectric loss of watex araximised and its interaction
with high power microwaves is utilised to produ@ating of the foodstuff. That
is why, it is important that foodstuffs in micronewvens do not become totally
dehydrated in the heating process. Of course, owgve signals interact
differently with different food materials such asater, salt water, protein,
carbohydrate and fat and that is one reason tlgaone within food packages
heat at different rates. In general this is a pwbfor microwave engineers when
designing heating equipment and there have beearaesolutions including
mode scatterers and turntables. However, the faat microwaves interact
differently with different food materials can beedsto advantage when
microwave techniques are adapted as sensors tonileéecontent. For example,
as protein contains a large proportion of waterravi@ves techniques provide a
very robust approach to determining the fat conténheat samples. Similarly,
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the ionic conduction of salt solutions is readilgtermined at low microwave
frequencies via the imaginary part of the complesopttivity.

The most commonly used techniques for permittivitgasurement at the
microwave frequencies include open-ended probe adsthtransmission line
methods, resonant cavity methods and free spacehodset using horn
waveguides. Each of these measurement techniqudseodesigned to operate in
a specific microwave frequency range. These methasle been reported in the
literature for the use of measuring the permitgiat different types of food and
agricultural products. In this introduction, a breverview of these methods is

presented.

3.2 Open ended probe method.

There are a number of authors in the literature Whwe described open
ended coaxial probes as a sensor that can be asetkdsure the dielectric
properties of materials in the microwave frequermyge [45-49]. Open ended
probe measurements are considered non destructivean provide broadband
information[45]. In its simple form, the open endadbe consists of a truncated
section of the coaxial line with the optional ex@®m of a ground plane. The
probe is connected to a vector network analysesutiir a coaxial cable to
determine the reflection coefficient. The matetiatler test is placed at the end
of the probe and the permittivity of the sample emigst is determined from the
reflection coefficient and admittance of the pr&je[The admittance of the
probe and the permittivity of the sample are calmd by using a lumped
equivalent circuit and the point-matching method 0.

The open ended probe measurement has advantagemdluale ease of
sample preparation and small size of sample neémlethe measurement. It
provides good accuracy for the measurement of cexmpérmittivity for high
loss materials but is less accurate for low losgenmas[52]. An important
consideration is the selection of the calibratioatenal and its match with the
type of material to be characterised. For exangh#illed water is often used as

the calibration material for the measurement ohtdgelectric constant materials.
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On the other hand, for low loss materials, silicomie or cyclohexane is

recommended to be a reference liquid
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Figure 3.1 : Schematic diagram of the open endeldegpmeasurement.

The coaxial probe method is an open technique whkeeprobe can be
brought to the material under test, and as sucbait provide very quick
measurements. It is particularly useful for chaasing liquids where the probe
can be easily inserted into the sample. It is vegortant to ensure that there are
no air bubbles on the interface between the cogx@be surface and the liquid.
This method only measures the local permittivity thfe liquid as the
electromagnetic field only propagates a fractiora afavelength into the liquid.
Therefore, it is important that the liquid or samm@ homogeneous. Sometimes
the method can be used to characterise pastes,idutot so useful for solids or
particulates. It is a broadband technique suchasitiformation can be extracted
from RF frequencies right through to millimetre-wafrequencies. In this way,
the coaxial probe method is very useful for detamngy the frequency of
maximum sensitivity as a preamble to designing @esns~or example, ionic
conductivity has a large dependency below 2 GHzthedlipolar effect of water
is maximised between 10 GHz to 20 GHz; these effeah be quickly measured
and visualised using the open probe technique.
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3.3 Transmission line method

The transmission line is an ordinary method to mieitee the complex
permittivity for solid, particulate and liquid maigs. The measurement is
restricted to the dominant mode and frequency rafdeerefore, it is very
important to make sure that higher order modesatesupported as this would
cause an erroneous derivation of the complex pewitytof the sample. Using
this technique, the sample is inserted into the egaide transmission line
sample holder, sometimes known as the waveguideTde sample holder is in
the form of rectangular or coaxial cross-sectiorhew the microwave signal is
sent to sample, some of the signal is reflectethftbe sample and the rest is
absorbed by the sample or passes through it. Tgnslss measured by a vector
network analyser in the form of scattering (S) pseters. The characteristic
equation for the boundary value problem is a fuomcof the cell geometry and
the complex permittivity of the sample. Using th@&ameters as data input an
iterative algorithm is employed to extract the céempermittivity of the sample.
If the material under test is a solid then it isgble to model the boundary value
problem as a two boundary problem. This problem Wt dealt with by
Tischer, who developed a formulation in terms @f téflection and transmission
coefficients[53]. Using this transcendental equatiand the measured S-
parameters the complex permittivity of the samm@@ be extracted for each
frequency of measurement in the waveguide bandhéncase of liquids and
particulate materials the two layer boundary foratioh is not practical, and it
becomes necessary to introduce low-loss windows ¢ha seal the cell and
create a holder for the liquid or particulate maleunder test. This problem is a
three layer boundary value problem typically coimsgs of a Perspex window,
followed by the sample material and bounded bycars# Perspex window. This
three layer is a four boundary cell problem tha been formulated by a number
of authors in the literature [16, 54].

This algorithm describes how to derive the reffattiand transmission
equation of the 4 boundary rectangular wave guellewdth 2 perspex windows
and 1 space cell for the sample. The cell and 2pesr windows are typically

inserted into a rectangular waveguide transmiski@nof the chosen frequency
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band. The transmission coefficient for the whold = derived and then the
complex permittivity of sample is calculated usitige Newton—Raphson
approximation method. Before the measurement, thievark analyser and
waveguide are calibrated and error corrected i & fport calibration process.
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~ window

Figure 3.2: Schematic diagram of the transmisBi@measurement

Unlike the coaxial probe technique, the waveguielé approach is enclosed
inside a waveguide and this means that the samgeamtion, loading and
measurement can take some time. Furthermore, wieasuring liquids it is very
important not to capture air on the surface ofRleespex windows or within the
cell. Surface contact between the windows andqa4ate materials can also lead
to irregularities in the measurement process[IHpwever, the waveguide cell
method is more accurate than the coaxial measuterbenit is taken over a
narrower frequency band. In order to obtain broadb@formation using this
method requires the use of several waveguide simeésconsiderable sample
preparation and experimental effort. This methodl$® suited to the computer
control and automated derivation of the complexrpiivity by downloading the

S parameter data from the VNA.
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3.4 Resonant cavity method

The coaxial line reflection method and the transiors cell method
previously discussed are undertaken over relatigyn frequency bands and
rely on accurate models to determine the complexipvity. On the other
hand, a resonant cavity could be constructed aadeld with a relatively low
loss, small scale sample. The resonant frequendyCarmf the cavity will be
perturbed by the complex permittivity of the sampResonant cavities are
constructed from coaxial, circular and rectangwareguides depending on the
application. The cavity has an external Q assatiatéh the coupling and this
could be an aperture, electric probe or magnetmp laepending on the
connecting waveguide and the field distributioriredf desired resonant mode. As
the cavity is so sensitive to load variations themequires careful sample
preparation[18]. This technique is recommended teasure the complex
permittivity of a low loss material [18]. For exahlap a cylindrical resonant
cavity has been used to determine the moistureenbmif single grain kernels

placed in the centre of the structure and use@tmm the TN;po mode.

Vector netwqrk analyser

E ® — -

S Parameter

Sample
JIEE=ENl
==
, =10 i

“Aparture with iris

Figure 3.3 Schematic diagram of the cavity waveguide measuneme
This approach is calibrated to determine the mienmvproperties of the

material by measuring the shift of resonant freqgyeand the change of Q factor

of the cavity when material is inserted into thevigfl9]. The complex
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permittivity of the sample can be determined frdma tesonant frequency and Q
factor of empty and filled cavity, the volume ofngale and empty cavity[55].

The resonant cavity technique is not suited toil@-lmeasurements as the
sample has to be prepared and carefully loadedthet@esonator structure. It is
most useful when trying to detect very small chanigethe sample such as the

level of moisture content in fairly dehydrated séesp

3.5 Free space method using horn wave guide

Free space techniques are non destructive andohamntact with the sample.
The sample preparation does not require fixingrp shape. As a result, it is
suitable for the high temperature measurement antilomogeneous
dielectric[56]. The sample will be placed betwela transmitting and receiving
the horn wave guide, and then the attenuation &adepshift are measured.

Vector netwark analyser

]

Horn/lens Horn/lens
antenna antenna

transmitter receiver
Figure 3.4: Schematic diagram of the free spaceeg@de measurement
The complex permittivity of the sample can be dedifrom the value of

transmission and reflection coefficients. In thisasurement, error occurs from

mismatches, multiple reflection and diffractiontla¢ sample edges and parasitic
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interference from the immediate environment. Theueacy of measurement
depends on the choice of radiating element, thégulesf the sample holder,
sample thickness and the position of the samplbetween of two radiating

elements[56].

3.6 Comparison of microwave measurement techniques.

Many factors such as the frequency measurementiramg convenience,
and the material shape and form are important lec8eg the most appropriate
measurement technique. The features and advantaigesach microwave

measurement techniques are summarised in the3dble

Table 3.1 : The features of microwave meament techniques

Open ended Transmission | Resonant | Free space
Technique | probe line cavity using horn
waveguide
Features
Usable Band (GHz) Broadband Restricted to | Single Restricted to
waveguide frequency | waveguide
0.1to 50 bands. bands
GHz
frequency.
Sample preparation Non Destructive/ | Destructive/| Non destructive
destructive| precise samplg small and hard
|/ easy shape to fit
into the
waveguide.
Type of sample Liquid or | Liquid, Best for low | Best for flat
semi solid | semisolid, loss material| sheet, powder
particulate, and small and high
granular sample temperature
material measurement.
Not contacting
with sample.
Measurement at Easy Hard Hard Easy
different temperatureq
Inline field Easy Hard Hard Medium
measurement
Accuracy low loss Bad Reasonable Good Reasonable
Accuracy high loss Good Very good Poor Good
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3.7 Conclusion

The common complex permittivity measuring techngjaech as the coaxial
probe, waveguide cell, cavity waveguide and fremcepvaveguide are discussed
in this chapter. The advantages and disadvantdgesch waveguide are given.
This will provide knowledge on the selection of m@ang technique for specific
application or foodstuff.
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Chapter 4.

Dielectric properties of food products

4.1Introduction

Dielectric properties can be categorised into twarameters, dielectric

constant é") and dielectric loss factod). Dielectric constant is the ability of a
material to store microwave energy and dielectrss|factor describes the ability
of a material to dissipate microwave energy intath&he dielectric properties
can be used to determine the interaction of micvesawith food and

agricultural products. The complex permittivity cabe expressed in

mathematical form as:
* 1 . 1
E =£-)¢& (4.1)
where £ is dielectric constant and is dielectric loss.

The dielectric properties of food and agricultysadduct can be divided into
polar and non polar. Polar materials have a digiiob of positive and negative
charges in their molecules. Normally polar materidb not have symmetrical
charge molecules and they exhibit a dipole moméfiten it is exposed to the
microwave field, it will experience a rotationakée attempting to orient them in
the direction of the field. The electric chargesha material tend to separate, the
negative charges moving to the positive electddfiand the positive charges
toward negative electric field. Non polar matexidb not have dipole moments
and relaxation process in the microwave region.ddtes not have the

characteristic of polar material when it is exposethe electric field.
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For a polar material with a single relaxation tints, complex permittivity

can be expressed with the Debye equation.

* gs_goo
£ =g +5 "=

4.2
1+ jwr (42)

where £, is the infinity permittivity, £ is static permittivity and7 is the

relaxation time.

The relaxation time is a measure of the time tdkemhe dipoles to return to
a random distribution of orientations through exaeof angular momentum by
collision by other molecules. Then relaxation tinse dependent on the
temperature of material. The complex permittivifaod composition which is

frequency dependent has the characteristic of ar puohterial. It has a static
permittivity £ at the low frequency and infinity permittivitg, at the higher
frequency. The graph of real permittivity and inregly permittivity which is
frequency dependent is shown in Fig. 4.1 for adgfgpolar dielectric.

The peak of dielectric loss occurs at the relaxatime or critical frequency

given by

1
f.=— 4.3
kv (4.3)

Water is a good example of a polar material. Eackeaule has two positive
charges of hydrogen and one negative charge of esxyJhe dielectric
dispersion of water at room temperature is quitearge magnitude. Its static
permittivity at the room temperature is 80 and ni§i permittivity is
approximately 5. The relaxation time or maximumkoehtdielectric loss occurs
at around 17 GHz. All these factors make water gespye to microwave

frequencies.
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4.2 Parameters affecting the dielectric properties of dod

materials.

The dielectric properties of food and agricultune@ducts depend on the
frequency of the applied electromagnetic field téperature, composition and

density.
4.2.1 Frequency dependence

The dielectric properties of the polar materialsywaith frequency. It is due
to the polarisation of molecule and their effort@orient under the influence of a
changing electric field. Debye describes this psscwith the high value of static
dielectric constant at zero frequency and the dieteconstant at the very high
frequency where molecular orientation is not atddby polarisation. In between
of these two permittivities, the dielectric congtand loss change with frequency
of the applied electromagnetic field. In the micem& spectrum dipolar materials
like water have a high value of dielectric loss axwhstant. Most food and
agriculture products contain a lot of water wherébydielectric properties vary
with frequency. Some non polar food material suglt@oking oil has very low
dielectric loss and low dielectric constant. Thelelttric properties of cooking oil
are not dependent on frequency. At the microwaeguency above, 1 GHz,
dipolar polarisation is the dominant effect. Theafar polarisation in the
microwave frequency is the contributing factor loé¢ ielectric loss in the food
materials which is due to the orientation of wateslecule with the imposed
electric field.

Debye has developed the dielectric model to desdhib interaction between
dielectric properties of pure polar material sushnater with frequency and this

is given in the form

. E,—E
E =g+ (4.4)
1+ jowr

where £, is the infinity permittivity, £ is static permittivity and7 is the

relaxation time.
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The relationship of the Debye equation is illugdain the figure 4.1 for water.

80
€(0)
60 —
—
=
o
‘40
=
-’
“w
20
1 1 | 1 | 1 1 1 1
0.1 1 10 100
V(GHz)
Figure 4.1. Real permittivityé(') and imaginary permittivity&“") for water at 25
°C. Microwave permittivity data for water is takdrom the
literature[56]

o is the angular frequency where f is the frequarfae electric field. From
the Debye dielectric model, the permittivity of @olimaterial is varied with the
frequency in the intermediate frequencies regiomveen static permittivity and
infinity permittivity as shown in the figure 4.1h& dielectric constant undergoes
dispersion from the static permittivity to the mfy permittivity. But the
dielectric loss has the maximum peak loss due dspétion of the electric field.
This phenomena occurs at the relaxation frequeneyl/ 7.

The dielectric data can be presented graphicalthencomplex plane’ ande

which is known as a Cole-Cole diagram.
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4.2.2 Temperature dependence

The dielectric properties of materials also dependhe temperature. When
the temperature of a material is increased, theoleaules will distance
themselves from each other, and then it has simoet to return to their normal
orientation. In the influence of electromagnetield, a material at a high
temperature will have low relaxation tim&)(and then the peak of dielectric loss
will shift to the higher frequencyx(= 1/ 7). Dielectric constant will increase and
dielectric loss will decrease or increase dependwtiether the operating
frequency is lower or higher than the relaxatie@qtrency. Free and bound water
and ionic conductivity affect the rate of changeddlectric constant and loss
with temperature[57]. If bound water is preseng ificrease in temperature will
increase the dielectric properties. But in the @nes of free water, the increase

of temperature will decrease the dielectric prapsrt

In general the food composition consists of dip@ad ionic materials and
their dielectric loss compose of dipolar loss andid loss. The increase in
temperature will decrease the dipolar dielectrgslbut in the case of ionic loss,
dielectric loss will increase if the temperaturergases[57]. As a result, for food
materials containing both dipolar and ionic compdseit is possible to observe
first a decrease and then an increase in dieldoggwith temperature.
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Temperature dependence of dielectric constant of se lected food at 2.8 GHz

—e—Distilled Water —#—Cooked Carrots Mashed Poato Raw Beef
¢ Cooked Ham  —e—Cooked Beef = —e—Corn QOil

0 - } } } } } } } } } } } } } } }
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Figure 4.2 : Temperature dependence of dielectmstant of selected food
From [59]

Temperature dependence of dielectric loss of select  ed food at 2.8 GHz

—— Cooked Beef +— Cooked ham Raw Beef
Mashed potato —— Cooked carrots —e— Distilled water
—— Corn Oil
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Figure 4.3. : Temperature dependence of dielelds of selected food.
From [59].
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Figure 4.2 and 4.3 show the dielectric constant ksd of various food
products vary and how they vary differently witraolying temperature. It shows
that the dielectric properties of different foosgucts above the temperaturé 0
C decrease with increasing temperature exceph#salted food such as cooked
ham. The salt content in cooked ham makes its adrégtebehaviour against
temperature quite different from other food progduddielectric properties of
ham are dominated by the dielectric propertiesatt, $ience both of dielectric
constant and loss of cooked ham increase with teahpe. The variation of
dielectric loss of salty material is different basa its loss factor consists of
dipolar and ionic loss. Further more the effecttba dielectric loss for the
dipolar, ionic and mixed of dipolar and ionic maeérs illustrated in the figure

4.4

Dielectric loss factor

Temperature

Figure 4.4: Variation of loss factor camngnt with temperature.
From [56].

The dependence of the Cole-Cole parameter of dielgmoperties such as
static permittivity with temperature is shown inethHasted polynomial
expression for free water[58]. The polynomial essren is shown in the

equation below.
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£,=87.740- 0.4000B+ 9.398 10r*- 1.4%¢0 f0° 4(5)

where T is the temperature i€ andsy is the static permittivity.

Relaxation time is one of the parameters in thee@ile equation that can
be used to determine the value of dielectric priigger The dependence of
relaxation time with temperature has been studie®@é&bye. He showed that if
the molecule in the solution is spherical with tedg, viscosityy then single

relaxation time dispersion is described by theofwlhg equation.

T =4na’n/kT (4.6)

where T is relaxation time, T is a temperature in unit \Keland k is a
Boltzmann constant.

The equation shows the relaxation is inversely ddeet on the temperature.
If the temperature changes, it will change thexaian time. As a result with
referring to the Cole-Cole equation the complexnptivity will change

accordingly.

4.2.3 Composition dependence

Dielectric properties of food products depend omposition. Most food
materials contain of carbohydrate, moisture, fedfgan and salt. There are other
inorganic and organic substances which also octdmad. Water is one of the
main components of food composition. It lies witltells and a part of water
occurs in the extra cellular space. Also free wéteds with the hydrophilic
group of organic molecules and can be rotatioratyered by others molecules.
So the interaction of water with other food compuseis very complex and
every interaction will affect the dielectric propies of the food. In addition the
presence of moisture in the form of free water Aodnd water and salt will
affect the dielectric properties of food compositiat the lower and high
frequency. Free water and ionic materials have Higectric activity in the
microwave spectrum. Free water will affect the elitdic properties at higher
frequencies. However the ionic material will afféfoe¢ dielectric properties at the

lower frequency of the microwave spectrum espgcialf a high increase of
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dielectric loss with the amount of ionic materi@n the other hand, food
components such as dehydrated protein, carbohyainatéat have low dielectric
activity in the microwave frequency spectrum. Irdiidn hydrogen binding in
water will bind with other food materials and thmocess will affect the
dielectric properties of the food composition.

The complex interaction of every component in thedf composition that
affects the dielectric property can be modellechgidihe following dielectric
modelling[60]. Some researchers have suggestedttier modelling method
such as multiple linear regressions, partial lsggtare regression and artificial
neural network to model the dielectric propertiesl dhe complex interaction
between each component in the food composition. CThke-Cole model for
multiple relaxation times for free water, bound evadnd saline combined is

given by

b, ea) | lsye) o

R = Rev i e

4.7)

& Static permittivity for the free water
|4

Ty Relaxation times for the free water

a A measure of the spread of the relaxation for the Water
y

Es, Static permittivity for the bound water

5 Relaxation times for the bound water
A measure of the spread of the relaxation for ihenld water

)
£ Permittivity for free space
o Static conductivity

Eoo Infinity permittivity

The Cole-Cole equation with multi relaxation timasove describes the
effect of free water, bound water and ionic conitgtin the food composition
on their dielectric property. Free water and sgdttavo major components in the
food composition that give the high effect on thelettric property in the
microwave spectrum. Bound water is a result fromhiidrogen binding process

of free water with other components in food. Nodgnahe value of dielectric
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properties of bound water is very low and give®w Impact on the dielectric

properties of food composition

Table 4.1: Effect on the dielectric constant ansklof salt, fat and free water
with frequency and temperature. From [89].

Component Effect on dielectric constant and loss

(Food Frequenc Temperature
composition) 9 y P

Salt ¢’ increases with ¢” iIncreases with increasing
(Polar) decreasing frequency at | temperature.

low frequency.
¢’ increases with increasing
¢’ decreases with temperature

increasing frequency

¢" and¢’ are constant at | €” andg’ are constant with

I(:l\?(t)n polar) microwave frequency. increasing temperature.
Free Water g decreases with ¢’ ande” decrease with
(Polar) increasing frequency. increasing temperature.

¢” increases at relaxation
frequency.

4.2.4 Density dependence

The dispersion and dissipation of electromagnetiergy interacting with
materials depends on the shape, dimension andiveslggermittivity of
material[60]. As a result density which is a massymnit volume has an effect on
the electromagnetic wave and dielectric properties.

The relationship of dielectric properties of grauhaterial with density can
be shown using the dielectric mixture equationaftwvo phase mixture[61].

Je :\/1\/‘917"'\/2\/22 (4.8)
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Where e complex permittivity of mixtureg, and &, are complex permittivity of
granular material and host medium.and v, are the volume fraction of

granular material and host medium andtv, =1.

If the host medium is air thew;=1-j0 and the complex permittivity of

granular material as medium 2, =¢, — j&, .Stuart Nelson used the linear

extrapolation technique to divide the real and imaxgy parts of the linear
relationship between the complex permittivity andnsity of the granular

material as shown below [61].

> P,

N :[Jf__‘l] p+1andVz =2 (|z) @.9)

wherev, =—, p = density of air and granular material.
P>

p, = density of granular material.

The above equation shows the dependence of dielgctperties of a mixture

granular material and air on density.

4.3 Conclusion

This chapter provides theoretical background ondiedectric properties of
food when it is exposed to the microwave radiatiéactors affecting dielectric
properties of food such as frequency, temperatcomposition, density are
elaborated. Further discussion on the higher etfeetater and ionic conduction
on dielectric properties of foodstuff is given. Ehewill provide the better
understanding of dielectric properties of food stifich is useful to design the

microwave sensor.
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Chapter 5.

Extracting complex permittivity from microwave
measurement techniques

5.1 Introduction

Microwave measurement techniques depend on thdgalhytate of sample
(particulate, liquid or semi-solid) and measuremg&rtjuency. This chapter
discusses detailed theory of measurement technigdepted in this research
study which covers open ended probe and wavegutletachniques. Open
ended probe can operate over broadband frequendytemperature. This
technigue was used to measure complex permittoitgample between 500
MHz to 1 GHz frequency measurement. Waveguide cafl operate within
limited frequency range and frequency measuremsentrestricted by the
waveguide size. Waveguide cell (WKG 10) was usedmasure complex
permittivity of sample between frequency 2.3 GH316 GHz.

5.2 Open ended probe

The Agilent 85070E, ‘Performance’ probe was usedneasure complex
permittivity of sample. The probe measurement syst@gilent 85070E)
controls the network analyser, S11 parameter tgpbaxpermittivity conversion
and complex permittivity data presentation systdime software controls the
network analyser to measure S11 parameter of saammpleonvert it to complex
permittivity value. The result of complex permittivreading is displayed in a
variety of graphical and tabular formats. The prabeonstructed from stainless
steel and has an outer layer diameter of 1.6 mmiramet diameter of 0.3 mm.

The end of probe is sealed with borosilicate gthskectric
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5.2.1 Theory of open ended probe

The Angilent software 85070E uses the reflecteshaigy; and the point
matching method to calculate the permittivity v§hie64]. The reflection
coefficient of the coaxial line is obtained by nfahg the electromagnetic field
at the interface z = 0 between the open-ended paobdemeasurement sample.
The coaxial probe model for an aperture openingromfinite ground plane can
be derived using the matching technique for thermafg field at the aperture of
probe and sample.

Measurement sample
Flange (ground plane)
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vvvvvvvvvvvvvv
'''''''''''''''
vvvvvvvvvvvvvvvv

''''''''''''''''
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;;;;;;;;;;;;;;

;;;;;;;;;;;;;
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Teflon dielectric &=t

Coaxial
line 7. =0

Figure 5.1: Open circuit coaxial line sample measwent configuration

The relationship between the reflection coefficigfit) and normalised

admittance (Y) of the coaxial probe is expresseloedaw.

y =t (5.1)
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Marcuvitz expressed the admittance of the proberasntegral over the
aperture. Misra has discussed a quasi-static asatysan open ended probe
terminated by a semi-infinite medium on a grounanp[50]. The formulation

for the admittance of the open-ended probe [63]:

k2Y o

b

[a[.]s cosp
Tk In [j
a

Where

r={p*+p*-200 cow’}@ andv, = 0.08k, =w/ues, akd=wfus s

w=2rrf where fis operating frequency.
l, =4x10"Hm™and &, = 8.854« 10°Fm*

PTFE/Teflon
Semi-infinite Flange

Figure 5.2: Geometry of an open ended probe witiminite flange covering a

semi infinite region of dielectric constaht
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The other expression of probe admittance was dtbye
AL

mn(a}/?c sing

. F I ZS(kO\/g*(az +b2—mbco§))—s( Rave siE»gD
Mn(ZJ\/;C ° —S(Zkob\/? sw(gD

Y=

[Jo(kothsine) —JO(kM)T do

(5.3)

g

Where a and b are inner and outer radii of the@ri&fis the propagation
constant in free space,and £, are the permittivity of the sample and prohge, J

is the Bessel function of order zero.

The expression above can be approximated in thestef series expansion[51] :

Yzﬁ\/ig_c[q)(ko\/g)‘l—Gl(kox/g)6+Gz(k0\/§l)8— ..... }
. j#h(k@m(k@f-Bz(k@)n_...}

a

(5.4)

Go, G1, Gy, .... and B,By,By,..... are series coefficient of normalised
conductance and susceptance.

To take the higher order mode of electrical fieldhe aperture probe, the
expansion Gn and Bn will be :
Gn= Gy

n 1O[a+g(zn+3)+x(zn+32]

B' :L
" 1 O[a+/3(zn)+x(zn)z]

(5.5)
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5.2.2 Calibration

Standard calibration was performed with deionisistileéd water, air and a
short at room temperature. The position of cabmkhremain similar between
calibration and measurement, in order to obtaimkasurement accuracy.

The Cole-Cole parameters for the reference matarelsed for the calibration
process with the Network Analyzer. Liquids are thest preferable reference
because they give better contact with the coaxw@bg Furthermore, liquids like
water have established Cole-Cole properties datadditerature that have been
evaluated several times by many researchers. Vi&awipolar and has a high
permittivity and loss in the microwave region. idtmost suitable as a reference
liquid for the determination of moisture contentiaterials using an open-ended
probe. There are other reference liquids that acemmended as a reference
material such as cyclohexane, methanol, dimethighsde and silicone oil. A
critical study of the reference liquid selection ealibration standards was
reported by Nyshadham, Sibbald and Stuchly[63].

5.2.3 Complex permittivity measurement

The complete complex permittivity measurement sgstensists of vector
network analyser under PC control, coaxial probe Agilent 85070E software
[64]. Coaxial probe transmits a signal to the samlder test. Signal field at the
end of probe ‘fringe’ into the sample and a parsighal is absorbed by sample
and other part is transmitted to the vector netwaréilyser. The reflected signal
has information about dielectric properties of sEmmder test. Vector network
analyser is used to measure the reflected sigridl farameter) of sample. The
measured reflection signal is converted to comgexmittivity, (g*), using
numerical models embedded in Agilent 85070E, ‘Reménce’ probe software.
All measurement procedures such as frequency setupber of measurement
point, calibration and complex permittivity measuent are performed by
Agilent 85070E software. Prior to measurement,beation is performed using
distilled water, air and short. During the measwBtnair bubbles or air gap
between sample and end of the probe must be elietind&urthermore, it is

important to make sure that measurement temperetur@t changed throughout
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of the measurement process. The end surface girtie also must be cleaned

from residue that will affect the measurement azcyr

5.3 Waveguide cell

The waveguide cell uses transmission/reflectiore lii@chnique, which
involves placing a sample in a section of wavegadémeasuring the two port
complex S-parameter with a network analyser. Thehatkis based on a concise
closed form theoretical model relating the two-@parameters to the complex
permittivity and permeability of the medium undestt For non self-supporting
samples, a special waveguide cell with two idehfRerspex windows is used to
hold the sample in place. The conversion of S-patara to complex dielectric
parameters is computed by solving the equationsgusoftware written using
Agilent VEE Pro running on a standard PC.

5.3.1 Theory of waveguide cell

The complex permittivity measurements are conductedr frequency
bandwidth within the dominant mode (TE10) rangewaveguide cell. The
frequency selection for the measurement will depemdhe dimensions of the
waveguide transmission line used. A range of wawmkguaells (WG10, WG12

and WG16) are constructed to cover a wide rangeeafsurement frequencies.

5.3.1.1 Sample holder design

Waveguide cell uses the rectangular shape samptkerhoovered with 2
Perspex windows. The sample holder with Perspeaxdevii on both sides is used

to contain the non self supporting sample suclgagdl or semisolid.
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Region 2

Z,

d,

Figure 5.3: Four boundary of waveguide cell sanmolieler

Referring to Fig. 5.3, Regions 1 and 3 consistafspex dielectric windows
with the length (d1) mounted in a copper wavegwadd soldered into a brass
flange which has been ground flat. Region 2, wldohtains the sample under
test, consists of a short length of copper wavex(it?) also fitted with ground
brass flanges. The sample holder was designed ptabed midway between the
waveguide transmission lines and perpendicular h® ihcident wave. The
transverse and height dimension of the sample haldee selected to be exactly
the same as waveguide to preserve the electricalincity of the copper

waveguide throughout the test assembly.

5.3.1.2 Haigh-Thompson-Gibson Equations

Haigh, Thompson and Gibson made modifications @ dtuation for the
transmission and reflection coefficient of 4 boumel® sample holder that was
developed by Musel and Zacek. The modification masle on the arrangement

of the 4 boundaries sample holder. The modifiedsim@ission coefficient, for

the 4 boundaries of sample holder is described&s-[
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+ 022+ _ 1 sinh2(2y1d1)
voo 1A

Where y, is the complex propagation constant for the redicand 2 (Perspex
window), y, is complex propagation of the sample gfids the phase constant
of the transmission line

Overall reflection coefficient for 4 boundaries saenis derived as [16]:

(6. (4] [ (1B(his
a yli e2y1d1+ y2 e2y2d2 +b 1+ yl yz e2y1d1
J—'80+_'|_ ﬁ+:|_ L'Bo.pl ﬁ+1
_ 1\ A v )] i " Y, 1
T Y .
B4\ %4 B (%4
al | N Vo |gntipl N Vo o |gue:
17'80+_’|_ ﬁ+1 ],80_'_1 y1+1
n Vs n Y2 i
(5.7)

where a and b are given by:

(14.%} coslfyd,) + [’§°+ﬁ) sintyd,)

V2 1 V2
b= (1%) cosH y;d,) + (% + Lj sinffy,d,)
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The complex permittivity of food sample using wawietg cell measurement
technique is calculated by using the transmissazfficient that developed by

Haigh, Thompshon and Gibson.

5.3.2 Complex permittivity calculation

5.3.2.1 Newton Ramphson approximation method

Newton Ramphson approximation is one of the opatios methods that
used to find the optimum value of the propagationstant in the transmission
coefficient equations. Newton-Ramphson equaticsotee the transmission

equation is shown below[16].

t(y)

Yinew) = Y (oid) _W (5.8)

wherey is propagation constant andis transmission coefficient.

The optimum value of propagation constant is usetthé equation below to

calculate the value of complex permittivity.

2
j2rm, 5—[AOJ
—_ Ac

y= P (5.9)

wheree is complex permittivity A, is wavelength of free space ahgis cut off
wavelength.

5.3.2.2 Nicholson—-Ross-Weir method

There are various approaches for obtaining the p@rity and permeability
from S-parameter measurements. Conversion of Snmten to complex
permittivity and permeability in this study was aowplished using the well
known Nicholson-Ross-Weir (NRW) algorithm [65, 66 he procedure
proposed by the NRW method can be summarised byblihek diagram in
Fig.5.4. The operation of the VNA and calculatidntiee complex permittivity

65



and permeability of the sample is performed byveaie written using Agilent
VEE Pro running on a standard PC. A simplified flomart for the software used
for measurement and calculation of a sample holdér windows is shown in
Fig.5.5. Data regarding the waveguide dimensioasipde length, holder length
and window thickness and dielectric constant ismeat first, after which the
program determines the measurement start, stop sémol frequencies by
interrogation of the VNA via GPIB. The thicknesstbé windows is determined
by measurement and the dielectric properties ofainelow material are derived
from the measured S-parameters of the window. Thgram assumes that the
windows at both ends of the sample holder are ic&ntThe VNA is then
instructed to make a single sweep of its calibrdteduency range and error
corrected arrays of S11 and S21 versus frequereytransferred to the PC.

Calculation ofp, and €, is then performed at each frequency point as falow

Firstly, the S parameters of the windows are catedl using the thickness and
dielectric constant data. Next, the windows S-patens are used to de-embed
the sample S-parameters from the measured S-paanoéthe window-sample-

window cascade. Finally, the complen, and ¢ are calculated using the

equations in Fig 5.4. This process is repeatedhelt érequency and the results
plotted on the PC screen. The data can also bed dava file in a common

spreadsheet format for archiving and subsequerepsing if required. A second
version of the software is used for samples whieeeholder is not fitted with

dielectric windows. This is usually used where senples are a solid block of
material rather than in the powder or granular fomthis case, the elements of
the software involved with the calculation of wind& parameters and the de-
embedding routines are omitted and an additioma@esin the calculation process

is added before tth calculation to correct the measured phase of SRarig

air space in the sample holder. Such an air gapoadur if the sample length is
less than the holder length. In all cases, it suased the sample completely fills

the waveguide cross section
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Figure 5.4: The process for NRW method.
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Figure 5.5 : Software flow chart
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5.3.3 Calibration

Error calibration is very important to make surecumacy of complex
permittivity measurements. Calibration in the trarssion line technique uses
short circuited, open circuited and matched loathiteation. This calibration
also set the reference measurement plane for plati@ material under test
between two waveguide straights and flange to #aadapter. Two ports TRL
calibration technique with through, reflect ancelistandards is used to calibrate
the waveguide cell measurement technique. Calakibration software for TRL
standards of waveguide cell is downloaded to VNénfrPC. The arrangement
of TRL calibration is shown in figure 5.6. Througandard Xg/8) and line
standard (Bg/8) are placed in between waveguide straightsflange to flange
adapter (Flann Model: 10441). Flush short is plaateoth flange adapters (port
1 and port 2). Through, line and short calibrafwocess are performed by using
Hewlett Packard Vector Network Analyser 8510Qalibration accuracy was
checked using two independent standards. For teftea flush short was used,
and over the waveband, attenuation was less tHadB)and the phase shift was
180° + 0.5°. For transmission an empty length ofeguide was inserted and
from the attenuation and phase shift data the pevity of air was calculated
and found to be 1 + 0.0005 - jO £ 0.0005.
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Figure 5.6 : TRL calibration standard arrangement.
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5.4 Conclusion

This chapter provides theory on the coaxial probd saveguide cell
complex permittivity measurement.  Detailed disaussis outlined on
measurement, calibration procedures, calculatiortarhplex permittivity and
sample holder design for waveguide cell measuresnémtaddition, explanation
on measurement and calibration procedure for cbpride measurement is also
provided in this chapter. Coaxial probe providesxithility of selecting
measurement frequency either broadband (0-40 GHz)narrow band
measurement, which is subjected to the settingtait and stop frequency
measurement. On the other hand, waveguide cell prdyides narrow band
frequency measurement which its frequency measuremerestricted by the

waveguide size.
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Chapter 6

Complex Permittivity of Potato under Temperature
Stress.

6.1 Introduction .

The objective of the present study was to examine influence of
temperature stress on the complex permittivity afafpes during storage. The
storage temperature is one of the most importast-lparvest factors governing
sugar content of potatoes. Potato under storagmtisa static entity [67] and
carbohydrates are converted from starch for repirgpurposes. Sugar will start
accumulating and this is very much affected by shk@age temperature [68].
Whenpotatoes are stored at low temperatures, they adetensugars, primarily
glucose, fructose and sucrose in a process caltettl ‘sweetening’ [69].
Intermediate storage temperatures (8-12°C) pretist sugar accumulation.
Normally, the reducing sugars concentrations dochahge during the first three
days of storage at low temperatures (4-6°C) [70,Pi} later these increase
rapidly compared with the concentrations in potdtoed at higher temperatures
[70,72].

The sugars content in potato is an important faattecting the quality of
potato products especially fried products suchrapg and fries. Commercial
crisps or fries manufacturers require fresh potath low sugar content to avoid
browning of the finished products. Of the many cleainconstituents affecting
the colour of processed potato products, [73], sigygenerally considered to be
the most important [74]. The presence of excessigar and free amino acids in
potato during high temperature frying results iraeseptably brown coloured
and bitter tasting products. The sugar content atiatpes depends on the
genotype and several pre- and post-harvest facidre. pre-harvest factors
include temperature, soil moisture, mineral andrihom during growth,
irrigation and maturity. Post-harvest includes naggbal stresses and storage

conditions.
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The dielectric properties of materials depend omynmgactors, including
some that are related to chemical composition.rideeof sugar content in potato
might have a significant impact on the permittivi@nce fundamental data on
the relationship between dielectric properties atter factors have been
established, the rapidity of which dielectric prafs can be measured and the
non-destructiveness of the methods, can lead tterbetethods of quality
analysis. This study will investigate the feastliliof using microwave
transmission line and open ended coaxial probe odstho measure the sugar
content of potato due to temperature stress oatulugng storage and the effect
of sugar content on the dielectric properties atrficrowave heating frequency
(915 MHz and 2.45 GHz).

6.2 Methodology

6.21 Sample Preparation

Saturna potatoes were obtained from Mercian PaaiGhester, UK). Once
obtained, the potatoes were divided into 3 batemesstored in the chill cabinet
(Polar CB935 UK). The first batch was kept in ntress condition (&, 95 %
relative humidity, leaky ventilation, darkness).eTéecond batch of sample was
temperature stressed by cooling the potato sangpiesight at the temperature
4°C (24 hours) and recovered to the temperaturegad®& for 6 days. The third
batch of sample was kept in the stress conditfo@ fbr 7 days. Other conditions
such as the relative humidity, leaky ventilatiord atarkness were kept standard
for both batches.

Saturna potatoes were peeled and slice by usingaad®in Slicer (Bron
Mandolin) into 6.5 mm of thickness. Then it was icuid a rectangular shape (34
mm x 72 mm) to fit the size of WG10 sample holdéris shape of sample was
used for waveguide cell measurement.

Saturna potato was cut using a Mandolin Slicer iBviandolin) into 2.5 cm
of thickness and then cut into cylindrical shapehwi.5 cm diameter. This
sample was put in the open ended probe samplerholde

The dielectric properties and moisture contenthef $amples for batch 1, 2

and 3 were measured on day 1, day 2 and until day 7
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Sucrose solution was prepared by dissolving ofjiteof granulated sucrose
in the 300 ml beaker with weight quantities of idlestt water. The sucrose
solution was prepared in 4 concentration 2%, 4%, &a#d 10% w/w
(weight/weight). The solution was stirred using meiic stirrer for 15 min to aid
homogeneity. The dielectric properties for evenjt ssoncentration were

measured using open ended probe method.

6.2.2 Moisture content measurement

Moisture content was determined with the AOAC 984rfethod that is
based on the weight loss of sample after it has deed for 48 hours at 100 C in

a Carbolite AX 60 convection oven until a constaetght was attained.

6.2.3 Dielectric Measurement

Transmission line methods involve placing the makénside a portion of an
enclosed transmission line. The line is usuallg@&ien of rectangular waveguide
or coaxial line. There are a number of publicatidescribing the transmission
line technique as a sensor for measuring the dredgaroperties of materials at
microwave frequencies [75-78]. The transmissioe lmeasurement is restricted
in the dominant mode and frequency band. The complermittivity of a
material is computed from the measurement of tlleated signal (&) and/or
transmitted signal (@ [16]. Using this method, the sample must fully fihe
sample holder and no air gaps are trapped betweefixture walls. A typical
measurement system using a transmission line tggbntonsists of a vector
network analyzer, a coaxial airline or waveguidetise, computer and software
to perform the conversion of S-parameters to cormplrmittivity. Calibration
standards are used to set the full 2-Port Calimatn the vector network
analyser. Error calibration is very important tosem the accuracy of any
measurement. This calibration sets the plane ofritident and reflected waves
at the end of the waveguides and by replacing thtemal under test between the
ends, measurement start and end at the materi&@n @pded coaxial probe
covers a broad range of frequency and needs mirsaraple preparation. For

the waveguide cells, the sample needs to be mathmét to the shape of its
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sample holder and their frequency coverage is lmhbgetheir dimensions. For
non self-supporting materials, it is necessaryntdude dielectric windows to

contain the sample.

6.2.4 Waveguide cell design (2450 MHz)

The waveguide cell method has been implemented &-284 (2.5-4.0
GHz). In the case of non self-supporting sampless inecessary to include
dielectric windows to contain the sample. Referiiod-ig. 5.3, regions 1 and 3
consist of Perspex dielectric windows mounted itopper waveguide soldered
into a brass flange which has been ground flat.id®eg, which contains the
sample under test, consists of a short length ppeowaveguide also fitted with
ground brass flanges. This arrangement preventplea@akage. The internal
dimensions of the sample holder were 1.907x3.4gh4dWR-284). The sample
holder was placed midway between the transmissi@s landperpendicular to
the incident wave. The transverse and height dimengf the sample holder
were selected to be the same as the waveguide etgerpe the electrical
continuity of the copper waveguide throughout thesttassembly. The
transmission line measurements were conductedthgtidominant mode (Tig).
Prior to measurements, the VNA and attached tressam line was an error
corrected by a full 2-port calibration. During messments, each sample was
carefully filled into the waveguide cell guarded two Perspex windows. It is
necessary to have a flat and homogenous interfab@ebn the sample and
Perspex windows to eliminate the error caused byaals
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1]

3.4cm

Figure 6.0: The sample holder setup of the wawkgui0 for the complex
permittivity measurement at the frequency range GHz to 3.5
Ghz.

6.2.5 Open ended coaxial probe (915 MHZz)

Open ended coaxial probe can be used to measucoitglex permittivity
of a wide variety of samples such as semi solidpf# solid and liquid materials.
The Agilent 85070E performance probe was used tasore the complex
permittivity of the potato sample between frequenagges of 500 MHz to 1
GHz. The 85070E software controls the communicabetween the PC and
Network Analyser and performs an online measuremoérthe S11 parameter
and dielectric properties conversion from the meauS11 parameter. The
dielectric properties reading is displayed as tieéedtric constant, dielectric loss
and loss tangent. The probe measurement systemideso\a convenient,
repeatable method for the measuring complex pewityttof materials. The
probe is immersed into the liquid or semisolid skeie make the dielectric
properties measurement. The probe is made fromlesai steel with its outer
diameter of 1.6 mm and inner diameter of 0.3 mm semled with borosilicate

glass dielectric at the open end.
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Figure 6.1: Sample holder setup of coaxial prolaerfeasuring the complex
permittivity of the shocked raw saturna potato.

A special designed sample holder was constructetigare that raw Saturna
potato could have a good contact with the coaxiab@ and eliminate the air
space gap between the sample and coaxial probesarhgle holder consisted of
0.25 cm thick and 10 cm high clear Perspex tubee $ample was placed
between two polyethylene cylinders and compresgddib loaded springs at the
bottom and two adjustable screws at the top toiedite the air space gap
between the raw saturna potato and the coaxialeprdbe top polyethylene
cylinder was attached to the coaxial probe by te@ws. Rubber O ring seals
were attached to the two polyethylene cylindergriewvent leakage if the samples

were in the liquid or paste form.
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6.3 Results and Discussion

6.3.1 Waveguide cell
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Figure 6.2: Dielectric constant of the raw satypsotato stored at the 3 different
temperatures storage for 7 days with the frequeaicge 2.4 GHz to 3.5 GHz
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The dielectric constant measurement results for rdng saturna potato
samples with 3 different storage temperatures laoevs in the Figure 6.2. The
measurement of the raw saturna potato samples ghaivihere is no significant
relationship between the effect of the storage tgatpre and the dielectric
constant of the samples. The change in the digeminstant does not show any
pattern of continuously increase or decrease with ¢hange in the storage
temperature. Thus the increase or decrease oftahege temperature does not
have any significant impact on the dielectric canstof raw saturna potato.
Figure 6.12 shows that the moisture content ofrélve saturna potato does not
change with the storage temperature from day lajo7dand then its dielectric
constant is not affected by the change in the geotamperature. Water is the
polar food constituent and the change in the mmstontent has a high impact
on the dielectric properties. Dielectric constaapehds on the food compaosition
and the highest effect of the food composition lo@ dielectric constant comes
from water. The major constituent of the saturnaafmois water since its
moisture content is 76 %. Then its dielectric canstis dominated by the
dielectric constant of the free water. The additadnsugar should be able to
change the dielectric properties of water, thas gossible to have the change in
the dielectric properties of the saturna potatthendifferent storage temperature.
If not then the change in the reducing sugar duthécstorage temperature will
not change the dielectric constant of the satuotatp.

A separate study was conducted on the dielectdpeasties result for the 0 to
10 percent of sugar aqueous solution shows thalietectric properties are not
affected by the percentage of sugar. The measuteraguits are shown in the
Figure 6.4. The dielectric constant of the différparcentage of sugar aqueous

solution is similar with the distilled water.
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Figure 6.3: Dielectric loss of the raw saturna ptdored at the 3 different
temperatures storage for 7 days with the frequeaicge 2.4 GHz to 3.5 GHz

The measurement results of the dielectric losstlier raw saturna potato
samples are shown in the Figure 6.3. The changeerdielectric loss of the
samples is minimal and small with the change ofdfugage temperature from
day 1 to day 7. Furthermore, there is no pattérim@ease or decrease of the
dielectric loss between the temperature storagegatbe day of storage. The
dielectric loss is not influenced by the changirfgstorage temperature. The
other measurement result for the aqueous sugaticgolesult in the Figure 6.5
shows that the dielectric loss is not changed whih different percentage of
sugar content. It also shows that the dielectriss lof 10% sugar aqueous
solutions is quite similar with dielectric loss thfe distilled water. Addition of
sugar is not able to change the dielectric lossvafer. The change in the
reducing sugar content of saturna potato shouldlbbe to change the dielectric
properties of water since water is a major constituwf raw saturna potato. Then
it is possible to have the change in the dielegqirmperties that can be used to
detect the accumulating of sugar in the saturnatpofhe maximum content of

86



the accumulating sugar in the raw potato storetierd C for more than 10 days
is 2.59/(100g fresh weight of potato)[79]. The aléml limit of the reducing sugar
content in the potato is below than 0.33 % of th&at tuber fresh weight [80].

It is not possible to detect the change in theedielc loss for these low

percentages of the sugar content in the saturredqoadt is supported by result in
the figure 6.4 and 6.5 that there is no differelpetveen the dielectric loss of the
10 % sugar aqueous solution and 100 % distille@mvat
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Figure 6.4: The dielectric constant of the différpaercentage of sucrose aqueous
solution at the frequency range 200MHz to 20 GHz t@mperature 20 C.
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Figure 6.5: The dielectric loss of the differentqantage of sucrose aqueous
solution at the frequency range 200MHz to 20 GHz t@mperature 20 C.
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6.3.2 Complex permittivity of sample as a functiorf storage
time at the frequency measurement 2.45 GHz
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Figure 6.6: The dielectric constant of the différesmperature storage of saturna
potato between day 1 to day 7 at the frequency @45 and
temperature 20 C.

The measurement result of the saturna potato atréq@ency 2.45 GHz is
shown in the Figure 6.6. All the 3 dielectric cargs of saturna potato are very
similar, with differences of less than 2 % betwesample kept in storage
temperature 8 C, 4 C and also kept in 4 C for 2&$hthen transferred to 8 C for
another 6 days. The graph shows that dielectristam is fluctuating with small
value above and below 70 for every sample. Theagtoitemperature has a
negligible effect on the dielectric constant ofusaf potato as shown in the
Figure 6.2. This is most probably due to the na@ingfing of the moisture content
during the storage at the different temperaturevbéet day 1 to day 7. Raw
saturna potato contains high moisture content,itadmecomes an important factor
to determine the changes in the dielectric constant
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Figure 6.7: The dielectric loss of the differenhferature storage of saturna
potato between day 1 to day 7 at the frequency @5 and temperature 20 C

The result of measurement for the saturna potaicedtat the different
temperature is shown in the Figure 6.7. The dietetoss of saturna potato is
not much affected by the storage temperature. Tiekedatric loss for both
samples with the 3 temperatures storage is flucyabove and below 20 from
day 1 to day 7. The result does not show the tadntbntinuously decrease or
increase in the dielectric loss as the day of gmia increased. As discussed in
the previous section, the change in the moistuntéec of saturna potato kept in
the different storage temperature is minimal betwdays 1 to day 7. Raw
saturna potato contains higher moisture contengé. ihfluence of the moisture
content on the dielectric loss of the saturna posthigh. The higher change in
the moisture content leads to the larger changieaielectric loss of the saturna

potato.
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6.3.3 Open ended probe
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Figure 6.8: Dielectric constant of the raw satypsotato stored at the 3 different
temperatures storage for 7 days with the frequeacge 500 MHz to 1 GHz
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Day 7
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Figure 6.9: Dielectric loss of the raw saturna pmtdored at the 3 different
temperatures storage for 7 days with the frequeaicge 500 MHz to 1 GHz

The measurement results of dielectric constantl@sglof the saturna potato
at the frequency range 500 MHz to 1 GHz is showtherFigure 6.8 and 6.9.
The dielectric constant of saturna potato followe tsimilar trend of the
frequency measurement range 2.4 GHz to 3.5 GHz.didlectric constant and
loss are not much affected by the storage temperdtetween day 1 to day 7.
The details discussion on the effect of the stotaggerature is discussed at the
previous section 6.3.1. The dielectric loss of ghturna potato shows the effect
of the ionic conduction where by the losses areatésl towards the lower

frequency 500 MHz.
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6.3.4 Complex permittivity of sample as a functiorof storage
time at the frequency measurement 915 MHz

915MHz
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Figure 6.10: The dielectric constant of the défgrtemperature storage of
saturna potato between day 1 to day 7 at the frexu@l5 MHz
and temperature 20 C
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Figure 6.11: The dielectric loss of the differesperature storage of saturna
potato between day 1 to day 7 at the frequencyMHs and
temperature 20 C

The effect of the storage temperature on the digtemonstant and loss at the
frequency 915 MHz is shown in the Figure 6.10 arid 6There is no pattern of
continuously increase or decrease of the dielectmstant and loss as the day of
storage is increased from day 1 to day 7. The ciéteconstants of saturna
potato for every storage temperature are fluctgaaih the value of 74. The
different of the dielectric constant and loss betwé¢he storage temperature is
less than 4%. The storage temperature is not mifelctiag the dielectric
constant and loss of the raw saturna potato amilseowave heating frequency
915 MHz.
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6.3.5 Moisture content of sample as a function oine.
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Figure 6.12: The moisture content of the diffettemhperature storage of saturna
potato solution between day 1 to day 7.

The measurement result of the moisture contentiferraw saturna potato
stored at the different temperature storage is shavthe Figure 6.12. The result
does not show any significant difference in the shoe content. The highest
difference between the moisture content of thersatpotato is around 4 %. The
storage temperature does not affect the moistureenbof the raw saturna potato
during the 7 days of storage.
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6.4 Conclusion

The suitability of using microwave measurementssiggar determination in
the raw saturna potato has been investigated. ®hgplex permittivity of the
raw saturna potato stored at the 4 C for 7 days,fdr 24 hours then transferred
to 8 C for another 6 days and 8 C for 7 days wadueted at the 500 MHz to 1
GHz and 2.4 GHz to 3.5 GHz frequency ranges. Tifecteof the storage
temperatures 4 C and 8 C was found to be less ymrdfand marginal on the
dielectric properties and moisture content of thev rsaturna potato. The
microwave measurement is an unsuitable method &sune the reducing sugar
accumulation in the raw saturna potato. The infteeof the storage temperature
on the dielectric properties of the raw saturnaafmtt the 915 MHz and 2.45
GHz microwave heating frequencies has been estallisThis data provides a
useful reference for the microwave heating designthe raw saturna potato

stored in the 4 C and 8 C storage temperatures.
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Chapter 7

Complex Permittivity Measurement of Fried

Potato.

7.1 Introduction

Potato crisps are a high demand consumable snadkigr The sales volume
of potato crisps is 33% of total sales of snackJ# [80]. The range of total oll
content in the commercial potato crisps is in betw85.3 % to 44.5%, which
adds to this product’s taste and flavour so dekdrab the consumer [81].
Nowadays, consumers are very concerned about @éhydood product that
contains less fat.

Moisture evaporates from potato slice during fryinghe high temperature
of cooking oil. The amount of moisture loss is deii@eed by the potato
thickness, frying time, frying temperature and te&ture of the potato [82].
Costa, Oliveira and Gekas [83] have studied thehaweism of water loss during
the frying process. They found that the first stafevater loss during frying
comes from its surface. During the second stageetis an intense flow of water
bubbles or boiling and there is an exponential afewloss occurs at this stage.
The third stage of water loss occurs after the &iom crust on the surface of
fried potato.

The high frying temperature has caused the moistirgotato to boil
explosively. Then the cell wall of the potato isvd®ed, and as a result it will
create the capillary holes inside the fried potatas will cause further cell wall
bursting and damage, and consequently, the formatiaapillary holes. Oil is
absorbed into the slice through the voids left byisture that had evaporated.
For these reasons, regular potato crisps can hgheolfi oil contents [84]. This
mass transfer process is characterized by the mavteaif oil into the product
and water loss in the form of vapour from the pid85] . The relationship of
oil uptake and moisture loss of the thin crispsmyurmmersion frying has been
studied previously by Southern, Chen, Farid, Howand Eyres[86]. A linear
moisture-oil relationship reported for crisps wasained in this study [87].
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Based on the change of moisture and oil contefriexf potato during the frying
process, it is possible to relate it with the digie properties at microwave
frequencies. The dielectric properties of food fstigpend on many factors and
one of them is related with the food compositioratéy and salt contribute to the
high value of dielectric properties in the microwdvequency range. Water has a
high dielectric constant at lower microwave freqeies and high dielectric loss
at the higher frequencies. Raw potato contains Igisture content and the
amount of moisture will reduce during the fryingppess. Dielectric properties of
fried potato will change accordingly with the loss moisture content of fried
potato. Moisture content is an important parameteéhe quality control of fried
potato crisps. The good quality of the potato @igpually requires the moisture
content to be lower than 1.5+ 0.1 wt % [88]. Moist is detectable at the
microwave frequency range using microwave techrigliean be used to detect
the moisture content of fried potato and moniter qmality of potato crisp.

The dielectric properties of fried potato have gndicant effect on the
microwave heating performance. Dielectric constantl loss describes the
ability to absorb and transmit the electromagnetiergy. Dielectric properties
are also used to determine the penetration depgh dBd power dissipation.
Penetration depth is defined as the depth at wmichowave power is reduced
to 1/e or 37 % of its surface value, which is apantant factor in characterising
the heat distribution in the microwave heated niaté89].

This study will investigate: 1) the use of the roigave transmission line method
and coaxial probe to measure the complex pernittivi fried potato at the 0
min, 1min, 2 min, 2.5 min, 3 min and 4 min of frgiime and 2) the influence of
temperature on the complex permittivity of friedtago. The data of dielectric
properties of fried potato can be used to deteetrioisture content of fried
potato and also to determine the depth penetratmohpower dissipation for the
microwave heating or microwave frying mechanismtlte two microwave
heating frequencies. The industrial microwave mgatiequencies are 915 MHz
and 2.45 GHz [90]
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7.2 Material and method

7.2.1 Sample preparation

Estima, King Edward and Maris Piper are the besiwkn and popular
varieties on sale in UK. They are widely grown asrthe country, so the stocks
are always available for the commercial productbuarisp. So these varieties of
potato, Estima, King Edward and Maris Piper weredugs the experiment.
Potatoes were bought from the local ASDA superniaak®&anchester. Potatoes
were peeled, washed and cut by using a MandolceS(Bron Mandolin) into
2mm of thickness. The potato slices were washel @abl water to remove free
starch and surface was blotted with towel papeoredtying.

Potato frying was conducted in a deep fryer (Boffdkep fryer) and filled
with 3.5 L vegetable oil at 180 C frying temperatuPotato slices were put in the
hot oil and frying was performed for 1 min, 2 mih5 min, 3 min and 4 min
respectively. Fried potatoes were blotted with topaper to remove excessive
oil on its surface. Fried potatoes were placed ideaiccator to cool their
temperature to room temperature. Then the friedtpes were transferred to a
sealed plastic bag and kept in the fridge (Polt&igeration) at 8 C for 12 hours.
Then the fried potatoes were mashed at the coopeasature with a blender
(Philip blender) for 5 seconds to produce the haanegus sample for complex

permittivity measurement.

7.2.2 Moisture content measurement

Moisture content of fried potatoes was determingdneasuring the weight
loss of triplicate sample through 48 hours dryinghe air oven (Carbolite AX60

air convection oven).

7.2.3 Coaxial probe measurement

The coaxial probe measurement technique was usedetsure the complex
permittivity of the blended fried potato in the dueency range of 500 MHz to 1
GHz. This method was also used to determine thepmpermittivity of

blended fried potato at the microwave heating feeqy 915 MHz. The detailed

procedure of coaxial probe measurement is discuasatapter 5.
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7.2.3.1 Sample holder setup for coaxial probe rasurement

A special designed sample holder was constructeensure that blended
fried potato could have a good contact with coagiabe and eliminate the air
space gap between the sample and coaxial probesarhgle holder consisted of
0.25 cm thick and 10 cm high clear Perspex tubee $ample was placed
between two polyethylene cylinders and compresgdaib loaded springs at the
bottom and two adjustable screws at the top toiefite any air space gap
between the fried blended potato and the coaxialbgr The top polyethylene
cylinder was attached to the coaxial probe by tex@ws. Rubber O ring was
attached to the two polyethylene cylinders to pnévdeakage of blended fried
potato. The setup is illustrated in Figure 7.1.

4 Coaxial probe
<4—Thermocouple

4L Screw

A

Sample

Rubber o-ring seals

. \ Spring

- -

Figure 7.1: Sample holder setup of coaxial probenh@asuring the complex

A

permittivity of blended fried potato.

7.2.4 Waveguide cell measurement

The waveguide cell method has been implemented B-284 (2.5-4.0
GHz). In the case of non self-supporting sampless inecessary to include
dielectric windows to contain the sample. Referriagrig. 7.2, sample holder
consist of Perspex dielectric windows mounted itopper waveguide soldered

into a brass flange which has been ground flat. @atnolder also contains the
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sample under test, consists of a short length ppeowaveguide also fitted with
ground brass flanges. This arrangement preventplea@akage. The internal
dimensions of the sample holder were 1.907x3.4gh4AWR-284). The sample
holder was placed midway between the transmissi@s land perpendicular to
the incident wave. The transverse and height dimansf the sample holder
were selected to be the same as the waveguide etgerpe the electrical
continuity of the copper waveguide throughout thesttassembly. The
transmission line measurements were conductedthétidominant mode (Tig).
Prior to measurements, the VNA and attached trassam line was an error
corrected by a full 2-port calibration. During messments, each sample was
carefully filled into the waveguide cell guarded two Perspex windows. It is
necessary to have a flat and homogenous interfab@ebn the sample and

Perspex windows to eliminate an error caused byaadls.

7.2.5 Temperature control chamber setup

A temperature control chamber was designed to abtiie temperature of the
blended potato sample at specified measurementetatupes (20 C — 60 C)
while complex permittivity measurements were madd&he chamber was
constructed from 0.5 cm thick Perspex sheet witlkerg&height, 19 cm width and
26.5 cm long. A Peltier thermoelectric air cool&iodel no.: AC-162, TE

Technology Inc, Michigan USA) was mounted at th&doa of the chamber. The
Peltier thermoelectric air cooler controls the tenapure of the chamber and its
operation was controlled by Thermoelectric Coolemperature controller
(Model no. : TC-36-25 RS 232, TE Technology Inc,cMgan USA). A

thermocouple was attached on the top side of thmkeaholder and temperature
was monitored by a Thermocouple data logger (Madet USB TC-08 Picotech
UK). An illustration of the temperature chamberinsluded in Figure 7.2 and
Figure 7.3. In order to ensure the targeted tenipers were reached in the
sample material, each sample was allowed to eqaiébat the desired

temperature for 30 minutes before measurements takea.
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Figure 7.2: Transmission line (waveguide 10) sefiupcomplex permittivity

measurements of blended fried potato under temperaontrol
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Figure 7.3: Coaxial probe setup for complex peiwii{t measurements of
blended fried potato under temperature control.
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7.3 Results and discussions

7.3.1 Waveguide cell

7.3.1.1 Blended Fried Estima

Dielectric constant measurement results for 0 himin, 2 min, 2.5 min, 3
min and 4 min frying time are shown in Figure 7¥he measurement of
dielectric constant of fried estima potato with feliént frying times at a
frequency range of 2.3 GHz to 3.5 GHz at 20 C shibvasthere is a relationship
between the frying time and the dielectric constdRésults indicated that
dielectric constant decreased over the frying tifrfeese results can be explained
by correlating the loss of moisture content of iBstifried potato with the frying
time and dielectric properties. More moisture evated from the Estima potato
as the frying time is increased and this will desee the value of dielectric
constant.

Over the frequency band, there is a slight redaatiothe dielectric constant for
0 min to 2.5 min frying time. The dielectric constaf 3 min and 4 min frying
time remains constant over the frequency band. &lifext has a similarity with
dielectric properties of polar and non-polar matefPolar material is frequency
dependence but non polar material is not frequatependence. In this case,
water is polar material and has a dominant effacthe dielectric constant at 0
min to 2.5 min of frying time, where as cooking wila non polar material and
has a dominant effect on the dielectric constaritiefl potato at 3min to 4 min
of frying time. The frequency dependence of thdedigic properties of material

is explained by the Debye equation in chapter 2.
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Figure 7.4 : Dielectric constant as function ofirigytime for fried estima potato
at frequency range 2.3 GHz to 3.5 GHz at 20 C.

Table 7.1 : Moisture content of Estima potato &snation of frying time

Frying time Moisture content
(Based on wet basis)
0 min 78.5 %
1 min 37.6 %
2 min 21.8 %
2.5 min 14.0 %
3 min 11.5%
4 min 2.4 %

The dielectric constant of blended fried Estipotato decreases consistently

as the frying time is increased. This is due toltise of moisture from the potato

during the frying process. This result is in agreatrwith a previous study on
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the effect of moisture on the dielectric constahffamd [89]. Moisture has a

significant effect on the dielectric properties.ellbwer moisture content leads to
a lower value of dielectric constant and loss. Kadekmeasured the moisture
content of fried potato and found that the moisttwatent of potato decreases
significantly during frying [82]. As frying time isncreased more moisture will
evaporate and the cooking oil is absorbed. Thisipimenon has a relationship
with the changing of dielectric constant of friedtgo from O min to 4 min

frying time. At the early stage of frying time, tipetato contains high moisture
content and this contributes to the high value iefedtric constant. At the last
stage of frying process, more moisture has evapdfabm fried potato and then
the dielectric properties values of fried potate amall and less affected by
water. At this stage dielectric constant of friedtgto is dominated by the
dielectric properties of cooking oil. The dielectgonstant of fried potato at 4
min frying time is 2.2 and the dielectric constaft cooking oil is 2.5 at

temperature 25 C and frequency range 2.3 GHz tGBl5.
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Figure 7.5: Dielectric loss as function of fryinighe for fried estima potato at
frequency range 2.3 GHz to 3.5 GHz at 20 C.

Figure 7.5 shows the result of dielectricslax fried Estima potato as a

function of frying time over the frequency rang8 &Hz to 3.5 Ghz. Dielectric
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loss decreases as frying time is increased. vidlthe similar trend of dielectric
constant of fried Estima potato with different frgi time. There is slightly
increased of dielectric loss over the frequencydbl@n frying time 0 min to 2.5
min. On the other hand, dielectric loss for 3mim @min frying time remains
unchanged and not frequency dependence over theeiney range 2.3 GHz to
3.5 GHz. Moisture content in fried potato is higlarthe O min and gradually
decreased as the frying time is increased. Hereleddlic loss of fried Estima is
higher at 0 min frying and decreased as frying tinceeased.

7.3.1.2 Blended Fried King Edward
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Figure 7.6: Dielectric constant as function of myitime for fried King Edward

potato at frequency range 2.3 GHz to 3.5 GHz &€ 20

Figure 7.6 shows the effect of frying timevewds the values of the dielectric
constant of fried King Edward potato. The experitaémesults in Figure 7.6
show that dielectric constant of fried King Edwardtato follows the similar
trend with the dielectric constant of fried Estimatato. Dielectric constant of
fried King Edward potato is decreased with incregghe frying time. It can be
seen from Figure 7.6 and table 7.2, when the fryinge is increased, more
moisture has evaporated and then the dielectristanh was influenced by
frequency, especially at the higher moisture caneemd then becomes less
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dependence with the frequency at the lower moistorgent. For example, the

dielectric constant of 0 min and 1 min frying timdecreases consistentiyth an

increase in frequencyn the other hand, dielectric constant of 3 min 4mdin

frying time remains unchanged with an increaser@fdency. Table 7.2 shows

the moisture content decreases as frying timecieased. The longer the frying

time leads to the lower the value of dielectric ftant and moisture content. The

dielectric constant of raw King Edward potato iwéw than raw Estima potato

and this would indicate that the raw King Edwardapo had a lower moisture

content compared to raw Estima potato.

Table 7.2 : Moisture content of King Edward potas a function of frying time

Frying time Moisture content
( Based on wet basis)

0 min 76.9%

1 min 35.8%

2 min 22.7 %
2.5 min 16.3 %

3 min 5.9 %

4 min 3.3%

Figure 7.7 shows the effect of frying timetbe dielectric loss of fried King

Edward potato. The effect of frying time and maiston the dielectric loss of

fried King Edward potato follows the similar trentidielectric constant of fried

King Edward potato against frying time and moistcoatent.
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Figure 7.7: Dielectric loss as function of fryingne for fried King Edward
potato at frequency range 2.3 GHz to 3.5 GHz &€ 20

7.3.1.3 Blended Fried Maris Piper

Figure 7.8 shows the effect of frying time tre dielectric constant of
blended fried Maris piper potato over the frequeranyge 2.3 GHz to 3.5 GHz at
a temperature of 20 C. Raw Maris piper potatoesatos a moisture content of
66.2 % with lower dielectric constant comparedaw Estima and King Edward
potato. The dielectric constant was decreased initheasing frying time and
hence decreases of moisture content. The moisturertt and frying time have
a significant effect on the dielectric constantfaéd Maris Piper potato. The
decrease in moisture decreases the polarisatioithvwdecreases the dielectric
constant of fried Maris piper potato during theirigy process. This follows the

similar trend of the dielectric constant of friedtitna and King Edward potatoes.
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Figure 7.8: Dielectric constant as function of fryitime for fried Maris piper
potato at frequency range 2.3 GHz to 3.5 GHz &€ 20

Table 7.3 shows the relationship betweennyiad time and moisture content
of fried Maris Piper potato. This table shows ahhamount of moisture loss
between 66.2 % and 4.2 % during 0 min to 3 mirrghf time. This data agreed
with the study conducted by Costa, Oliveira and &d83] on the moisture loss
during the frying process of potato. The high amaifrwater loss has resulted in
a higher decreased rate of dielectric constant é@tw) min to 3 min of frying

time.
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Table 7.3 : Moisture content of Maris Piper potasaa function of frying time

Frying time Moisture content
( Based on wet basis)
0 min 66.2 %
1 min 30.7 %
2 min 17 %
2.5 min 9.8 %
3 min 4.2 %
4 min 1.6%
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Figure 7.9: Dielectric loss as function of fryinghe for fried Maris Piper potato
at frequency range 2.3 GHz to 3.5 GHz at 20 C.

Figure 7.9 shows the dependence of dieleldsis of fried Maris piper potato
on the frying time. The dielectric loss of friedakis Piper potato decreased with
an increase of frying time. When the frying tinseimcreased, more moisture

evaporated
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from fried Maris piper potato and then this willodease the dielectric loss of
fried Maris piper potato. Cooking oil is absorbatbithe crisps through the pore
or voids that are left by moisture in the evaporatprocess. As a result, at 4
minutes of frying time, the dielectric loss of camk oil has dominated the
dielectric loss of fried Maris piper potato. Th@léws the similar trend of the
dielectric loss of fried Estima potato and King Edtdl potato against frying time.
At the earlier stage of frying time, the dielectioss of Maris piper potato was
dominated by the existence of free water then capkil will take an effect on

the dielectric loss of Maris piper potato at th&t lstage of frying time.

7.3.1.4 The effect of different blending time on th complex
permittivity of blended fried potato chips

Fried potato was blended to achieve moradgeneous sample to solve the
problem of additional brown layer on the surfacdrigfd potato. The fried estima
potato was mashed at a temperature of 8 C to preweisture loss during the
blending process. Figure 7.10 shows the effecti@iding time on the value of
dielectric constant. The blending times of 5 sdrséc and 15 sec do not give
significantly different values of dielectric consta The value of dielectric
constant is around 53 at the frequency 2450 MHz Vhlue of dielectric
constant decreased as the blending time was iretdas20 sec. Dielectric loss
of fried potato is not changed between the blentimg 5 sec, 10 sec and 15 sec
as shown in Figure 7.11. However, the dielectrgsldecreased as the blending
time was increased to 20 sec. The blending timB séconds was selected to

blend the fried potato to achieve a more homogemsample.
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Figure 7.10: Dielectric constant of blended friestirma for 1 min frying time
with different blending time at temperature 20 C.
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Figure 7.11: Dielectric loss of blended fried estifior 1 min frying time with

different blending time at temperature 20 C.

118



7.3.2 Open ended probe

7.3.2.1 Blended fried Estima potato
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Figure 7.12: Dielectric constant as function ofrigytime for fried Estima potato
at frequency range 500 MHz to 1 GHz at 20 C.

Figure 7.12 shows the result of the effectfrging time on the dielectric
constant of blended fried estima potato. Previouslys conducted on the
moisture loss of fried potato shows that the réteaisture loss is determined by
frying time [82]. Furthermore, moisture has a relaship with the dielectric
properties of fried potato, whereby the high conht#hmoisture will lead to the
high value of dielectric constant and loss. Asfityeng time is increased, more
moisture is evaporated from the fried potato arehtthe dielectric constant is
decreased.
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Figure 7.13: Dielectric loss as function of fryitigme for fried Estima potato at
frequency range 500 MHz to 1 GHz at 20 C.

Figure 7.13 shows the effect of frying timae the dielectric loss of the
blended fried Estima potato. The dielectric losselsvated towards lower
frequency and this is caused by the presence ofighie conductivity of
dissolved ions in raw potato. Dielectric loss bebawrof raw potato is associated
with the conductivity of dissolved ion [91]. Thefextt of ionic conductivity on
the dielectric loss at the lower frequency is dss&a in chapter 2 for the topic of
the Cole-Cole equation with the ionic conductivityhe effect of ionic
conductivity on dielectric loss becomes lesser tas ftying time is increased
from O min to 4 min. This is due to the loss of store from fried Estima potato
and then dissolved ion becomes less active arel étfect on dielectric loss of
fried Estima. Table 7.1 shows that the moisture lissincreased as the frying
time is increased and this will lead to the deareaisdielectric loss of blended
Estima potato as shown in the Figure 7.13. Freeewat moisture has a
significant effect on the dielectric loss of maaéwhereby the higher moisture
content, the larger dielectric loss of the material
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7.3.2.2 Blended fried King Edward potato
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Figure 7.14: Dielectric constant as function ofirigytime for fried King Edward
potato at frequency range 500 MHz to 1 GHz at 20 C

The result of the effect of frying time dmetdielectric constant of blended
fried King Edward potato is shown in Figure 7.I%he value of dielectric
constant of raw King Edward potato is lower thaa thelectric constant of raw
Estima potato because the moisture content of rawg Edward is lower than
the moisture content of raw Estima potato. Theedigic properties of blended
fried King Edward potato follow the similar trend the dielectric constant of
blended Estima with the frying time. As the fryitige is increased, the moisture
is evaporated from the King Edward potato then dmgectric constant is
decreased accordingly. The value of dielectric taons
is dominated by the amount of free water that reshai the fried potato. During
the frying process, there is a big decrease oédiet constant between 0 min to
4 min frying time as there is huge amount of wétes. Table 7.2 shows that the

amount of water loss during this frying time iswand 73%. This is agreed with
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the study conducted on the moisture loss duringhgryprocess of potato by

Costa, Oliveira and Gekas [83].
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Figure 7.15: Dielectric loss as function of fryitigne for fried King Edward
potato at frequency range 500 MHz to 1 GHz at 20 C

Figure 7.15 shows the effect of frying tiore the dielectric loss of blended
King Edward potato over the frequency range 500 MiHx GHz. The effect of
the ionic conductivity of the dissolved ions on thelectric loss is shown in the
Figure 7.15. It follows the similar trend with tleelectric loss of fried blended
Estima potato. The dielectric loss is elevatethadrequency is decreased from
1 GHz to 500 MHz. The effect is quite severe onltineer frequency range. This
trend follows the Cole-Cole equation with the ior@onduction parameters,
where the dielectric loss is affected by
the dipolar effect of free water and the ionic aacttbn of the dissolved ion.
According to the Cole-Cole equation, the effecttrd ionic conduction on the
dielectric loss is lower at the higher frequency #ecomes higher at the lower
frequency. Water plays an important role on tHeatfof ionic conduction on
the dielectric loss. As the frying time is incredisenore moisture is evaporated

then the moisture content of the blended friendgKitdward is lower. Figure
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7.15 show the effect of ionic conductivity of thessblved ion on the dielectric
loss is lower at the 3 min and 4 min frying time.

Table 7.2 shows that the moisture contérblended fried King Edward
potato is decreased as the frying time is increa¥bd amount of free water
which affects the dielectric loss is also decrea3éeén dielectric loss of blended

fried King Edward potato is deceased when the §ryime is increased.

7.3.2.3 Blended fried Maris Piper potato
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Figure 7.16: Dielectric constant as function ofirfgy time for blended fried
Maris Piper potato at the frequency range 500 MiHz GHz at 20 C.

Figure 7.16 illustrates the experimental resultriedrout on the effect of the
frying time on the dielectric constant of the bleddfried Maris Piper. The
results show similar characteristic to those oftitended fried Estima and King
Edward potato. The dielectric constant of the sangacreases consistently as
the frying time is increased. Table 7.3 shows that percentage of moisture
content is decreased as the frying time is incikaBlee effect of frying time on
the sample is related with the evaporation of tleestare from the fried potato

during the frying process. Water as a polar camstit significantly affects the
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dielectric properties of materials. The decreasmoisture content decreases the
polarisation, decreasing the dielectric constanthef blended fried Maris Piper

potato.
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Figure 7.17: Dielectric loss as function of fryitagne for fried Maris Piper potato
at frequency range 500 MHz to 1 GHz at 20 C.

The dielectric loss measurement results for bleniiedl Maris Piper potato
sample of 0, 1, 2, 2.5, 3 and 4 minutes frying tane shown in Figure 7.17. The
measurement of blended fried Maris potato sampléseafrequency range 500
MHz to 1 GHz at temperature 20 C shows that theeerelationship between the
frying time and dielectric loss. The dielectrics$oof sample decreases as the
frying time is increased.

The dielectric loss of sample shows the Isimcharacteristic with the
dielectric loss of Estima and King Edward potatbeielectric losses of 0 to 2
minutes frying time are elevated towards lower gty as shown in Figure

7.17. The ionic conductivity of the dissolved imifiects the dielectric loss at the
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lower frequency. The dielectric loss of fried bleddMaris Piper potato at the
early frying is affected by the polar effect ofdrevater and ionic conductivity of
the dissolved ion. As the frying time is increaseuhre moisture is evaporated
and the volume of dissolved ions is decreased, ttinen effect of ionic
conductivity also decreased. As a result the dieteloss of blended Maris Piper
potato for 3 and 4 minutes frying time is not eledatowards the lower
frequency.

The experimental results show that the fyytrme has an effect on the
moisture content and the ionic conductivity of drielended Maris Piper potato.
As the frying time is increased, the moisture cohsad ionic conductivity effect

are decreased.
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7.3.3 The effect of temperature on the dielectric propetits of
fried potatoes

The dielectric properties of food materialso depend on temperature. The
nature of that dependence is illustrated as a imaif the dielectric relaxation
time.

The relationship between the relaxation time angpirature is [103]:

3vu
=V —
r KT (7.1)

where V = volume of moleculesy = viscosity, k = constant, T = temperature in

unit kelvin.

The relation of viscosity and temperature is [104]:

=Y
v=eRl (7.2)

where v = viscosity, E, = activation energy,R= universal gas constant, =

temperature in unit Kelvin.

1
fo=—"" 7.3
¢ = o (7.3)

where f_= relaxation frequency,= relaxation time

The dielectric loss is:
e" = e”(d) +e(|)" (74)
where e, = dipolar loss of the free waterg = ionic loss of the ionic

conductivity.

The ionic loss of the ionic conductivity is givey: b

e =2 (7.5)
Eo

where o = electrical conductivitye = radian frequency, = permittivity of the

free space.
As the temperature of food material increasesxadlan time as shown in

equation (1) decreases, then the relaxation frexyuem equation (3) increases
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and peak of dielectric loss will shift to the higheequency. Thus above the
dispersion region dielectric constant will increasgi¢h increasing temperature,
while below the dispersion region, the dielectrionstant decreases with
increasing temperature. Dielectric loss either witicrease or decrease,
depending on the frequency measurement is highdoweer than relaxation
frequency.

lonic conductivity § ) increases with temperature [98]. The dielecinss|
for ionic conductivity as shown in the equation @l increase accordingly.
The effect of the temperature on the dielectrigoprtes not only depends on the
temperature but also depends on the frequency amsture content. The detail
of the contribution of the frequency and moistuostent on the temperature

dependence of dielectric properties is discussethénfollowing results and

discussion.
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Figure 7.18: The frequency dependence of dipole &ig the ionic conductivity

loss e%, and total dielectric loss efor 0.5 N aqueous sodium chloride at three
temperatures [97].

The effect of the temperature on the dielectris lokthe saline solution is shown

in the Figure 7.18. The increase or decrease @fdiklectric loss with the
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increase in temperature depends on the measurémgunéncy. At the frequency

slightly below 1 GHz ( A), the dielectric loss dfet saline solution is increased
with the increase in the temperature, while athitgher frequency near to the
peak of the dipolar loss (B), the dielectric losglecreased with the increase in
the temperature. This is the situation where tliecebf the temperature on the

dielectric loss is related with the frequency measient.
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Figure 7.19 The effect of temperature on dieleatvastant and loss of water
(based on Mudget,1988[101]).

The effect of temperature on the dielectric prapsrof the water is shown in the
Figure 7.19. The impact of temperature on the digtecan be categorised into
the two measurement frequencies, firstly the measeant frequency (A and C)
lower than the dispersion peak loss of water andors#ly frequency

measurement (B and D) above the dispersion peakdbwsater. The dielectric

constant and loss decrease with the increase itethperature at the frequency
measurement A and C, but increase as the temper&uincreased at the
frequency measurement B and D. This is an exampleravthe increase or
decrease of the dielectric properties is not ofilgcted by the temperature but
also depends on the frequency. Equation 7.1 shbafs the increase in the

temperature will decrease the relaxation time &ed the relaxation frequency is
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increased. This will shift the relaxation frequenaogs or dispersion peak loss to
the higher frequency as shown in the Figure 7.l1@&mgderature dependence
behaviour in most cases is complex and the effech® temperature on the
dielectric properties can be determined at theiBpdeequency and under the

condition of interest [105].

7.3.3.1 The effect of temperature on the dielectriproperties of
fried potatoes at the microwave heating frequency.25 GHz

7.3.3.1.1 Blended fried Estima potato
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Figure 7.20: Dielectric constant of the blendeddrEstima potato as a function
of temperature at frying time between 0 min to 4 &t frequency 2.45 GHz.

The effect of temperature on the dielectmmstant of the blended fried
estima potato at different moisture contents omfyytime is shown in Figure
7.20. The change of the dielectric constant wittmgerature is small for all
moisture content of fried blended estima potato.

There are three types of behaviour of deperelenthe dielectric constant on
temperature are observed from Figure 7.20. In offlee high moisture content,
the dielectric constant for the raw estima potatit W8.4 % moisture content is
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shown to decrease slightly with temperature. Theredese of dielectric constant
of raw estima is around 3 from temperature 20 6QdC. The gradual decrease
in the dielectric constant with increasing tempam@tis due to high moisture
content (78.4%), although less temperature dep@edismoted at this moisture
level.

For the intermediate moisture range betw#én% to 38 % moisture
content, the dielectric constant increases slightiyh an increase in the
temperature. The dielectric constant of 21.8 % taogscontent is increased from
35 at temperature 20 C to 39 at the temperatur€.6lhe effect of temperature
on the dielectric constant is marginal and small.

For the low moisture content which is aBh % or at the 4 minutes of
frying time, the dielectric constant remains unagexh with an increase in the
temperature. It is shown that the dielectric camistes less temperature
dependence at the microwave heating frequency@Hta

The finding for the 78.5 % moisture contensimilar to the plot of water
over temperature range 20 C to 60 C at frequenGH2 where the dielectric
constant decreases as the temperature is incrf&#ged’ he main constituent of
Estima raw potato is water and the percentage oftore content is high
(78.5%) and then the dielectric properties behavioli raw Estima potato
follows the dielectric properties of free water.eTHielectric constant of free
water is increased with the increase in the tentpexaThis result follows the
study conducted by Funebo showing that at the &equ 2.8 GHz, dielectric
constant of apple, chervil, mushroom, parsley, atdwberry with highest
moisture content decreases with increasing temyrerft06].

For the intermediate moisture content frominute to 3 minutes of frying
time, the dielectric constant increases as the éemtgre is increased. This is
probably due to the reduced amount of water anceased amount of lipid or
cooking oil in the fried potato. The moisture caritef the blended estima potato
for 1 to 3 minutes frying time is from 11 % to 38 &d then the trend of the
dielectric constant against temperature follows le@aviour of the dielectric
properties of the ionic conduction for the elevateohperature. The dielectric
constant of the ionic conduction increases as d¢hgérature is increased. The
studies conducted by Wang and Sipahioglu [92, 98the maraconi and ham

shows that the dielectric properties are not offigcéed by temperature but also
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affected by frequency and moisture content. Thewydothat dielectric properties
increased with temperature at the higher frequehd$ GHz for the moisture
content (45% and 56 %) food sample. In the stuahyguaoted by Feng [94] on the
dielectric properties of dehydrated red apples,fdwnd that at the medium
moisture content level which is around 23 %, th@daonduction has the major
effect on the dielectric properties. Funebo alspored at the intermediate
moisture content, dielectric constant of apple,radhemushroom, parsley, and
strawberry increases with increasing temperatutieeafrequency 2.8 GH21.06].
For the lower moisture content (4%) whishat the 4 minutes frying time,
the change in the dielectric constant is smallhastémperature is increased. At
this frying time, cooking oil is major constitueot the fried potato. Dielectric
behaviour of fried potato against temperature fediothe behaviour of the
dielectric properties of the cooking oil againghperature. Cooking oil is non
polar material where by its dielectric properties aot affected by the changing

of temperature [95].
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Figure 7.21: Dielectric loss of the blended friestima potato as a function of
temperature at frying time between 0 min to 4 ntifrequency 2.45 GHz.

The effect of temperature on the dielectric lossbt#nded estima potato at
different moisture content is shown in Figure 7 2%.observed for the dielectric

constant, the dielectric loss of the estima pofato78.5% moisture content
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decreases slightly with an increase in the temperatHowever, the dielectric
loss increases with an increase in the temperdburthe intermediate moisture
content (14 % to 38 %). At the lowest moisture eoht(3 %), the change
dielectric loss is very small with an increasehe temperature. The amount of
the dielectric loss value that has been decreas@dceased over temperature
range 20 C to 60 C for all moisture content is $nitais noted that the dielectric
loss fried estima potato is less temperature degpealat the microwave heating
frequency 2.45 GHz. The effect of moisture contentthe dielectric loss is
higher than the temperature. The dielectric losgemses from 2.4 for 3%
moisture content to 19 for 78.5 % moisture cont&éhe change in dielectric loss
is higher with the change of moisture content imparison to the change of
temperature. It is much more dependent on the mreistontent than the
temperature. The effect of the temperature on takedric loss is related with
the moisture content as discussed on the effett#roperature on the dielectric

constant of Estima potato.

7.3.3.1.2 Blended fried King Edward potato

The result of the dielectric constant fbe blended fried King Edward
potato at different temperatures and moisture cdnsepresented in Figure 7.22.
The effect of the temperature on the dielectricstant of the fried King Edward
potato with the different moisture content followlse similar trend of the
behaviour of the fried Estima potato with tempemtlAt the higher moisture
content (77%), the dielectric constant decreasghtll with an increase of
temperature. The opposite effect is seen at tle@nmddiate moisture content in
between 14% to 36% where by the dielectric constameases slightly with an
increase of temperature. For lowest moisture cont@r?o), the change in the
dielectric is small as the temperature is increaddte change of dielectric
constant with temperature is small, and it is lssendent on the temperature as
compared to the moisture content.

The similar explanation of the behavitarthe dielectric constant of fried
King Edward potato against temperature is presentethe previous section
7.3.3.1
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Figure 7.22: Dielectric Constant of the blendeddrKing Edward potato as a
function of temperature at frying time between (i@ 4 min at frequency 2.45
GHz.
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Figure 7.23: Dielectric loss of the blended frikthg Edward potato as a
function of temperature at frying time between (i@ 4 min at frequency 2.45
GHz.
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The result of the effect of temperature on theediic loss of the blended fried
King Edward potato is shown in the Figure 7.23. lkkults are presented at the
microwave heating frequency 2.45 GHz with differergisture content or frying
time. The dielectric loss of the raw King Edwardgio with 77 % of moisture
content is decreased slightly with an increasenentemperature. The dielectric
loss is increased from 19 at the temperature 20 T7tat the temperature 60 C.
The change of dielectric loss with temperaturensl§ and it is noted that the
dielectric loss is less dependent on the temperattor the higher moisture
content food material, this is mainly attributednfr the dielectric behaviour of
the free water against temperature. This agreek thié experimental result
reported by Nelson [91] and Feng [94].

The dielectric loss of the moisture contémtbetween 14% to 36% is
increased slightly with the increase of temperatiitee amount of increases in
the dielectric loss is small and less temperatepgeddence.

The change in the dielectric loss of the lowisture content of fried King
potato (~3%) is small with the change in tempemrtiihis is mainly caused by
the higher amount of the cooking oil in the frieotgdo at the 4 minutes frying
time. Then dielectric loss of fried King Edward gt follows the behaviour of
the dielectric properties of cooking oil againshperature. The study conducted
by Pace[95] shows that the dielectric propertiesfaif and cooking oil are

constant with the change of frequency or tempegatur
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7.3.3.1.3 Blended fried Maris Piper.
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Figure 7.24: Dielectric constant of the blendeddrMaris Piper potato as a
function of temperature at frying time between (@ 4 min at frequency 2.45
GHz.

Experimental data of the dielectric constant fax tlended Maris Piper potato
against temperature is presented in the Figure. 7TBé dielectric constant
behaviour of the fried Maris Piper potato followsetsimilar trend of the
dielectric constant of fried Estima and King Edwaatato against temperature.
The dielectric constant of the raw Maris Piper potaith 66.9 % moisture
content decreased slightly with the increase inpnatture. This is expected as
the raw potato contains high moisture and its dieke behaviour follows the
behaviour of the dielectric properties of free waagainst temperature. It is
noted that the change of dielectric constant of kavis Piper potato with the
temperature is small and it is not much dependmthe temperature.

The dielectric constant of the intermediaigisture content in between 10

% to 30 % increases slightly with an increase mperature. The incremental
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amount of the dielectric constant with temperaiaremall, and it is considered
as less temperature dependence.

For the lowest moisture content (~3 %), ¢hange in dielectric constant is
small with the increase in the temperature. Thil®des the similar trend with the
dielectric constant of fried Estima and King Edwpadato at the lowest moisture
content. This is probably due to the influenceha high content of cooking oil
in the fried Maris Piper potato at the higher fyitime. The dielectric properties

of the cooking oil are not changed with the chaingde temperature [95].
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Figure 7.25: Dielectric loss of the blended frMdris Piper potato as a function
of temperature at frying time between 0 min to 4 &t frequency 2.45 GHz.

The dielectric loss of the different moistwentent for the blended fried
Maris Piper potato against the temperature at thé &Hz is presented in the
Figure 7.25. The effect of the temperature on ibkedtric loss is related with the
moisture content of the fried Maris Piper potator Ehe high moisture content
(66.9 %), the dielectric loss is slightly decreasedh the increase in the
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temperature. On the other hand, for the interntedi@isture from 10 % to 30
%, the dielectric loss increases slightly with therease in the temperature. At
the lowest moisture content (~ 3 %), the chang#ietectric loss is minimal with
the increase in the temperature.

The detailed explanation of the effect lnd different moisture content on
the dielectric loss against temperature is preselrethe previous section
(7.3.3.1 and 7.3.3.2).

7.3.3.2 The effect of temperature on the dielectriproperties of
fried potatoes at the microwave heating frequency 1%
MHz.

7.3.3.2.1 Blended Fried Estima Potato.
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Figure 7.26: Dielectric constant of the blende@driEstima as a function of
temperature at frying time between 0 min to 4 nmifrequency 915 MHz.

Experimental data on the effect of tempeeaon the dielectric constant of
the blended Estima potato is shown in the Figu?é.7The data is presented for
the different of moisture content at the frequeB&$ MHz. The blended fried
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Estima potato with the moisture content 78% an@wg8hows an increase in the
dielectric constant as the temperature is increablee effect of the temperature
on the dielectric constant of the raw potato agreds the data on the dielectric
constant of mangoes against temperature reporte®dsa [96]. Dielectric
constant of mangoes with 86 % of moisture contearehses with the increase
in the temperature at the frequency 915 MHz.

For the medium moisture content between 12%®22%, the dielectric
constant increases slightly with the increase mpterature. The reduced amount
of water reduces the effect of the free water anltkended Estima potato. Then
the effect of temperature on the dielectric cortstardominated by the ionic
conductivity.

The change in the dielectric constant isimah as the temperature increased

at the lowest moisture content 2.4 %.
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Figure 7.27 : Dielectric loss of the blended friestima potato as a function of
temperature at frying time between 0 min to 4 nmifrequency 915 MHz.

Figure 7.27 shows the effect of the temperaturethendielectric loss of the
different moisture content for the blended friedifea potato at the frequency
915 MHz. The increase in the dielectric loss ighler as the temperature is

increased especially at the higher moisture cont&stthe moisture content is

138



decreased, the increase in the dielectric lossnag@mperature is minimal and
become less temperature dependence. At the loegudncy measurement (915
MHz), the effect of the ionic conduction is morendoant than the effect of the
free water. The dielectric loss behaviour of thendled fried potato Estima
follows the behaviour of the dielectric loss of tleic conduction against
temperature. In a study conducted by Roebuck [#iF ionic conduction
dominates the effect of the temperature on theediet loss at frequencies lower
than 1 GHz. In another study, Trump [98] found ttheg ionic conductivity )
increases with the increase in temperature asudt refsreduced viscosity at a
high temperature. Therefore, with reference to BgnéeB, the dielectric loss of
the ionic conduction is increased with the tempemtThen the dielectric loss of
Estima potato increases accordingly with tempeeatur

Ryyananen [3], Guan[99] and Wang[100] re&mb that the ionic
conductivity dominated the loss at the lower fretue while at the higher
frequency dipolar relaxation losses caused by ke Water are more important.
As a result, at the higher frequency, the effe¢heftemperature on the dielectric
loss is dominated by the free water and while a kbwer frequency is
dominated by ionic conduction. The effect of theniéo conduction on the
dielectric loss becomes lesser as the moistureenbrg decreased. This is due to
the reduced amount of the dissolved ionic ion mftied potato as the moisture

is evaporated during the frying process.
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7.3.3.2.2Blended Fried King Edward potato.
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Figure 7.28: Dielectric constant of the blende@drKing Edward potato as a
function of temperature at frying between 0 midtmin at frequency 915 MHz.
The result of the effect of temperature on theedieic constant of the blended
fried King Edward potato at the different moistuw@ntent is shown in Figure
7.28. The raw King Edward potato with 76.9 % maistaontent and blended
King Edward potato with 35.8% moisture content sh@wdecrease in dielectric
constant with increasing temperature from 20 C&6 Most of the water in the
high moisture fruits and vegetables exists asvraer and the dielectric constant
of free water decreases with temperature [101]s,tlhis is anticipatedt has
been known that for the free water, increase inpEature causes a decrease in
dielectric relaxation time which results in a lowBelectric constant [102]. The
raw potato shows more decrease in the dielectritstant compared to the
blended potato with the moisture content 35.8 %s T& probably due to the
lower amount of moisture content in the fried potat

The dielectric constant of the medium moisttontent King Edward such as
22.7 % MC, 16.3 % MC and 5.9 % MC shows the in@easthe dielectric
constant with increasing temperature. This is pbbbadue to the reduced
moisture content of the fried potato during therfigyprocess. The amount of free
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water will reduce and the ionic conduction domisatihe effect of the
temperature on the dielectric constant. Dieleadnstant behaviour follows the
trend of the dielectric constant of the ionic coctthn against temperature.
Dielectric constant of ionic conduction increasethwemperature. This trend
follows the study on the effect of the moisture teoih and temperature on the
dielectric properties of the dehydrated apples .[¥¥ng found that at the
medium moisture content level which is around 23tl8é, ionic conduction has
the major effect on the dielectric properties. Bottic constant of the dehydrated
apples with moisture content 23 % decreases witipégature.

The change in the dielectric constant adrKing Edward potato with 3.3 %
moisture content with temperature is small. The amof water is low and then
dielectric constant of low loss food materialsaisd affected by temperature.
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Figure 7.29: Dielectric loss of the blended friedn¢ Edward potato as a
function of temperature at frying time between o 4 min at frequency 915
MHz.

Figure 7.29 shows the effect of the temperatur¢herdielectric loss of blended
King Edward potato with the different of moisturentent at the frequency 915
MHz. The dielectric loss of the high moisture cont&ing Edward potato

increases with increasing temperature. The dietetdss is elevated towards
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higher temperature 60 C especially for the raw Kidward potato with the
moisture content 76.9 %. The increase in the dieteloss against temperature
becomes smaller as the moisture content is deageaghis is expected as the
water content is polar solvent, as the moistureerdindecreases the dissolved
ionic ion is decreased accordingly. Then the diteletoss caused by ionic loss is
decreased. The increase in the dielectric lossnagéemperature is expected at
the frequency 915 MHz. Dielectric loss factor cetsiof two components;
dipolar loss and ionic loss. Dipole loss resultenfr the effect of the
electromagnetic wave with the free water, whileigdoss results from migration
of ionic conductivity. Ryyananen [3], Guan[99] akdang[100] reported the
lonic conductivity dominates the effect on the éattic loss at the lower
frequency, especially for the frequency below tha@Hz[97]. Furthermore, the
ionic conductivity 6) increases with the increase in the temperatuy. [9

Dielectric loss caused by ionic conductivity inges accordingly.

7.3.3.2.3 Blended Fried Maris Piper potato
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Figure 7.30: Dielectric constant of the blendecdriMaris Piper potato as a
function of temperature at frying time between Grim 4 min at frequency 915
MHz.
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Figure 7.30 shows the dielectric constant of trentéd fried Maris Piper potato
against temperature at the frequency 915 MHz wiiflerént moisture contents.
The effect of the temperature on the dielectricstamt follows the similar trend
in the Estima and King Edward potato. The dieleatonstant of the raw potato
and blended fried potato with moisture content &.2nd 30.7 % is decreased
with the increase in temperature. On the other htreddielectric constant of the
blended potato with the moisture content 17 % a®d% is increased mildly
with the increase in the temperature. While thecatfbf the temperature on the
dielectric constant for the 4.2 % and 1.6 % moestontent blended Maris Piper
potato is low and not temperature dependence. @t3ttand 4 minutes frying
time, most of the moisture content has been evégmbrand the major of its
constituent is cooking oil. The dielectric propestiof the fried potato are
dominated by the cooking oil. Cooking oil is nonlgsomaterial and not
temperature dependence. The dielectric constattteofree water is decreased
with increased in the temperature.

As discussed in the previous section, whetthe dielectric constant of the
fried potato increases or decreases is not onbctetl by the temperature but
also affected by moisture content. For the moisturatent 66.2 % and 30.7%,
dielectric constant decreases with the increaséemperature, but dielectric
constant increases mildly with the increase in temrajure for the moisture
content 17 % and 9.8 %. Most of the water existdres water in the high
moisture content Maris Piper potato. The dieleatnastant of the free water is

decreased with increased in temperature.
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Figure 7.31: Dielectric loss of the blended frieédd Piper potato as a function
of temperature at frying time between 0 min to 4 @i frequency 915 MHz.

The rate of the decrease in the dielectanstant becomes lesser at the
moisture content 30.7 % due to the reduction ofstooé content.

Figure 7.31 shows the dielectric loss offtied Maris piper potato increases
as the temperature increases, with this trend mpooeounced at the higher
moisture content 30.7 % and 66.2 %. The incre&#eeadielectric loss with the
increase in temperature is attributed to the reduatf viscosity of fried potato
and increase mobility of ion and increase eledtgoaductivity. The increase of
dielectric loss is more contributed by the ionisdo As the moisture content is
decreasing, the dielectric loss of the fried MdPiper potato becomes less
dependent on the temperature. At the lowest maistantent 1.6 % and 4.2 %,
the change in the dielectric loss is small with therease in the temperature.
This is expected trend as the dielectric loss efltw loss material not depends

on the temperature.
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Figure 7.32 : Moisture content of Estima, King Eddvand Maris Piper as a
function of frying time.

Figure 7.32 shows the moisture content of the Esstiing Edward and Maris

piper potato decreases as the frying time increddes decrease of the moisture
content with the increase in frying time is caubgdhe evaporation of moisture
from potato in the frying process. The graph shtvas there is an exponential of

moisture content loss occurs from 0 minute to 4utas frying time.

7.4 Conclusion

The dielectric properties of the blendeddriestima, King Edward and Maris
Piper potatoes are much more influenced by the toreiscontent than
temperature. The major decrease in the moistureenbbetween frying time 0
minute to 4 minutes has resulted in a decreasbeoflielectric properties. The
change in the dielectric properties with the chamgeemperature is higher for
the microwave heating frequency 915 MHz than thegqdency 2.45 GHz,
especially for the dielectric loss. The effect logé temperature on the dielectric
properties of these 3 varieties of fried potataésthe microwave heating

frequency 2.4 GHz is small, marginal and less teatpee dependence. The
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dielectric loss is generally increased with increg$emperature at the frequency
915 MHz. The dielectric loss increased with inchegstemperature at the
frequency 2.45 GHz, except for the highest moisttwatent or raw potato,
where the loss factor tended to decrease with asang temperature. Dielectric
constant generally decreased and then increaskhdheitdecrease in the moisture
content and increasing temperature at both micrewesating frequencies. The
increase or decrease in the dielectric propertieshe fried potatoes with
increasing temperature depends on the moistureewbnand frequency
measurement. These measurements provide new @tiorm concerning
frequency, moisture content and temperature depeedeehaviour of the fried
Estima, King Edward and Maris Piper potatoes dteleproperties that may be
useful in dielectric heating and sensing applicatio
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The summarised of the finding in the study is pnése in the table 7.4 and 7.5

Table 7.4 : The effect of the temperature on tlebedtiric properties of the fried
Estima, King Edward and Maris Piper potatoes.

915 MHz 2.45 GHz
Dielectric | Dielectric Dielectric Dielectric
Constant | Loss Constant Loss
High Moderate | High increase Moderate Moderate
moisture decrease | with the | decrease decrease with
content with the| increase in with the| the increase in
(~> 70%) increase in temperature | increase in temperature
temperature temperature
Intermediate| Moderate | Moderate Moderate | Moderate
moisture increase increase with increase increase with
content with the| the increase with the | the increase in
(10% < MC | increase in in increase in temperature
< 70%) temperature temperature | temperature
Low Low Low increase Low Low increase
Moisture increase with the | increase with the
content with the| increase  in with the | increase in
(10 % <~) |increase in temperature |increase in temperature
temperature temperature
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Table 7.5 : Comparison between the effect of theisme content and
temperature on the dielectric properties of thedfiEstima, King Edward and
Maris Piper potatoes.

Frequency range Frequency range

500 MHz to 1 GHz 2.4 GHz to 3.5 GHz

Dielectric Dielectric loss| Dielectric Dielectric

constant constant loss
Temperature Low effect High  effect.ow effect Low effect

for the higher
moisture
content
potatoes and
low effect for
the
intermediate
and low
moisture

content

Moisture High effect High effect High effect High effect

content
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Chapter 8

Conclusion and future work.

8.1 Conclusion

The objective of this PhD study was to utilimicrowave sensors for efficient
characterisation of raw potatoes, partial cooked eooked fried potatoes. The
dielectric properties of foodstuffs and the micrewaneasurement techniques were
discussed and further elaborated on this study.

Two microwave measurement methods were iigagst in this research study.
The first one utilised the open ended coaxial prtobebtain the dielectric properties
of fried potatoes in the frequency range 500 MH% ®8Hz. The sample holder was
specially designed to contain the paste form ofitle@ded fried potato and to have
good contact between the paste samples and theatgagbe. Furthermore, an
adapted sample holder was successfully used to umeathe temperature
dependence of fried potatoes. The second microwaasurement method used in
this study was a waveguide cell that incorporatesRerspex windows to obtain the
dielectric property measurements in the frequemaayge 2.4 GHz to 3.5 GHz. The
two Perspex windows were used to contain the n@pating sample pastes and
liquid form samples. The sample holder with 2 Pexspindows was also
successfully adapted to measure the dielectricepti@s at different temperatures.
The temperature control chamber was used to medserdielectric properties of
fried potato at the elevated temperature. This &ratpre control chamber was
successfully designed with the double layer ofrirh thick Perspex to minimise the
heat loss through its structure. The heating aralirgp system are generated by a
Peltier thermoelectric air cooler. Its temperatigecontrolled by Thermoelectric

Cooler Temperature controller. It is suitable to bged with waveguide 10,
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waveguide 12, waveguide 14 and waveguide 16. &t suscessfully used to control
the temperature for the sample holder of an opeecprobe.

It was concluded that microwave measurementhods are unable to
discriminate the effect of different temperatur@age on the dielectric properties of
raw Saturna potato. This is probably due to the teaction of the reducing sugar
content with water when the raw Saturna is stotedlfierent storage temperatures.
The reducing sugar content is not ionic substarimess organic hydrocarbon
substance. It does not have positive or negatindghat are attracted to positive ion
hydrogen and negative ion oxygen of water. The ciedusugar in water does not
reduce the number of mobilised ion of water themdkelectric properties of water
are not changed. Raw Saturna potato contains hmhktune content and has high
value dielectric properties; its microwave dielecgpectrum is mainly formed by
water.

In this thesis microwave measurement tectesgare successfully used to
discriminate the dielectric properties of raw poest, partial cooked and cooked
fried potatoes. Both real and imaginary parts efdielectric properties are useful in
characterising the moisture content of potato erigpp different frying times.
Dielectric properties of fried Estima, King Edwaathd Maris Piper potatoes are
highly affected by the moisture content. Dielectanstant and loss of Estima, King
Edward and Maris Piper at temperature 20 C, frequ&€i5 MHz and 2.45 GHz
decrease in the value of 70 and 16 when its meastantent decreases from 70% at
the beginning of frying time to 2% at the 4 minutiggng time.

Measurements of the dielectric propertieEsfima, King Edward and Maris
Piper fried potatoes over the temperature range #0 C to 60 C at frequency 2.45
GHz and 915 MHz revealed that the effect of temjpeeaon the dielectric
properties is lower than moisture content, espigci@r the cooked and partial
cooked fried potatoes with the moisture contentelowhan 30%. The effect of
temperature on the dielectric properties is higfar the raw potatoes at the
frequency 915MHz. The dielectric constant and lossaw Estima, King Edward
and Maris Piper at 915 MHz decrease to a valueaidi6 (dielectric constant) and

10 to 21 (dielectric loss) when its temperature imaseased from 20 C to 60 C.
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Furthermore, when the effect of temperatuas studied, it was found that the
dielectric properties of fried Estima, King Edwandd Maris Piper potatoes not only
depend on temperature but also depend on freque®asurement and moisture
content. For the high moisture content, the dieleconstant and loss decrease with
temperature except at 915 MHz where dielectric losseased with temperature.
The detailed explanation on this matter is disalisge chapter 7. For the
intermediate moisture content, dielectric constamtd loss increases with
temperature at both 915 MHz and 2.45 GHz. For twve ioisture content, the
increase in dielectric loss is small with tempemturhese measurements provide
new information on the moisture content and tentpeeadependence behaviour of
the dielectric properties of Saturna, Estima, Kitdyvard and Maris Piper potatoes.
This data is useful for the microwave heating syster frying potatoes and sensing

applications.

8.2 Future Work.

This study showed very promising outcomes lzagldemonstrated the capability
of microwave sensor for measuring the dielectriopprties of fried potato.
However, there are still potential research areadurther investigations. Some of
these further works are suggested below:

Waveguide cells provide useful methods for meag the dielectric properties of
the fried potato but it required proper sample prapon. The microwave
measurement method can be improved by introduti@gree space and non contact
measurement. This will allow for contact less ansh-destructive microwave
measurements for the fried potato.

This research suggests that there is a greenfia for the use of microwave
sensors for characterising the dielectric properté fried potato; however, this
research only concentrates on fried potato. A bmaadje of agricultural products
such risen and grain is needed to explore theledidc properties when it gets
dried. This data is very useful to design microwdneating system to dry this

products.
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The moisture is an essential parameter torm@te the quality of potato crisps
during the frying process. Level of moisture coniarpotato crisps determines their
guality such crispness and hardness. The resetardi an the dielectric properties
of fried potatoes can be used to determine theitguad the potato crisps. The
microwave measurement techniques can be used é¢onidee the moisture content
and quality of potato crisp.

The research on the microwave measurementededeto determine the flavour
content for potato crisp products. It needs a rapéthod to ensure a consistent and
even coating of flavour (salt based flavour) thtoagt the whole batch of the
products. Samples can be taken periodically from mhanufacturing line and
measured using microwave sensor.

Cooking oil is absorbed into fried potatoidgrfrying process. Further research
study on the microwave sensors is needed to prodymd and accurate measuring
technique which gives closer control and monitoramgthe cooking oil content in
potato crisps.

Through the findings of this research, it lvious that this method is destructive
methods whereby the potato sample needs to beddefdhis could be improved if
a non-destructive microwave measurement is devdlespghat measurement can be

carried out directly to the potato crisp on the ofanturing and production lines.
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