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Summary

Electromagnetic and thermal information are verpamant aspects to analyze heating processes on
household microwave ovens. In this work are evallighe system efficiency and the distribution of
heat sources in the load, using different MWOsotder to reach this aim, are developed numerical
simulations and several experimental experiencegatticular, regarding this latter part are coregar
two different measurement methods: the use of iReta and a set of measures using thermocouple
probes. This project is also interesting becausalldws us to validate a tool for numerical
simulations, so called COMSOL Multi-physics, whisloften used in order to design electromagnetic
devices and for investigation about multi-physiostems.

The first chapter is a general background thabdhices to microwave heating engineering.

In the second chapter is presented a wide thealgti@rt about microwave ovens. Here are also
described the three main components that charaetté physical process: the magnetron as E-field's
source, the waveguide that carries waves fromdédiiig to the last component, the resonant cavity.

The third chapter introduces to the dielectric #imekrmal properties which characterize the heating
process in the load. Are also shown the phenometartfluence heating process performances and
uniformity of heat sources.

The fourth chapter covers the part of experimemtahsurements using the different test equipment,
comparing the results obtained.

The fifth chapter describes the numerical softwgE®©MSOL Multi-physics), are presented the
results obtained and, finally, will be done theidafion of the tools.

The sixth final chapter provides the comparisonvMeen experimental tests and numerical models.
Here are developed some conclusions and are peesenitlooks for next investigations in the
microwaves field of study.






Sommario

Le informazioni elettromagnetiche e termiche sospet#ti molto importanti per analizzare i processi
di riscaldamento in forni a microonde ad uso doioestn questo lavoro vengono valutati I'efficienza
del sistema e la distribuzione delle fonti di caloel carico, utilizzando differenti forni a microte.

Per raggiungere questo obiettivo, sono stati spétip simulazioni numeriche e diversi test
sperimentali. In particolare, per quanto riguardasf'ultima parte si confrontano due diversi metodi
di misura: l'uso di telecamera a infrarossi e wréesdi misure mediante sonde a termocoppia. Questo
progetto € anche interessante perché ci permetidare uno strumento per simulazioni numeriche,
COMSOL Multi-phisics, che viene spesso utilizzatw |a  progettazione di  dispositivi

Il primo capitolo € un background generale cheuhice alle microonde.

Nel secondo capitolo viene presentata una larg& paorica circa i forni a microonde. Qui vengono
anche descritti i tre componenti principali che attarizzano il processo fisico: il magnetron come
sorgente di campo, la guida d'onda che porta lee attall’alimentazione all'ultimo componente, la
cavita risonante.

Il terzo capitolo introduce alle proprieta dieletre e termiche che caratterizzano il processo di
riscaldamento del carico. Sono inoltre descrittinomeni che influenzano le prestazioni del prozess
di riscaldamento e I'uniformita delle fonti di cado

Il quarto capitolo riguarda la parte di misure &pentali con diverse attrezzature di  prova,
confrontando i risultati ottenuti.

Il quinto capitolo descrive il software numerico GRISOL Multi-phisics), vengono presentati i
risultati ottenuti e la validazione delle simulazio

Il sesto e ultimo capitolo presenta il confrontm tle prove sperimentali ei modelli numerici.
Qui vengono sviluppate alcune conclusioni e veng@nesentate le prospettive per le indagini
successive nel campo di studio delle microonde.






Introduction

Nowadays, the majority of applications of microwsvare related to radar and communication
systems. Radar systems are used for detectingpaatirig air, ground, or seagoing targets and for ai
traffic control systems, missile tracking radarsitoanobile collision-avoidance systems, weather
prediction, motion detectors, and a wide variety @mote sensing systems. Microwave
communication systems handle a large fraction ef world’s international and other long-haul
telephone, data and television transmission. Andstmof the currently developing wireless
telecommunication systems, such as direct broadcadellite (DBS) television, personal
communication systems (PCSs), wireless local amapater networks (WLANS), cellular video
(CV) systems, and global positioning satellite (EB&tems, operate in the frequency range 1.5 to 94
GHz, and thus rely heavily on microwave technology.

Microwave heating of foods results from conversidelectromagnetic energy to thermal one through
increased agitation of water molecules and charged when exposed to microwaves. Direct
penetration of microwaves into food materials eeahls to heat foods much faster than conventional
heating methods.

The convenience brought about by fast microwavdimganakes microwaves ovens a household
necessity in modern society. Microwave heatingesystare also commonly used in the food service
and processing industry for fast heating applicetioHowever, users of microwave ovens also
experience various problems, in particular nonamif heating.

Factors that influence uneven microwave heatindude microwave cavity design, food physical
properties, and food geometry. Those factors detertmow the electrical field is distributed in oven
and within foods.

The aims of this thesis are:

- Compare different kinds of household microwave avdnly means experimental tests,
evaluating the energy efficiency of the heatingcess and uniformity of temperature
distribution in the load.

- Develop numerical model in order to simulate asueately as possible the process of
microwave heating, including rotation of the tubita






Chapter 1
General Background

1.1 — Introduction to microwave engineering

Microwave are electromagnetic waves at frequenbigtsveen 300 and 300.000 MHz (Decareau,
1985), with corresponding wavelengths of 1 to 0.6QTespectively. (Figure 1 shows the microwave
frequency band in the electromagnetic spectrum).

Because of the high frequencies (and short waviehgstandard circuit theory generally cannot be
used directly to solve microwave network probleris.a sense, standard circuit theory is an
approximation or special use of the broader thedrglectromagnetics as described by Maxwell's
equations. This is due to the fact that, in gené¢hal lumped circuit element approximations of @itrc
theory are not valid at microwave frequencies. Blicaive components are often distributed elements,
where the phase of a voltage or current changexfisantly over the physical extent of the device,
because the device dimension are on the order efnilcrowave wavelength. At much lower
frequencies, the wavelength is large enough thatetlis insignificant phase variation across the
dimension of a component.

The other extreme of frequency can be identified@tical engineering, in which the wavelength is
much shorter than the dimension of the componemtthls case Maxwell’'s equations can be
simplified to the geometrical optics regime, andica systems can be designed with the theory of
geometrical optics.

Table 1 lists ISM bands used in different food &miions. Industrial equipment for the listed
frequency band is readily available from commersiapliers.

Frequency Frequenoy  Example of industrial Countries
{MHz) tolerance  applications
{MHz)
£96 +10 Tempering of frozen products  Great Britain
915 +13 Precooking of bacon, tempering  Morth and South
of frozan products America, China
2376 +50 Domestic microwave ovens Albania, Bulgaria,
Hungary, Romania,
Czechoslovakia,
. former USSR
2450 480 Domestic microwave gvens, Worldwide, except
industrial precooking of bacon, where 2375 MHz
pasteurization and sterilization s used
of packaged foods

Table 1: Important microwave frequency allocation for inttigs, scientific and medical (ISM) use (Decareau,
1985; Metaxas and Meredith, 1993; Buffler, 1993)
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EM waves propagate in space at speed of light {3n1€) and travelling in space without obstruction
approximate the behaviour of plane waves. Electrpreic waves have an electri€)( field
component and a magnetid)field component that oscillate in phase and neations perpendicular

each other.

Man-ionizing radiation lonizing radiation
f A I - 1]
Lower Highwr
: . . . . : Proton energy
100 108 0.001 1 1000  1ooppop  (erestron voits)
i: Microwave oven Gamma rays G |
1& i t[;g;ﬂ Herays (soff) (hardy
b
Infrared (heat) Foarrs EEer  Vlitraviolet (UV)
Radio  Microwaves e ‘Mh%“gm .;" MName of radiation
SRR Short radio waves Y Radioactive
alemsants
R TV, FM radio
w Standard and long-wave radio
Longer Shorter
7 T T T T T Wavelength (meires)
100 1 10 10 10+ 1o
T T T T T T + Freguency (Hz)
10 10° 107 10 10 10+
Lower Higher

Fig. 1: Electromagnetic wave spectrum (The National Playdiaboratory, NPL).

Eleciic

Fig. 2: Electromagnetic wave propagation.
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1.2 - The history of the microwave oven

An original version about the history of the micieoxe oven has been described by John
M.Osepchuk, member of IEEE (Institute of Electriaald Electronics Engineers), in his paper: “ The
History of the microwave oven: a critical review”.

<<Who Made the First Microwave Oven?

The answer by almost universal acknowledgementaighon Manufacturing Company in 1945-46
with Percy Spencer as inventor and those who halpsijn and build the first model and almost any
history of the microwave oven. Yet in 2003 in tHeEE Virtual Museum it was stated that the
Germans had operated microwave ovens in the 1938is. version of history was deleted in early
2004 and replaced by the conventional view cergesim Raytheon.

Where did this story come from? There existed amobgbly still exist websites that view
“microwaves” as dangerous and their history clainteat the Nazis invented the machine and the
Soviets banned it. A more genteel source of mismédion is found in a recent book by Bodanis who
described some of the notable technical achievesnierthe electrical engineering professions through
history. For some reason he chose not to relatsttrg of the magnetron and radar developed in the
U.K. Instead he chronicled the dramatic developmmnthe Germans of the Wurzburg radar and
linked it to the microwave oven; “A close descernidahthe Wurzburg radar sits in our kitchens
today.” This is false. First of all the Wurzburgdea operated just below 600 MHz far from the
frequency of today’s ovens.

Furthermore, the Germans were forbidden under Hitlevork above 1 GHz. This amazing fact has
been confirmed by several personal communicatiengedl as in history books.

With regard to the rumor on the banning of the mi@ve oven, that is also equally false. In fact in
my history | cite the existence of microwave ovémghe 1970's in the USSR, and | displayed a
photograph of such an oven procured by Raythetimaatime. Furthermore we had ample discussion
with scientists from Eastern Europe with discussiarthe microwave oven.

Who Designed and Built the First Oven?

Though Percy Spencer is the inventor of the mick@waven, there were many people who
contributed to the design and construction of fhiat oven at Raytheon, (Note that Spencer was the
manager of hundreds of people who were manufagturiagnetrons for the war effort but still found
time for many inventions, mostly on magnetrons)ym8are mentioned in and Marvin Bock is named
as the engineer who “built” the first oven modekcBntly there appeared rumors in the U.K. that
someone other than Spencer was the true inventgr—perhaps Bock. Then followed a history article
by Hammack that claimed that Bock made most oftdésign decisions. My criticism of Hammack'a
history was then published along with his respoieview is that many people were involved and |
named some. Hammack claims that somebody outsiden adrganization is better able to make
historical judgments but | disagree.

12



Who Marketed the First Microwave Oven for the Home?

This is a more confusing subject. First of alkiticknowledged, (and also in the historical musgum
Baltimore) that the first microwave oven for thent® was marketed in 1955 by Tappan (and later
Westinghouse) under license from Raytheon. Thahohewever, was a wall mounted oven and
expensive (e.g. ~$1295). The more interesting gqurest who marketed the first countertop oven that
triggered the dramatic growth in the market for amer microwave ovens. My answer is Amana
which had been acquired by Raytheon in 1965 urfieidadership of its CEO,Thomas Phillips. As
shown in my paper logarithmic growth in sales faéa the introduction by Raytheon of the first
Amana Radarange in 1967. Most historical accounmtsea

Are Microwave Oven Legends True?

Over the years much attention has been given tdéetfends about how Percy Spencer “discovered”
microwave heating, especially the one featuringaady bar. After interviewing many of the
associates of Percy Spencer, | believe that a nurobgeople were experiencing warmth and
therefore heating of objects on their person. ®ason is that in World War Il there was no fear of
“microwaves”. Therefore in the manufacture of mdgmes, at some stage, many tubes
simultaneously were allowed to radiate into spaeating indeed a “hot environment”. (A legendary
story, which is undoubtedly true, is that durindattkout” exercises the fluorescent lamps in that pa
of the factory continued to glow under the presewicthe microwave radiation.) Some have claimed
that one or more of these events (with chocolaipcprn, frankfurters...) could not have occurred as
claimed because they failed to replicate the atleggEating. But all these alleged replications aneed

at 2.45 GHz. On the other hand in the Raytheorofganagnetrons operating at all bands from 1 to
10 GHz, at least, were being manufactured. If feeqy is a variable then we are quite confident the
legends can be confirmed—especially that aboutcti@colate. One must be careful, however, in
recreating such legends. A few years ago thereswels a recreation aired on the History Channel.
The chocolate bar shown was a modern product wrhjppaluminized paper. A microwave engineer
knows that there will be no microwave heating & tihocolate in this case.>>

13



1.3 — Maxwell's equations

A set of four Maxwell equation governs the genechhracteristics of electromagnetic waves
travelling in a medium. These equations are:

. ODd=p (1.2)

- D[E:O (1.2)
— oH

- OXE = —pyu— 1.3

H 5 1.3)

- DXH:0E+£‘%—E (1.4)

where:

- Eis the Electric field intensity [V/m];

- Dis the Electric flux density [C/fit

- H is the Magnetic field intensity [A/m];
- B is the magnetic flux density [Wbfin
- pisthe Volume charge density [Cfin

- Mis the Permeability [H/m];

- gis the Permittivity [F/m];

- @is the conductivity [S/m];

For the above equation to be valid the medium shdwlve a uniform property that is linear,
homogenous, and isotropic. Linearity means thaetletric flux densityD is directly proportional to
the electric field intensitf and magnetic flux densit is directly proportional to the magnetic field
intensity H. Homogeneity means that the dielectric propertidsthe medium (permittivity,
permeability and conductivity) at all points in tpath of the EM wave are the same. Isotropicity
means that permittivity and permeability are indefent of orientation of the EM wave.

Equation (1.1) describes that the source of antralefield s from the charge density in a given
volume, while equation (1.2) denotes that magneibnopole does not exist. They are collectively
known as Gauss’ laws. Equation (1.3) called Faradiayv explains that a time-varying magnetic
field would induce a time-varying electric fieldinglly Equation (1.4) or Ampere’s law describes the
conservation of charge in term of magnetic fielakrent flow, and variable electric field. These aw

had been discovered from experimental observaiidh§0 years before by James Clerk Maxwell
published a unified electromagnetic theory in 1873.
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1.4 — Wave equations

Specific wave equations can be derived from MaxXweljuations. For simplification, the medium in
which the EM wave travels is assumed to have nogeldadensity and current density. By applying
curl-operation on equation 1.3 and 1.4, wave equoat terms of electric field intensity or magnetic
field intensity are expressed as:

— 0E . 0°E

- DZE:/JO'E+,US 5 (1.5)
_ —

- DO%H= /,Jaa—|_|+/,1£a H (1.6)

ot ot?

The above two equations are not independent; tohevledge of electric field intensity leads to the
magnetic field intensity, or vice versa, as indichin the Maxwell’s equations 1.3 and 1.4.

For simplicity we only consider sinusoidal time-yimg fields (referred to as time-harmonic fields).
Equations 1.5 and 1.6 can then be written in thevidng forms:

. D’E=y°E (1.7)
. D®H=pH (1.8)

Wherey is referred to as propagation constant and

y=\iwu(o+ jwe) =a+jp (1.9)

In the equation 1.9 is the angular frequency of the sine waweZrf) and j denotes imaginary
number (j=/-1). Metaxas (1996) shows detailed derivation & general Maxwell’'s equations to
obtain the above two equations for time-harmoratdfi

The propagation number is a complex number. The real past referred to as the attenuation
constant, describes the decrease in the amplitiidhe avave (due to absorption and thus generation o
heat) as it travels in a certain medium. The imaginpart B, referred to as phase constant,
characterizes the propagation of the wave. Botlsae related to the permittivity, permeabilitydan
electric conductivity in the medium in question:

_ ——
a =21 [*& 1+(ij -1 (1.10a)
2 WE
_ ——
g=2r K 1+(ij +1 (1.10b)
2 WE

The wave velocity is related to the phase condignt

_ 2t

Up
14

(1.10¢)
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And wavelength by:

_2n

B

The magnitude of the electric field in an EM waseproportional to that of the magnetic field. The
proportionality constant is the intrinsic impedarige and is function of the medium properteesand

M. The intrinsic impedance is a complex number (wbimg of real and imaginary parts) with
corresponding magnitude and angle:

A (1.10d)

_dau _ | jau
y o+ juE

p=£
q

(1.11)

With the propagation constants and intrinsic impe@aparameters described above, both electric
field intensity and magnetic field intensity foretEM wave travelling along the z-axis (fig. 2) das
expressed in the phasor form:

E,(+2) =E,,e ™e # (1.12)
q -l = cwging i
H,(+2)=—E e “e e (1.13)
1771
E,(-2) = E,,e"e” (1.14)
H (e =— L E amalfgion 1.15
y(Z)—oneee (1.15)

WhereE,, indicates the amplitude of EM wave at z=0, witil¢z) andH,(z) denote electric field and

magnetic field which propagate in the z-axis wtakillating in the direction of x-axis and y-axis
respectivelyE,(+z) andH,(+z) are forward moving waves, whilg(-z) andH,(-z) are the backward

moving waves.

The quantities & and & determine if, or how fast, the amplitude decaythwdistance into the
medium; the quantities”® ™ and®®* 1™ describe the other characteristics of the wavé sic
phase, wavelength and velocity.

16



1.5 — Energy and power

Microwaves carries electromagnetic energy as itelg through a medium. A measure of the
microwave power across a unit area is the Poynigor (in W/nf) defined as:

P=ExH (1.16)

It is an instantaneous power density vector in divection of microwave propagation and is a
function of time and location. The Poynting vedimr a plane wave traveling in z-direction as shown
in Fig. 2, can be expressed R{(g,t). Its time average value, a more commonly usgde to indicate
the changes in microwave power with distance, isutated as:

.
Poe(2) = % [P(zt)dt (1.17)
0

For time-harmonic waves and using equations 1.#821al3, the magnitude of microwave power as a
function z can be written in terms of electric diéhtensity:

1
P...(2) = —— E®*we *” cosd (1.18)
2|n| !
or simply:
P..(2) = P, (0™ (1.19)

where R,{0) is the microwave power flux intensity (W/nat z=0.

1.6 — Propagation of microwaves in different media

For convenience, the discussion of EM wave chariatiteis made in connection with different media
classified into four different general categori€s) free space, (2) lossless dielectric, (3) lossy
dielectric, and (4) good conductor. As will be sdater, categories 1,2,4 can all be considered as
special cases of category 3.

1.6.1 — Free space

Free space is defined as a perfect vacuum, or,i@abwave frequencies, air. The permittivity, the
permeability and the conductivity of a free spaaeenthe following values:

Ho= 41:10" H/m (1.20)
Oo— 0S/m

The permittivity and permeability of all other madire given relative to the dielectric propertiés o
free space:

E=E & (1.22)

M= Hr Ho (1.22)

17



Where €, and y, are dimensionless numbers, referred to as relgeenittivity and relative
permeability respectively. For free spages1 andy, =1. Food materials are generally non-magnetic
in nature, the relative permeability approximatesiae of one.

Using the values provide by equations 1.14, thensit impedance of a free spaag)(can be

calculated from equation 1.11:

n= % =1207=377Q (1.23)
0

The velocity Y for the EM wave travelling in free space is cadtet from equation 1.10c as:

21t _ 271 _ 1
B2 \/,uo (£, \//Jo (£,

03010°m/s (1.24)

p =

The above value is indeed the speed of light. Thfisn the more conventionally used symbaé
used, instead of AJ Likewise, the wavelength in free space (and igiryalculated using equation
1.10d:

271 27 1 c
=—_ = = = (1.25)

14 _27[ HoLEy T L4, L& f

1.6.2 — Lossless dielectric media

0

In a lossless dielectric (e.g. plastics, glasses| ather electrical non-conductive materials) the
conduction current (expressed as the second terrth@rright-hand side of equation 1.4). Thus
conductivity can be assumed approximately zer®j.

The parameters that determine wave propagationedamce, and phase angles expressed in the
general equations 1.9 and 1.11 can be simplified in

a=0 (1.26)

ﬂ = 27‘ /'Irl'logrgo (127)

n= My _ | (1.28)
\/ £.& £

g =0 (1.29)

1.6.3 — Lossy dielectric media

A lossy dielectric is defined as a media in whibh electric conductivity is not equal to zero yasi

not a good conductor. SettirgtO in equation 1.9 leads to a non-zero attenuatostant ¢z0). The
general wave equations and the associated parametpressed in equations 1.9 to 1.19 therefore
apply to lossy dielectric. According to equations2land 1.13, the amplitude of electric and magneti
fields decreases exponentially with travel distance
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The changes in amplitudes are quantified by thenatition constanty]. Microwave power was lost
(i.e. converted to heat) according to equation:1.19

P.e(2) = P (0" (1.30)

This is illustrated in figure 3 as an EM wave est@to a lossy dielectric.

The larger the value of the attenuation constajitthe more rapidly the EM wave loses its power
along the path of transmission. The ability of Ed/penetrate a lossy dielectric material is indidat
by power penetration depth, commonly ( in conttaghe half power depth) defined as the distance
over which the EM power decreases 1/e of the azlginlue. From this definition, one can derive the
expression for the power penetration depth @ding equation 1.19:

I:)ave(d p) = Pave (O)e_zadp = % Pave (O) (1-31)

Using the last two terms in the above equationislgie

d, =— (1.32)

d o = (1.33)

Cecay of EM power
according to Lambert's law

Fle
=
radiation

I
e —— ]
I

1 » Depth into the material z, m

Fig. 3. Attenuation of EM waves in a lossy dielectric atefinition of power penetration depth.
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1.6.4 — Good conductor

Good conductors, such as metals, are charactebigegiktremely large electric conductivities (i.e.
ccoppe,—-G-ld S/m). Thus, setting=co in equation 1.9 and 1.11 leadsotew, f=c, and U=0.

These values suggest that microwaves do not tramsmood conductors. In reality all metals are not
perfect conductors and electric conductivity is mdinitely large. The electromagnetic wave does
penetrate several micrometers, depending upon ldetrie conductivity of the materials. But for
practical reasons, we consider all metals to béepeelectric conductors (PEC). Metals are used to
confine microwave energy in a space (i.e. in a ovi@ve cavity) or to guide microwave (i.e. in a
waveguide) to a specific application location.

1.7 — Propagation of electromagnetic wave betweenwd
media

This section provides a brief description of theayal characteristics of electromagnetic waves when
travelling through two different yet adjacent mefiag. from medium 1 to medium 2).

The wave travelling in medium 1 before encountemmgdium 2 is called the incident wave. At the
interface between medium 1 and 2, a portion of itteident wave will enter medium 2 and be
transmitted at a certain ang®)(referred to as the angle of transmission (fig. #&is wave is called
the transmitted wave. The rest of the incident wailebe reflected back to medium 1 at a certain
angle called the reflection anglé)( This wave is called the reflected wave. If theection of the
incident wave is perpendicular to the interfacetlod two media §=0), the resulting angle of
transmission and reflection will be equal to ze¥e 0,=0) (fig. 4b). This condition is called normal
penetration of EM waves, since the direction ofpagation is normal to the interface. In a more
general case in which an incident wave travels eeréain angle to the interface between the two
media §;>0), the angle of transmission and reflection willlonger be equal to zero. This condition is
called oblique penetration of EM waves.

The portion of an incident wave being transmittedjuantified by the transmission coefficiem} (
defined as the ratio of the amplitude of the traittsh electric field over the amplitude of the ident
electric field:

Exo(transmittcd )

EXO(

r= (1.34)

incident)
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Reflected wave +x
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Transmitted wave ‘
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Transmitted
— s wave
. ncident wave
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Medium 1
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Incident wave o
z=0 z=0
(a) ()

Fig. 4. Propagation of electromagnetic wave at the iaterfof two different media: (a) general case, ajd (
normal penetration.

The portion of an incident wave being reflectedjusintified by the reflection coefficienp)(defined
as the ratio of the amplitude of the reflected teiedield over the amplitude of the incident elgct
field:

E

x0(reflected)

0= (1.35)

x0(incident)

1.8 — Standing waves

Consider a simple condition where in transverseve travels in the air in a direction normal to a
good conducting surface, such as a metal wall. sk, the wave will be completely reflected back.
To satisfy the boundary condition that the tangdrglectric field intensity at the metal wall israge
the reflected wave is 180° out of phase with thedient wave at the reflection surface. The reflécte
wave and the incident wave, travelling with equalpéitude but in opposite directions, form a field
pattern that appears to be stationary (referredst@ standing wave) with fixed locations of zero
intensity, where the two waves are 180° out of phasd maximum intensity, where the two waves
are in phase. The locations for the maximum and Zetensity are adjacent to each other and
separated by 1/4 wavelength with a zero intensitations at the metal wall (fig. 5). The field
intensity of the standing wave at the maximum igéwhat of single travelling wave.

X VA

Fig. 5: lllustration of a standing wave oscillating waimplitude that changes with location in space. rTdt-
hand minimum point is at the metal wall.
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Fig. 6: lllustration of a standing wave with a flexibleisg; the location of nodes (minimum amplitudeylamti-
nodes (maximum amplitude) are fixed in space, ddipgron wavelength.

An intuitive way to describe a standing wave isnhage a flexible string with one end attached to a
fixed wall (Fig. 6). Waves can be introduced byrayimg the other end of the string. When the first
full wave encounters the fixed points, it is reflt back in the opposite direction. Reflection ey
because the wave from the string cannot travel i ybe wall. The point of the attachment causes a
momentum change, shifting the phase angle by 18@°first full wave now travelling backward
encounters the second full wave travelling forwarte first and second wave interfere and form a
standing wave pattern with node (minimum amplituded anti-node (maximum amplitude) at fixed
locations. The standing waves in microwaves cavitieeate cold and hot spots, which is one of the
main reasons for uneven heating.
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Chapter 2
The microwave oven

2.1 - Magnetron
2.1.1 - Introduction

In the past it was felt that appropriate tubesn(ied initially as a diode with cylindrical anode idied

into two sectors was connected between the resosgstem) in which the electrons were
simultaneously controlled by the electric field ween cathode and anode and a constant external
magnetic field and axial, were able to keep theéesgaunder a resonant oscillation. This device could
vary up to very high frequencies, limited only, the inability to increase the frequency of the
resonant circuit.

In this sense, the most important progress was nmaéagland at the University of Birmingham in
1940, because the development of radar had reguadtée oscillator efficient and very powerful in
the decimetre wave range. This progress is to as@, resonant system, a series of cavities equal in
number, being combined in the same anode tubephtaied as the magnetron cavity.

The development of the idea implemented in Englavidch was, at that time, too busy by the war,
was entrusted especially to laboratories and mahmherican Bell Telephone Laboratories and the
Radiation Laboratory, specially created in Novemb@40, for the study and design of radar at MIT
in Cambridge, Massachusetts. The progress madehese tlaboratories were very rapid and
impressive, at the end of the war were alreadylaiai to more than fifty models of the cavity
magnetron, for wavelengths between 1 and 50 cm.

2.1.2 - Motion of electrons in static electric andnagnetic fields

Before examining the operation of the magnetromégessary to consider briefly the motion of
electrons under the action of electric and magriigtids that initially considered to be static.

a) Electric field.An electron charge and mass m, subjected to a@trieléeld E is urged by a
forceF, independent of the electron veloditysuch that:

F =exE 2.1)

Since the electron chargeis negative, the directiof the force, give strength and
E is opposite to the conventional choice for thection of the field.

b) Magnetic field An electron subjected to a magnetic field indweB is urged by a
forceF, depends on the electron veloaitygiven by:

F =ex(u0B) (2.2)
The force is normal to the plane containing thetmesz andB, and its width is, as required
by the vector product, equal to the product of eators of the modules for the sine of the
angle formed by ther.

Thus an electron moving parallel to the magne&tdfi@ = 0; sirff = 0) is not subject to any
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force, but instead an electron moving perpendidalarthe field @ =90°; sif = 1) is
motivated by the maximum force. Forealeflects the electron, and since this force isagw
orthogonal to the direction ofi, alsoF changes constantly. B andu are constant, the
electron describes a circle of radius r can be rdeted. For thatd=90° e sif} =1 we
have the fact that the centripetal fofeés the centrifugal force balance fiir for which:

2
— —= _ Mmu
eullB =
r
(2.3)
Thus:
mu
r=—— (2.4)
eB
The time T taken to travel the circumference is given by:
2 2rm
T.=——=— (2.5)
u eE

That is independent of both the radius, is the dpé¢he electron, then describes an electron
faster, other conditions being equal, a circle,im@auvo have a radius proportional to the
velocity as shown in (2.4), will be largest in tm@oy the same time to cover it. It has the
cyclic frequency:

;= 1 eB
¢ T 2mm

c

(2.6)

c)Electric and magnetic fields with agents this case the force being put on the electson
the vector sum of those due to the two fields iitliglly so you can write:

F=ex[E+(uOB)

— FLECTROMAGNET
MAGNETRON DIODE.

2.7)

The study of the trajectories of
electrons in this case is much mor
complex and can easily be developsd
only in the simplest cases.

Refer to the magnetron inserted in th

—_—

e [
-

schematic circuit of figure 1.

Assuming that the diameter of thg
anode is slightly larger than thd
diameter of the cathode, the cylindricg
space between the two, which we c3
the space of interaction, can b
approximated to the space betwesd
two flat surfaces such as those i
figure 2.

—

_,,M{;—me,i_(@g@_

RliE
man 01
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Fig. 1: Static supply diagram of magnetron




CATHODE

Fig 2: Cycloidal trajectories of an electron leaving théhode with speed equal to zero,
simultaneously subjected to a magnetic field aedtdt field, oriented as shown in the figure and
supposing that the space of interaction betweendtieode and anode is flat

Neglecting the space charge is shown that the mggeectron from the cathode with zero
velocity describes a cycloidal trajectory that t@nimagined generated from the initial point
of contact with the cathode of a circle which rallsh angular velocityw. given by 2tf, and
axial velocityu, on the surface of the cathode in the x directiat ts orthogonal to botB

to E. The value ofi. (average speed of travel) is given by:

_ _E
u. = E (2.8)
Since the rolling radius of the circle must satigfg relation &= u/w. we have::
mE
(2.9)

r=—
¢ eB?

In the case of a cylindrical system (diode) indte& the floor, again neglecting the space
charge, the trajectories of electrons can be censitlapproximately planetary, that is still obtdiigy
rolling the circle in figure 2 on the cathode sagfawhich instead of being plane is cylindrical.
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2.1.3 - Critical magnetic field

If 2r. is greater than the distance between cathode raodkeaeach electron emitted from the cathode,
after a sudden planetary path, reaches the anbéeafodic current in this sense is independerteof t
value of B because all the electrons emitted from the cathedeh the anode and the diode is in
saturationB decreases with the increase of the radiusnd if this becomes less than half the
distance between the cathode-anode electron, ratiehing the summit of the epicycloid, returns to
the cathode, then, assuming that the electrontialsorbed by the cathode, it starts a new cycle of
the epicycloid. No electrons reach the anode aedatiode current is zero. The transition between
these two extremes is the case for that particuddwe of inductionB. that makes satisfied the
relation:

2r,=r,-r, =d (2.10)

where:

- rp=radius of anode;

- ¢ =cathode radius

- d = distance between cathode and anode;
- B = critical value of magnetic induction.

The critical inductiorB, is obtained easily by substituting the above vaifieadius ¢ for which we

have:
BC = ZLE (2.11)
\ ed

Since it is supposed, fjust greater than r (almost electrodes plans) we may assume thatléungric
field is nearly uniform for which V £ -d (anode voltage) for which we have:

B = 2mV

- = o (212

We can then obtain the critical valug &hode supply voltage corresponding to a givenevaflB:

eB*d?
Vc :T (2.13)
While for cylindrical electrodes:
2
eB?r,’ r’
V, = 01— (2.14)
8m r,

So for values of V less than.the anode current is zero, while it cost for valoéV above V.
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2.1.4 - Cavity Magnetron

The magnetron allows the implementation of an tzdoit adapted to the generation of waves
centimeters. This can be achieved by exploitingréds®nance between the average travel speed of the
electrons yand velocity of a travelling wave obtained by agtmg in the magnetron’s anode a
succession of cavity (travelling wave magnetroaxity magnetron).

It includes:
1) acylindrical cathode;
2) the anode mass with cavities;
3) the coaxial line or waveguide output, coupled tauity.

The anode and the output line are no continuousngiat, that are connected to ground, the potential

for a negative supply voltage V is applied to tlathode, so the two wires of the cathode must be
isolated for maximum working voltages, they arerasunded two caps of glass (sometimes both

covered by a single protective cover glass as wallyindow glass welded to the metal must close

the output line. The vacuum space is limited ndy day these closures glass, a metal box attached to
the cylindrical outer surface of the anode, buhbigthan it.

The magnetron must then be submitted to the magfielid required for its operation, then it must be
mounted between the pole of a magnet.

ANODE BLOCE.
1 H:u. i/ \
CRADE e e @ BESONANT CAVITY

CATHODE

OUTPUT CAEIE

COUPLING LOOP

Fig. 3: Diagram of a magnetron cavity.
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2.1.5 - Overview of operation

Suppose that the cavities obtained in the anodalbexjual to each other (exception to this ruke th
anode to "rising sun") and they will then have shene resonance frequencies.

These cavities are coupled to each other becaasadbtric and magnetic fields RF overflow, both in
the space of interaction between the cathode aodeaimternal cylindrical surface, both in flat spac
above and below the anode block. So these cawttesin excited, oscillating in phase with each other
certain conditions. You can have different "modafstscillation, each of which will determine, ineth
space of interaction, the overlap, the electric avajnetic fields continues, an RF field with spkcia
features along the periphery anodic cyclic. Alkthiill give rise around the anode in the preserice o
standing wave or progressive wave, and finallyctwbination of the two.

Considering then the RF field due to the oscilkat@gime of the anodic cavity system, we must now
understand how this system can be maintained hilffadsty reciprocal action between the electrons
and that field; what is required to see how thetedes can give to this field part of purchasedrgye
from continuous electric field to which they ardmcted, thus transforming a part of the continuous
anodic power supply in oscillatory RF power.

If the magnetic inductioB is subjected to the magnetron is above the ckiBgait is seen that the
electrons move cycloidal motion consists of a intatcomponent and a longitudinal; system of
cavities gives rise to standing waves (or progvejsalong the anode is synchronized with the
travelling longitudinal speed of the electrap Then there are electrons that give energy toRfe
field, ie useful, and others that absorb energythod are harmful.

2.1.6 - The oscillatory ignition

As soon as the battery is connected between theeamad the cathode (made of copper coated with
strontium that releases electrons to the anode)eithitted electrons are deflected by the Loremntzefo
all, describing the trajectories that otherwisethi@ absence of Magnetic field, would be radiabrny

this trajectory, the electron approaches the sfithe anode resonant cavities, brushing.

Because each virtual slot produces a capacitorsaiptates are the same metal edges of the plaque
marking each slot, when the electron approachesiga of the slot, it becomes polarized as a normal
armature of a capacitor. Then, the electron, caiminhis cycloidal trajectory that will take him fall

back on the cathode, moves away from the edgeeos$ltt, previously polarized, and near the other
edge, biasing the latter.

Meanwhile, the board previously polarized, becaafseemoval of the charge, it gradually loses its
polarization becomes positive than the other. 8dnd the cycloidal trajectory, the electron pates
the first one edge and then the other, creatingvarsal of polarization in the condenser of each
virtual anode slit.

If given the speed with which this electron deféettby the Lorentz force along the trajectory, we
realize with very high speed is produced the chamgiolarization of the capacitors of each virtual
slot. This change of electric field represents artsty point oscillating. That's right: the virtual
condenser, with the initial electronic shift, be@srthe seat of a variation of the voltage acrass it
terminals, ie a variation of the electric fieldaslielectric (or vacuum interstice of each slat)of an
oscillation. This initial starting swing is enouglb produce a perennial phenomenon of self-
oscillation. In fact, the capacitor of each virtsddt is connected to a hollow anode which produces
the inductive part of a resonant circuit. This ne#rat, in the 8-cavity magnetron, there are elight
resonant circuits which start to oscillate at thesonant frequency when the battery is connected t
two electrodes of direct current of the tube. &ahie hollow anode is established an oscillatiothef
magnetic field, while an oscillation, between thigssof the electric field which we call "radio-
frequency electric field", or, simply, "RF field."
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2.1.7 - The preservation of self-oscillation and #helectronic clouds

Until the battery isn’t disconnected between thedenand cathode, the self-oscillation will never
cease. The maintenance regime of self-oscillattinpmenon is due to the presence of RF electric
field that, once triggered, will sustain themselwggil the battery is disconnected and will not be
interrupted, therefore, the emission of electroomfthe cathode.

Because the RF electric field triggered is variatler time, the electrons emitted from the cathode
can be continually "fired" at times and in areashef space of interaction where the resulting gtect
field is accelerating or braking. The resultinge#ie field is said accelerator, when and whereRlfre
has the same direction as the electrostatic fietdiyced by the battery. In this case, the resulting
electrical force is the sum of the electrostaticéoand the instantaneous value of the electriefof

the RF field. The resulting electric field is sditaking, when the RF field is opposite to the stati
field. The electrons that come under the actiommfaccelerating electric field absorb energy from
this; this energy is converted from electrical t@admanical and electron accelerates its motion
considerably. The acceleration of the electron amfiroduces, by reflection on himself, an increase
of the deflecting force, with the result that natlyoaccelerate in speed, it is also subjected to an
increase of the Lorentz force that will turn shgrja the right in the path . These electrons escapi
under the action of a field accelerator, gainingrgg and accelerating their motion, electric p&etic
are particularly "dangerous”. But, given the venghhspeed and strong deviation, describing a
trajectory that makes short-range remain for atstime of interaction in the vacuum of space, and
then will be absorbed by the cathode.

What, however, interesting to analyze in order nolarstand the operation of the magnetron is the
leakage of electrons in time and in the spaceshithwthe electric field resulting braking: These
charges are called useful electrons to underlirsd this they are responsible for the proper
functioning of device and the perpetual sustenaridés oscillations. These charges, ie those issued
under the braking electric field, being held baoktheir normal motion, significantly decrease the
speed and also trajectory changes. In fact, igeed decreases, also decreases the deflectimgadforc
Lorentz that the new trajectory becomes almostaagstt line, directing the electron to the anodee T
slowdown of the motion, in turn, causes that thefulscharges, for navigating the new almost striaigh
line towards the anode, take longer than he hadtspeler the action of the accelerating electetfi

or under the influence electrostatic field of agiénbattery. In addition, useful electrons, brakirgm

the field, have given their kinetic energy and, ntvey continue their slow motion for the mechahica
inertia alone. Approaching, however, to the andéetede can be charged, as, with new energy, ie
the energy of the electrostatic field of the batemode.

But the speed of their motion is still considerabigaker and, meanwhile, time passes, so the "Hectic
RF electric field makes a full swing and back agairestablish a field braking when they are still i
the space of interaction . So, give again theirhmaaial energy that they had regained, approaching
the anode. This trip will last them for several legcof the oscillators to RF electric field, urttiey
reach the anode. But other useful charges, bekhianh,trefer the same path, forming the so-called
"electronic clouds" (fig. 4).
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rotating anode potential
wave

Fig. 4: Representation of the radial electron cloud (bodrmedashed lines) which is expressed in
the interaction space. In one of the rays are naadkelectrons orbits of which one returns on the
cathode and 3 reaches the anode.

You can then take three points on the operatichefmagnetron:

1. The outgoing electrons from the cathode underattcelerating field (electron dangerous) absorb
energy from the RF field, but they, immediatelyeafdisappear from the interaction space, falling o
the cathode. The useful electrons, however, eaoh they are held back, give kinetic energy to the
RF field, feeding the latter and avoiding, therefothat breaks. The operation of the magnetrons is
explained so well: the oscillations persist afggniion because the RF electric field absorbs gnerg
from the useful electrons repeatedly. And it alssaaibs in quantities greater than those that miust g
the electrons dangerous. In fact, they disappe#kigy while useful, with the continuous slowing
down, are made to persist for a long time in thecepof interaction and, for all this time, willdially
"exploited" by the RF field to get to transfer asamn energy as possible from electrostatic fielthef
underlying battery. You can say, therefore, that tiseful electrons in their "slow and tormented"
journey to the anode, act as a simple means ofjgnieansfer; transfer that occurs from the oséiitat
electric field to the RF through the transformasioelectricity (the battery) to mechanical eneripe (
kinetic energy of the useful electrons) to eledtyi¢that absorbed from the RF field for support).

2. The useful electron’s slow progress producesickéning of them in various areas of interaction
space that is the electronic clouds in the radiainf The number of rays is always equal to the
number of cavities in the anode block because dige®of the anode are polarized electrically oh wit
the positive or negative, and the clouds will bieaated only by the anode’s edges which, at a given
time, have taken positive electrical polarity. e tmost common, with eight cavities anodic, the
clouds are four electronic rays. In addition, thecton rays, during operation of the magnetronyeno
constantly around the cathode (which is, therefibre central axis) at a rate called synchronousdpe

In this regard, if the number of cavities is N en that the electron will complete the entire lap
around the cathode in a time Ts (synchronous pegiven by:

31



S
2 (2.15)
where, indicating withw synchronous angular velocity, is:

2n
TIN
2

w, =

vz e

(2.16)

ie the angular velocity is equal to the synchronpuise of resonant cavities divided by the number o
pairs of cavities.

The above calculation is not the only possible byocous speed. The electron is forced to cede
power even if the continuous path between two #itdone in an odd number k (k = 1,3,5,7 ...) of
half-waves, so in general we have:

w =%
k™
2 (2.17)

The denominator is the number of periods T ancktbetron takes to make a complete turn around the
cathode.

The rotation of the electron rays is because tledmpf oscillation of the RF electric field is giera
than the average earnings of the electrons, igéh®d of oscillation of the electric field is much
smaller than the time it takes to help the offiedsng the route from cathode to anode. For this
reason, the rotation of the polarity of the anodgee(rotation that follows, of course, the RF alect
field), being more abrupt, forces the rotating &tat rays at an angle.
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2.2 - Waveguides
2.2.1 - Introduction

A waveguide is a hollow metallic channel, any sattiusually rectangular or circular (fig. 1),
containing air or other dielectric. Within this miland with appropriate excitation electromagnetic
wave can propagate.

" intenal insulation
conductive walls

Fig. 1: Structure of a rectangular waveguide.

The transmission of electromagnetic waves by metdillbes was studied as early as the late
nineteenth century by Lord Rayleigh and other ptigts without an experimental result. Later, during

the Second World War, through the American sciensifudies, was analyzed and solved the problem
of radar and simultaneously developed the technididiee waveguides and resonant cavities.

2.2.2 - Transmission of the waveguide

The propagation within a waveguide is obtained togpping" the radio waves in a metal tube. It is
necessary that the wave would fit within the tulbethat it has short wavelength, and may therefore
change with respect to the structure that it hdeeim and indefinite space.

It can be said that the transmission in the gu®ipies an intermediate position between that ®f th
classical two-wire lines and propagation in freacgy has in common with the first that is chanwaelle
in some way the flow of energy, with the second #hectric and magnetic force lines’ mutual
concatenation.

It reminds one of the elementary properties of Ettmagnetic wave propagating in free and
indefinite space namely that if a wave meets anitgfiy conductive surface, it is reflected with the
known laws of optics, this is because they indugeents in the metal surface generate a second wave
(reflected wave). The incident wave and the reflddive rise to a result field that, at points adja

to the surface, the tangential electric and nommednetic components that are zero. This condion i
what determines the shape of the electromagnelit fiear the metal walls.
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Fig. 2: Reflection of an electromagnetic wave on a flafaxe.

Figure 2 shows an example of how this happens timatsbns where one of the two vectors,
components of the incident wave, reaches tangbntiaé surface; in the first case (TM) is the
magnetic fieldH to be tangential to the surface; in the second €BE) is the electricdt.

As mentioned at the point of incidence O the electsulting should be orthogonal to the surface or
anything and the magnetic tangential to the surf@cein the first case the reflected wave is
associated with the electric vect&t which, added tcE, gives a component orthogonal to the
surface. In the second case the reflected wavieviasya associated with the electric vedEr but this
time equal and opposite B so that the resulting electric field at O is zetavill also be associated
with the magnetic vectod' which, added tdH, gives a field resulting magnetic tangential te th
surface.

If the walls are not infinitely conductive thinggtgcomplicated, but for the case of metals such as
copper, brass, aluminium, etc.. the phenomenossisrgially unchanged.

In conclusion, a wave that propagates in a hollogtatlic channel, which vanish, like seen, the
tangential components of electric field and noromhponents of magnetic field, has the electriafiel
lines normal to the walls and the magnetic fiete$ tangential.
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2.2.3 - Propagation in rectangular waveguide

For easy understanding of the mechanism and clesisticts of the propagation of a wave guided in a
tube, it refers to the resulting interference ofltiple plane elementary waves that propagate
reflecting, like zigzag, on the walls.

Fig. 3: Wave fronts, of the 2 components at every poirguifle’s wall, must be equal and opposite, for eplam
maximum on A and C.

As already mentioned, on the conductive walls ef gliide, the tangential component of the electric
field must be zero. In order for this condition satisfied, including the widthy of the guide,¢
angle and A length of component waves, a relation must be fiedrithat you can easily
determine. Figure 3 consider. So that at point&,tangential component of the electric field iroze

it is necessary that the wave 1 and wave 2, inrAsgnt equal value and of opposite sign fields: for
example, may have, a maximum positive value (wawatfdenoted by solid line) and the other a
maximum negative (dashed wave front). The same haygpten in C. The distance between these two
wave fronts 1 (marked with solid line) is obvioudgual to (or multiple) of length of the incident
wave (vavelength in free spakdt has therefore:

A =2AB'=2bsing 2.18)

The resulting combined field of the two componeigids has its maximum at a distante
(wavelength in the guide) that is equal to 2A'B:

A= 2ABsing = —22_sing = 2bigs
cosy

(2.19)
considering these two reports it has:
A A _ A
A= = =
cosp \f1-sin’¢ ) [)l jz
20 (2.20)

So we have that the wave length in guidleis therefore larger than the wave lengthof free
space wave (or of individual components in theagande) and because the resulting wave frequency
f coincides, obviously, with the component waveso dhe velocityy' of the wave propagation in the
waveguide is greater than that of free space.divie haveu’ = A'f = Aficosp, ie:
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This propagation speed of the resulting waveséngtiide is called phase velocity.

Conversely, if we consider that each component wawe the wave guide, like zigzag, with velocity
u, the average velocity,, of each component, along the axis of the guidk bsiless tham and will
be called group velocity. So we have:

2
U, =ultosp=u 1—(ij

2 (2.31)

and then:

U= U L (2.32)

ie the speed of electromagnetic waves in free sf®&d&f m / s) is equal to the geometric average of
the phase velocity and group velocity.

Finally, if we putg =90° it has thatosp =0; A'= o0; u'= o0; ugr=0;
so the value ok, (critical wavelength) ok, for which the above conditions occur, is given by

A =20 (2.33)

For this wavelength and for all wavelengths largdementary waves do not propagate along the
longer axis of the guide, but oscillate betweenadl and the other, so the guide is no longer slatab
for the transmission of electromagnetic energy.

The corresponding frequency to the critical wavgthns:

u u

T T
¢ (2.34)

It is called thecutoff frequency or critical frequendgr which the waveguide is only suitable for the

transmission of waves with higher frequency to it.
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2.2.4 - "Modes" of propagation

The first observation that can be done, valid incakes of guided waves, is that it is not possible
wave propagation within the guide without the aleetagnetic field present a longitudinal
component, unless, there is at inside a seconductord but then you cannot speak of waveguide but
of cable (coaxial cable).

The "mode" of the propagation in which the londitial component (to the direction of propagation)

is magnetic and the transverse component is alectenoted by TE (transverse electric mode), the
mode in which the longitudinal component is elecand the transverse magnetic is denoted by TM
(transverse magnetic mode).

ok ¢
TN TN

a) TEp (M) by TEy  [Hy)

Fig. 4: Field configuration in cross-section of a rectdagwaveguide: a) TEO1 mode; b) TE11 mode. Thelsoli
lines represent the forces’ lines of the elecigtdfcoplanar with the plane of the drawing; dasliees are the
projections of the forces’ lines of the magnetadi

In the example of figure 4a, along the walls, ie th direction, the field is zero while in the x
direction, the field has variable intensity accagdto a half-sine; the configuration of the fieild this
case, will be identified by the initials &£

But in the case of figure 4b, the field along thalls; while being always normal to them, as it must
be, has variable intensity according to a half-simdoth the direction, the y-direction and the x-
direction; so this configuration will be identifidxy the initials Tk;.
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In the situation of figure 5a is
imagined to have a larger sectiol
of the guide, or to double the siz¢
of the guide along the x direction,| | !
and leave unchanged the
dimension along y; then we obtair
two configurations, of figure 4a, in

1

|

!

I

|

]
phase opposition ie zero field —x-
along y, while the electric field Mﬂm-ﬂmml
along x, at this time, has variable| IWHMW
intensity according to a full sine. TEghs a)
The overall configuration will be |
characterized by the initials T£

If doubling the size of the guide
along x and y too long, obtains the
TE,, mode (note that the field
along the walls must always be
normal to them) (fig. 5b).

In general you can get any "mode
characterized by the initials T.E
where m is the number of half-sine
that varies the intensity of the
electric field in the y direction
(side a) and n according to the ;
direction (side b).

Fig. 5: Field configuration for “harmonic modes”.

Of course, instead of thinking of the larger sattid the waveguide, all the different modes listed
above, can be obtained by imagining to reduce, eoiewntly, the length of the exciters waves that
increasing the frequency. These modes of excitatfercalled "harmonic modes" while giiand Tk,
modes you say "fundamental modes."
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In addition to the field configurations of the tyjp&, there are configurations of type TM in whick w
find the magnetic field lines, closed on themseleeplanar with the x-y cross section of the guide;
longitudinal section, however, we find the strenigties of the electric field, ending on the walig (
6).

- I['

T =

5t
_L

S mf:a

.._._._._—- —-.-

TMy b)

a)

Fig. 6: Field configuration in cross-section a) and imdisudinal-section b) of a rectangular waveguidtwi
TM11 excitation. Dash lines represent the linemafnetic field coplanar with the transversal plawdid lines
are the projections of the lines of the electrétdi

2.2.5 - Losses in the waveguide

The transmission of electromagnetic energy alommide in the frequency range above the critical
one, is not without losses. This calculation isieatcomplex. The losses refer to those found in the
dielectric contained in the guide, those due tor#séstivity of the conductor forming the wallstog
guide and those due to discontinuities in the guide

If the dielectric is formed by dry air, as ofterppans, the former are generally negligible comp#oed
the other.

For rectangular guides with copper wafis< 0,0175Q-mnf/m) am,attenuation in decibels per meter
due to the resistivity of the walls is given byléeling expressions:

TE mode:
n Dy
a, =0147510° 0|2 02, [Db/m] (2.35)
" b* Jv-v?

4/ m2 2 4 n? 2 2 2
a = 0147510% (L P *N [Epmm [p:” a1-v? +MJ; Db/
n

with m and n different from zero.

TM mode:
 _oga7sn0 A “ptan f mCp+n’ ] [Db/m] (2.37)
b3 EQV vé) (m?[p*+n®
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where:

- mand n are the number of half-sine that variestéetric field in the y direction and X,
respectively;

- bis the side of the guide in the x direction;
- p=Db/aisthe ratio between the sides of thdegui
- v=f./f=A/A is the ratio of the cutoff frequency and the agent

1103
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Fig. 7: Attenuation in a copper rectangular waveguidedilWwith dry air or empty. Mode of wave propagation:
TMy,. With decreasing of p=b/a and equal to b, the gjgidection increases and thus the attenuatiorases;
for p=0 it has am so wave propagates from 2 plane parallel condyetivd undefined walls to distance b.
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2.3 - Resonant cavities
2.3.1 - Introduction

Any box or conducting internal cavity walls, if grerly excited, limits a space that is home to
electromagnetic oscillations.

The shape of the field depends on the interferémmteeen the direct waves produced by the exciter
source and those reflected from the walls; foripaldr frequencies, in the box, standing waves pccu
for which, for these frequencies, the cavity resesa

The form used to represent the resonant cavitgrisdal; the centre creates a real capacitor aad th
metal frame that is built around armature, carhibeight as the union of many metal tight coils, whic
are connected in parallel, that representing tadtor (fig. 1).

R.F. out

¢ A VI:‘RKI'GE

Fig. 1: Parametric representation of a cavity.

While between the two planar surfaces, namely theature, it produces a capacitive effect with its
electric field, in the surrounding duct the magodtix flows.

Therefore, the resonant cavity is equivalent t@ealel LC circuit but, unlike a circuit composetl o
inductor and capacitor, in which the electricalgmaeters of inductance and capacity are concentrated
in the respective components, in cavities, thesetétal parameters, are distributed uniformly lin a
parts of space which forms the structure itself.

By varying the spacing between two planar surfatethe centre of the cavity, it also changes the
capacitance of the resonant circuit which is edaivato the cavity, modifying, therefore, the reaonn
frequency:
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[dp 1
fo= B 2.38
> VA 270e, (i, =%

where:

- dis the distance between the plates;

- (= 21Ir,.is the average circumference of the toroid,;
- Als the section of the torus;

- Sis the surface of the armature.

The resonance frequency, therefore, depends mizb®f the cavity.

In choosing the appropriate form to be assigneth¢ocavity, we must keep in mind the following
criteria:

- The coefficient of resonance or quality of the regor Q increases with the ratio of the volume
and the inner surface of the cavity;

- Forms should be selected which lead to a fieldigordition with a precise orientation (sphere not
suitable) and that minimizes spurious oscillations.

When the wavelength decreases to values compasdbl¢he size of the circuit (fig. 2b), the radidte
energy becomes important, therefore, the coefficnesonance is low; to improve it not just regluc
the ohmic resistance in series with the circud.(fc), but above all should be removed the razhati
energy. For this reason we come to the toroidamar (fig. 2d).

d)

Fig. 2: Derivation of a resonant cavity for subsequenmtdfarmation of a concentrated constant circuit.
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2.3.2 - Quality coefficient

If the cavity is completely closed, ie if there ame energy losses due to irradiation, the only
remaining losses are due to the electrical regtigtof which formed the walls of the cavity and the
dielectric loss angle, which is internal; if it \@cuum or dry air, the dielectric losses are zaro o
negligible compared to those due to the resistivitthe walls.

It is called the coefficient of resonance or qyalt of the cavity, the ratio:

Q=2m0 Storedenergy (2.39)
Energylostin a period '

Knowing that the depth of penetration is given by:

Jz\/iz\/mee:\/—pf =670-P— [Cm] (2.40)
au oy \TO f Ci,

where:

- pris the resistivity of the conductor relative tqpper and therefore equal to 1;
- L is the permeability of the conductor relative ¢pper and also equal to 1.

So we have:

5=087 (2.41)

7

Generally, remaining valid the hypothesis that thelectric losses are negligible, and that 1
andy, = 1, the expression of the quality coefficientdmes:

, jHZdv

Q (2.42)

A
o szds
S

where the integral in the numerator should be addrto the whole volume V of the cavity and the
integral in the denominator should be extendeti¢oentire inner surface of the cavity.

The amount:
j H2dV
2
QBé:—% (2.43)
A A j H2dS
S

is said toform factor of the resonatoBo it appears that with increasing frequencyef,wiith
decreasing wavelengh the form factor of a fixed cavities increases.
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2.3.3 - Dielectric losses heating in the resonaraty

The dielectric loss heating is based on the hedtishmanifested in the mass of a dielectric matkeri
subjected to the action of a high frequency altémgeelectric field.

This is due, in real dielectrics, to the polariaatprocesses related to the movement of microscopic
distances of electric charges "related" to thecsting of the material and the direct passage of the
conduction currents that occur for the presence "friee" charges that move over macroscopic
distances under the influence of the field.

The dielectric materials are mostly characterizgdldw electrical conductivity and low thermal
conductivity, thus preventing the possibility ousf certain types of heating; this is the reasworitfe
widespread use of dielectric heating for industpabcesses, but now also in the home , which
requires a rapid heating and heating evenly digteid in the mass of the body.

2.3.4 - Polarization processes

A dielectric material, therefore, differs from ancluctor for the polarization properties under the
action of an electric field.

The process of polarization manifests itself ifedént ways, at different frequencies.

Here is that there are different types of polarmasuch as electronic and ionic. These polarinatio
are defined elastic or characterized by an elagformation of the electron orbits in the preseotce
applied electric field; as a result the atom bebaag a dipole oriented to the external field. Qhly
differ in the frequency of elastic oscillations tifa the first case is of the order of'40 10*° Hz and
in the second case of 1(Hz.

Differs from these the dipolar polarization or tweatation that is manifested in that substancésaa
"polar" into where, even in the absence of exteffied, the molecules are dipoles. These are
disorderly oriented in the absence of the field ttuthermal agitation while under the influencetod
field tend to rotate around its axis and take thentation of the field. The orientation, however,
hampered by the movements of thermal agitationyibathave the so-called relaxation polarization.

2.3.5 - Power transformed into heat in the materiato be heated

In a dielectric material provided with the vectalds E (electric field) andD (electric flux density)
the electrostatic energy density per unit volumgiven by:

w=EE - o
with:
D =¢,E+P=(0+—=),E =1+0a)e,cE (2.45)
&, [E
It is said dielectric polarization vector :
P =a¢,E (2.46)

with:
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- £=8.86 - 10?dielectric constant of vacuum [F/m] ;

- o is the dimensionless coefficient of proportionalgaid dielectric susceptibility of the
material.

From the first Maxwell equation in the presenc&andD we have:

- — oD
rotH =olE +— (2.47)
ot
with:
- His the magnetic field strength;
- o is the electrical conductivity media;
- G s the density of conduction current;
D . _
- —— is the electric current density.
ot
In the case of sinusoidal, we have:
rotH = o [E + jaEE (2.48)

Where the term on the right of the equals signhés tbtal current density sum of the conduction
current density and displacement.

Since, as mentioned above, under the action ofltedric field, the polarization process of theatetl
charges is not instantaneous, in an alternative firee polarization vector results out of phasexged
among the carrier field strength. Also D results ofi phase delayed than E by an andje
characteristic of active power in the process dapzation of the dielectric.

Therefore, the diagram of figure 3 shows that tbtltcurrent density can be represented or
conduction current:

G =(o+jue,é)E =0,E (2.49)

with:
o (2.50)
- 0, =(0+aEgE)+ jux e (2.51)

the latter called complex equivalent electricalawetivity of the dielectric.

Or as displacement current:

G = jaro(é— j ]E: jae,£'(1- jtgd)E (2.52)

g
GE
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with:

- tgdis the tangent of the total dielectric loss angle

j
oF
4
jog,&E - joD
‘-__Hap
G
8
DE, R . _
5 - 6.E E
D

Fig. 3: phasor diagram of a dielectric material subjettean alternating electric field.

The diagram shows that the angle of total b$s greater thad, since the former takes into account
both the thermal energy that is put into play by ¢bnduction currents and even the energy dueeto th
polarization of the alternative electric field.

By the relations given above we have:

0, = jur,e'(1-1gd)
tgd = g— + 9 = tgd’p + 9 . (2:53)
&' WENE GWE &

Therefore the parametegsand tgd completely characterize the properties of a dtafesubjected to
an alternating electric field, and is commonly redd to them in practice.

The complex power per unit volume in the dielectcalculated using the known relationship:
p+ijq=EG, =0, [E> (2.54)
According to the previous report of
p+ jq = (0 + aE "~ jwE,£)E? = B, (tgd - |) (2.55)

Where the real part is the power [in W/inconverted into heat in the material that resthierefore
proportional to the frequency, the square of tleeteic field and the produet- tgd also calledoss
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factor, which in turn depends on the temperature, thquieacy and moisture content in the same
material.

Conventionally heating systems, in the frequenaygeabetween 1 and 100 MHz, are called to

dielectric losses (or radio frequency), while thasénigher frequencies are classified as microwaves
heating. This corresponds to the fact that in ttet €ase, the wavelength is typically much lardan

the size of the object to be heated and the needs® of frequency generators of very different for

dielectric losses and microwave heating.

In practice, given the greater bandwidth, dieledosses in the frequency most commonly used when
no other factors make it inappropriate, is that2@f12 MHz; in the microwave range, for the
availability of industrial power generators, theotfrequencies in use are those of 915 and 2450 MHz.

47



Chapter 3
Microwave heating distribution and uniformity

3.1 - Introduction

During microwave heating several interacting vdgalyelated to food, packaging and the microwave
oven itself will influence how the food will be Hed.

Microwave heating of foods has sometimes been aadeavith uneven heating, due-to so called “hot
and cold spots” which may be present in the foadipct after heating.

The microwave heating profile in foods is determdiryy the thermo-physical properties of the food
item (dielectric properties, but also thermal pmbips) as well as of the distribution of the absatb
microwave power in the food. The latter is, in tudetermined by several factors: the electric field
inside the microwave cavity, the dielectric projs=t(complex permittivity) of the food item but als
by the microwave frequency.

Heating uniformity is, however, also to a greateextinfluenced by size, geometry, position and
composition of food as well as package during heati

3.2 — Dielectric and thermal properties

The macroscopic interaction between an electronmagfield and a material is expressed by the
permittivity €” and the permeabilityy of the material. The permittivity describes theotfical
properties, while the permeability describes theymedic properties of the material. However, since
foods are non-magnetic, the magnetic part of thegpaontribution will not give rise to heating.

The permittivity designates how a material willdrdct with microwaves by expressing to what extent
and how the material will absorb microwave enenggf eonvert it into heat, how strong the reflection
and the transmission phenomena will be, as welhi@g much the microwave wavelength will be

reduced in the material.

The permittivity is a complex quantity. Thus it sists of both a real part (the real permittivatyand
an imaginary part (the dielectric loss fact).Basically, the permittivity describes the abilty a
material to absorb, transmit and reflect electromedig energy.

The absorbed microwave power is related to the @rity and to the electric field by the following
equation (see chapter 2.3.5):

P = 277fe,"| E? |

where P is the power which is absorbed in a givelurae of the food material (WA f is the
frequency in Hz, E is the electrical field strengihv/m inside the foodg, is the permittivity in free
space (8.854 - 18 F/m), anck” is the relative dielectric loss factor.

The complex permittivity, or as commonly said thelettric properties, of a food material varieshwit
the composition of the food, but also with the tengpure and the frequency. Since water is generally
a major constituent in most foods, its permittivitil play a major role in determining the dieléctr
properties of the food. Knowledge of the dieleciimperties of foods is useful when developing
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foods and constructing ovens, as well as when tejegpackaging material. Today, oven
construction, packaging design and product devedspiraf microwavable foods are to a large extent
made based upon microwave simulations which préldécheating pattern for a given scenario.

3.3 — Heating phenomena which influence heating
performance and uniformity

The influence of geometry parameters on the micveweeating distribution was describe by Ohlsson
and Risman (1978) for spheres and cylinders. Is dbctions selective heating effects are described,
related to the composition and shape of the footenaa its self. For simplicity, we consider the
microwave field to be evenly distributed and ofieeg field strength at the food surface.

3.3.1 — Concentration effects

A slab with sharp corners and edges which is mier@vheated will show field and energy
concentration there, which cause selective heatisigecially at the corners. Briefly described, argh
edge or corner will act as an antenna and attract mnergy than surrounding areas.

Consider microwave heating as electromagnetic watésh may be reflected, absorbed or refracted,
it can be seen that part of the energy is refleatetle food surface, and part of the energy imctéd.

For cylindrical or spherical geometries, such coicgion effects can cause concentration of energy
to the centre of the food, depending, however, ath khe food diameter and the dielectric properties
This centre overheating effect occurs for diameté@proximately one to three times the penetnatio
depth in the material. For cylinders, concentratfiects occur when the electrical field is palaibe

the cylinder axis. The effect will be stronger food with high permittivity values. At 2450 MHz
centre heating usually happens at diameters bet@®&emm and 55 mm.

Microwave heating performance are thus affectecsényeral possible heating phenomena. Among
these are edge overheating effect, run-away heatifigzen foods.

3.3.2 — Run-away heating phenomenon

Pure ice has much lower dielectric properties tiwamwed foods. Most of the water in frozen foods is
found as ice crystals within the food item. Thesggafor the fact that frozen foods absorb microwave
energy at all is that approximately one-tenth & ttater remains unfrozen as a strong salt solution
inside the food (Ohlsson and Bengtsson, 2001).€eSthe regions that are thawed in the very
beginning of a microwave thawing process will hamech higher loss fact@”, as compared with
still frozen regions, they will heat very rapidlyhis phenomenon is called thermal run-away heating
(Buffler, 1993). Particularly in foods with highlsaontent, the surface may at high temperaturés ac
as a shield during microwave heating. This is bseahe penetration depth will be lower for salty
foods. Run-away heating may thus occur for highfsalds, especially in the surface regions.
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3.3.3 — Edge and corner overheating

The so-called edge (or corner) overheating effeabften noted especially when frozen foods are
heated or thawed. Edges and corners have a tentiehegat or thaw first, which intuitively could be
understood by the fact that the amplitudes of teetemagnetic fields are concentrated at suchsarea
of the food, due to scattering phenomena.

Edge overheating is strongly influenced by the poddion and incident angle of the incident field,
the angle and curvature of the edges, the peritjtif the heated food materials, and the preseifice
other scatterers close to the edge (Sundberg, 1988rfood loads heated at 2450 MHz, both loss
mechanisms due to ionic conduction as well as cliéterelaxation are present.

Fig. 1: The phenomenon behind edge overheating. The @heagnetic fields are concentrated at the corners of
the food, due to the scattering phenomena.

3.3.4 — Centre overheating

For foods which are spherically or cylindricallyegted, i.e. foods with convex surfaces, refractioth a
reflection phenomena will result in concentratioh tbe microwave power distribution to the
geometrical centre for certain diameters (Ohlssoth Rismann, 1978). This phenomenon is called
centre overheating. It is influenced by differeattbrs, mainly the geometries, size and complex
permittivity values of the foods.
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Chapter 4
Experimental tests

4.1 - Introduction

The experimental phase consists of a series ofdédmy tests, with three different microwave ovens,
using same loads, and making a number of temperataasurements by two methods: the first using
a thermocouple and then detecting the temperaior@snumber of points within the sample; the

second using an infrared camera, so through anabmtétection in different sections of the load.

The aim is to evaluate, in the same test condititms temperature distribution, the efficiency, and
compare the results obtained with those acquiretjube simulation code COMSOL Multi-physics
that will be analyzed in the next chapter.

4.2 — Microwave ovens

- MWO 1(see Appendix A):

__—_____""'—-—-4—-__1;

Cavity dimension FWXD: 180x295x290 mm
Wave guide: 1
Max power: 800 W

- MWO 2(see Appendix B):

Cavity dimension FWXD: 170x290%x290 mm
Wave guide: 2

Max power: 700 W
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- MWO 3(see Appendix C):

Cavity dimension KWXD: 225x345%x340 mm
Wave guide: 2

Max power: 950 W
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4.3 —Equipment for temperature measuring

- Power analyze

The power analyz is multi-function
device that measure precisi
continuous current, alternative curre
the intensity of DC or AC and pow
in Watts.

Today, power analyzers have m:
features suchas, insulated curre
input, measurement of harmoni
current measurement, pow
measurement, et.

Fig. 1Power analyze

- Thermocouple:

A thermocouplds a device consisting of two
different conductors (usually metal alloys) t

produce aroltage proportional to atemperature
difference between either end of the pair

conductors.

Fig. 2: Thermocouple with a $tick attach
for an accurate measurem
- Infrared camer:

The infrared camera ia particular camerggensitive to infrared radiatic capable of
obtainingimages c filming thermographic.

Startingfrom the detected radiation will therefore be obtainedthe temperature maps of
theexposed surfac are often used for scientific or militarfhe camere are divided into
non+tadiometric an radiometric. The first to measure the absotemperature vall of each
point in the imag¢ The image, in fact, is built on a matrixahumber cpixels for a certain
number of rows The electronics of the instrument "readasily thienergy stored by each
pixel andgenerate an image, in black and white or false coldhg objec observed.
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With infrared camer: can measure the temperature in gaaint of the imag but you have
to insertthe instrument (or in tt processing software jpost processing) tv parameters,
temperature anemissivity which could achieve tlw®rrect temperatur

Fig. 3: Infrared camer: the camera detects the radiation that are tratesiaind processt in the
instrumentdisplay.
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4.4 — Agargel sample

Agar-gel samfes were prepared by dissolvinge2of certain quantity of water. The a-
water solution was heated at 90°C until agar powdas totally dissolved and the ¢
solution was clear. It was then poured into sevgladses with the same amount each
finally it was cooled to room temperature into solid ples with the shape of a trunca
cone. So the dimensions were: high of 50 mm. th®bodiameter of 55 mm and theper
diameter of 45 mm (see fig.4 an).

Property Value
Specific heat capacit{, (kJkg-°C) 4.2°

Thermal conductivityk (W/m-°C 0.60°
Density,p (kg/nt) 1070°
Dielectric constantg’ 73.6°
Dielectric lossg” 11.5°

Average surface heat transfer coefficien 41.7°

= -
Fig. 4: Agar-gelsample Data from Barringer et al. (199

® Data from Yang and Gunasekaran (2(

Table 1: Dielectric, physical, and thermal properties of :
agar-gel.

Fig. 5: Dimensions of the ag-gel sample.
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4.5 - Tests with agar-gel sample (using thermocougs)

The test consists of heating, multiple samples whter solution of agar, having the consistencg of
gel (fig. 4), within the cavity of the 3 differenticrowave ovens.

The proof is divided into several phases, whichrapeated for each oven, in which you go to make
measurements of temperature, using a thermoconplarious parts of the material in the shape of a
truncated cone; all this after placing each indiaidsample in the center of the turntable, and vearm

it up to the maximum power of each oven for a twh&80 seconds each (in reality, then this time will
vary for MWO 2 and 3, because of, otherwise, tlssalution of the gelatin solution).

Assuming we split our sample into 5 floors or thp surface, the half-plane in the middle, the botto
surface and two half-planes intermediate to thdseet mentioned, we proceeded with the
measurement of temperature in different positiansdigure 6.

The different phases have been imposed for a measunt as accurate as possible and obtained
within 10-15 seconds by the exit of the sample ftbeoven.

Fig. 6: Temperature measurement locations (upper surfc2 em; first mid surface = 1.25 cm; central scefa
= 2.5 cm; second mid surface 3.75 cm; bottom sarfad.8 cm).
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4.5.1 - Efficiency calculations

Here are the measurements and calculations inatheus cases relating to the transferred power and
the efficiency in different types of testing:

4.5.2 - First test with MWO 1:

- Mass of agar-gel = 0.093 kg
- tueatne=30s

- Ymacacar= 19°C

- Jroov= 18°C

- Ppae=18°C

- Yovenmsipe = 16°C

Measurements:
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Depth [cm] Line 1[°C] Line 2[°C] Line 3[°C] Line 4[°C] Line 5[°C]

0,2 36 41 52 45 40
1,25 50 53 61 58 71
2,50 56 68 56 50 68
3,75 55 76 60 49 68
438 52 52 48 43 48

Depth [cm] Line 1[°C] Line 2[°C] Line 3[°C] Line 4[°C] Line 5[°C]

0,2 38 37 50 45 41
1,25 55 53 60 54 57
2,50 49 48 50 50 74
3,75 60 58 59 48 77
4,8 42 44 46 41 54

Once the temperatures obtained, to estimate thepabsorbed by the sample and performance, we
need to find a final average temperature that takesaccount all the measurement values:

100

Z 7'9measuremetn
19 - 1

average ~

=54°C
n

Average energy supplied:

ZWSU i

- pplied _

VVSUpplled - - 9.4Nh
nproofs

Average power absorbed by agar-gel:

m [C[(ﬂaverage_ 79IN—AGAR) —
t
_ 0.0934200(54-19)

30

Qabsorbed =

=455./W
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Average power provided and system efficiency:

_ Wsu lied __ 600_
Qsupplied = % =94 30 =1128N

”system: Qabsorbed — 4557 — 040
qupplied 1128

Considering that magnetron absorbs 400 W of tdtaB0 W, we take 2/3 of the supplied power, or
800 W, this is the useful power, and recalculdtesefficiency interested only the cavity:

/7 = Qabsorbed — 4557 — 057
ey Quseful 800

The following is the graph of temperature as a fiamcof the depth of the sample:
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The efficiency obtained in the cavity, so withoonsidering the power "held by the magnetron”, is 57
%; can be reached also after heating of 30 secanagaximum power of 800 W, a hot spot of 77°C
at a depth of 3.75 cm into the agar's proof alohg tine 5, orthe central one. The cold spot
rather lowis 36°Cat a depth of 0.2cm, andnehae upper surface, along theline 1.
As can be seen from the chart temperature/depth Sfaverage of all the lines 5 measured), which is
the line affected by the measures along the ceatt of the sample, is the one who suffers most
heating, because it reachestothe depthsof 2525 cm, and 3.75cm, respectively, the
temperatures of 65°C, 71°C and 74°C. These measuntsrare reliable, not only for the values
obtained, but also for characterizing the fact thate warming in the central part of the pieceetak
back to the center phenomenon of overheating efsee chapter 3.3.4); because Ohlsson and
Rismann in the 1978 have studied that cylindrical aspherical loads, undergo more intense
warming in the central part just as in our case.
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4.4.2 - Second test with MWO 2:

- Mass of agar-gel = 0.093 kg
- tueatne=20's

- Ymacacar= 19°C

- Yroow= 18°C

- Opare=18°C

- Boveninsioe = 16°C

Measurements:
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Depth [cm] Line 1[°C] Line 2[°C] Line 3[°C] Line 4[°C] Line 5[°C]
0,2 25 24 25 26 27
1,25 33 27 30 32 32
2,50 33 31 32 30 40
3,75 47 43 39 39 36
4.8 50 59 34 38 35

Once the temperatures obtained, to estimate thempabsorbed by the sample and performance, we
need to find a final average temperature that takesaccount all the measurement values:

100

Z 7'9measuremetn
19 — 1

average ~

=34°C

Average energy supplied:

ZWSU i

- pplied _

VVSUpplled - - 5.5/\/h
nproofs

Average power absorbed by agar-gel:

m [C[(ﬂaverage_ﬂlN—AGAR) -
t
_ 0.093[4200[(34-19)

20

Average power provided and system efficiency:

Qabsorbed =

=29293N

— Wsu lied _ 600 _
qupplied - % =55 20 = 900N
— Qabsorbed — 29295
”system_ -
Q 990

supplied

=030
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Considering the useful power is 700W, the efficieiscrecalculated as:

— Qabsorbed — 29295

= =042
7 cavity Q 700

useful

The following is the graph of temperature as a fiomcof the depth of the sample:
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The efficiency obtained in the cavity, so withoahsidering the power "held by the magnetron”, ever
is 42 %. So in this case we can say that the line suffers most heating is line 1 unlike the other
case where the hottest line was the central. Tiegherefore that the lower part of the piece, the
ends, will heat up more; in fact, in the piecethatdepth of 4.8 cm the temperature reaches 59°C.
There is also a hot spot at the center of the Isa@t a depth of 2.5cm, where it achieves 47°C.
This leads us to retrieve again the centre oveirigeatfect and the edge effect with predomasan
with the lower part.
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4.4.3 - Third test with MWO 3:

- Mass of agar-gel = 0.093 kg
- tyearne= 208

- Dimacacar= 19°C

- Yroow= 18°C

- Opare=18°C

- Boveninsioe = 16°C

Measurements:
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Depth [cm] Line 1[°C] Line 2[°C] Line 3[°C] Line 4[°C] Line 5[°C]
0,2 37 30 33 30 32
1,25 43 44 40 40 46
2,50 44 44 41 41 50
3,75 60 55 58 49 55
4.8 39 45 40 43 61

Once the temperatures obtained, to estimate thempabsorbed by the sample and performance, we
need to find a final average temperature that takesaccount all the measurement values:

100
Z Z9measuremetn
- 1 — o
79average - t =44°C

Average energy supplied:

ZWSU i

- pplied _

VVsupplied - = 8.8Nh
nproofs

Average power absorbed by agar-gel:

m [cl (ﬂaverage_ Jn-acar) —

Qabsorbed = t

_ 0.093#2000144-19) _ )00y
2Q

Average power provided and system efficiency:

— Wsu lied _ 600_
qupplied - % =88 20 =1584N
Msystem™= Qsorvea - 49825 _ 55

qupplied 1584
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Considering the useful power is 950W, the efficieiscrecalculated as:

n — Qabsorbed — 48825
cavity Q 950

useful

=052

The following is the graph of temperature as a fiomcof the depth of the sample:

80 T-----7---n-

70 -----v---o-

-
1
-
1
1
=
1
1

——t=--F--
P I S

1

1

1

1

1

1

i

1

1

1

1

1

: 3
| .
. | | i - —e—15

20 G R LR TR SELEEE RREIREEEE R B :
------------
10 foo e e A e A |
0 T i i T ]
0 1 2 3 4 5

Depth [cm]

In this case the efficiency obtained in the cavi$p, without considering the power "held by the
magnetron” ever, is 52 %, can be reached also ladi@ting of 20 seconds at maximum power of 950
W, a hot spot of 67° C, at a depth of 3.75 cm agaito the agar’s proof along the line 5, or the
central one. The cold spot rather low is 30° C depth of 0.2 cm, and near the upper surface, along
the line 1. Looking at the chart temperature/delitle, 5, is the one who suffers most heating again
(centre overheating effect). Furthermore, it carsben that a good heating uniformity in the pase
there is no significamkT and a certain symmetry, respectively, betweesslib and 2 and lines 3 and
4; also graphically you can see how the lines @oectose together and sometimes overlapping too.
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4.4 — Test with agar-gel samples (using infrared oaera)

This chapter presents the measures taken witifraréd camera to have, first, a comparison wiéh th
measurements by thermocouple; the sections mase, allow us to make a comparison , after,
between the real temperature distribution and db&ined by the numerical model COMSOL Multi-
physics.

The following case consists in heating of the samplith the same modalities already described
for the previous case with the thermocouple. Thddy odifference liesin the detection of
temperatures. In this case in fact, two tests wareed out for each oven, which correspond to two
surveys with the IR camera: a section along thes &fi3-5-4 and the other along the axis 1-5-2.
Once detected the temperature distribution, hapmegiously set also the correct epsilon on the
machine, it was possible, by means of a prograroptain the temperatures along the different lines.
The tablesin the various cases were extracted ftben program called Piced. The temperature
measurements were associated with the scale inlspix¢gh a  suitable approximation, the
corresponding pixel values were normalized and eded to a centimetre scale (of which we
give some values). Later they were given the vailes graph for a comparison with measurements
made using a thermocouple.

a) section 3-5-4 ] section 1-3-2

upper surface

mid surface

ceniral surface

mid surface

bottom surface

Fig. 7: Temperature measurement locations by different@ea) section 3-5-4; b) section 1-5-2 (upperfate
= 0.2 cm; first mid surface = 1.25 cm; central aoef= 2.5 cm; second mid surface 3.75 cm; bottafacei= 4.8
cm).
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4.5.1 - Efficiency calculation

Here are the measurements and calculations inateus cases relating to the transferred power and
the efficiency in different types of testing.

4.5.2 — First test with MWO 1:

Here are the temperature detected by the infraaetera through the section 1-5-2 and 3-5-4 of the
load as measured by the thermocouple; the tempesatextracted correspond to the points of
the lines shown in figure 7:

Depth [cm] Pxl Line 5 [°C] Line 1 [°C] Line 2 [°C]
0,22625 1,81 42,79 57,53 54,54
1,24375 9,95 65,39 54,73 54,78
2,54375 20,35 78,66 42,18 40,18

3,73 29,84 76,48 51,35 58,35
4,80375 38,43 56,63 35,43 41,37
5,08625 40,69 28,47 1,83 3,45

Depth [cm] Px| Line 3 [°C] Line 4 [°C]

0,217948718 1,36 50,35 46,68
1,232371795 7,69 62,57 59,14
2,246794872 14,02 57,31 64,64
3,767628205 23,51 61,75 63,99
4,782051282 29,84 56,44 62,91

5 31,2 45,48 57,13

" for simplicity, have been reported in the tablésach tests, only the values corresponding taliberetization
points (fig. 7), but for the realization of graphiand for the evaluation of the efficiency, refeeis made to all
values extracted from the program.
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Considering a range of temperature measured fertaio numbers of volume in different position of
the load, here is the average temperature essmate

n
Z ﬁmeasuremen
19 —

average

=56°C

n

Average power absorbed by agar-gel:

— m [C [ (ﬂaverage_ z9IN—AGAR) -
Qabsorbed - t -

_ 0.093[220056-19)
30

Considering the useful power is 800W, the efficieiscrecalculated as:

=481.7W

,7 = Qabsorbed — 4817 = 060
cay Quseful 800

This is the temperature distribution of the sectleB-2 and 3-5-4 of the load where you can see that
the trend is similar to a “X” and the central plaas got the two hot spots (white points at 81.2 By)
using the program it was possible to extract tineptrature values of the central line, the linerisl a
the laterals. (figure 8-9).

[ 66.87 ° Profil 1 (frame003.200) ActSe | maxrit
Min: 3877 ™ ~ Pixel | Metric

Max: 81.26

ASCI

! ; i ; : 1PxI
<55 > 1 X 1 400

Fig. 8: Section 1-5-2 of the load: temperature distribuaad graphic of the central line or line 5.
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__ Profil 1 (urano34.200) ActSc | MaxFit | [
A Pixel |Metric

UpperL 92.24

LowerL -1.99

Fig. 9: Section 3-5-4 of the load: temperature distributiod graphic of the lateral line, in this case Bne

The following is the graph of temperature as a fiomcof the depth of the sample:
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The efficiency obtained in the cavity, so withoansidering the power "held by the magnetron”, is 60
%; as stated above, there are two hot spots oft @03C into the agar’s proof along the line 5pals
this case, as the test with the thermocouple Sirgethe one who suffers most heating .

From the graph we can also note a certain symnbetiyeen the side lines, respectively, for sections
made but not total; this means that there is nathmuwniformity of heating in the sample that suffers
the greater warming in the middle (centre overlngaéffect) and in the ends (edge effect). Having
said this, even if the temperature is not the samest be noticed thatin this case the piece is
heated decidedly for almost the whole section view.
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4.5.4 — Second test with MWO 2

Depth [cm] Pxl | Line3[°C] | Line4[°C] | Line 1[°C] | Line 2 [°C] | Line 5 [°C]
0,234968901 | 1,36 14,07 10,41 0 2,04 5,53
1,249136144 | 7,23 21,61 21,92 22,5 19,92 28,68

2,5 14,47 26,53 30,56 30,26 25,85 42,44
3,749136144 | 21,7 45,75 52,64 49,15 41,67 47,46
4,842778162 | 28,03 28,8 39 29,25 28,55 23,74

5 28,94 7,6 12,97 2,26 8,85 0

Also in this case, considering a range of tempegatneasured for a certain numbers of volume in
different position of the load, here is the averegmperature estimates:

n
Z 7'9measuremetn
79 — i

average ~

=33°C
n

Average power absorbed by agar-gel:

— m [C [ (ﬂaverage_ 79IN—AGAR) -
Qabsorbed - i =

_ 0.0932200(33-19)
20

Considering the useful power is 800W, the efficieiscrecalculated as:

=2734W

/7 = Qabsorbed — 2734 — 039
ey Quseful 700
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At this time the temperature distribution of thetsns 1-5-2 and 3-5-4 of the load, shows thateher
are two hot spots on the bottom corners of the fampd an another heated just above the center
point. The hottest points, at the bottom edgesshr@®°C, but in the lateral measurement line, drawn
with the program, are not detected them becausedretoo close to the edge. So the temperature
noticed, at the depth between 3.75 cm and 4.8 £mbout 53°C (fig. 10). With regard to the center
line, the hottest point detected is located jusbvab the center of the workpiece, at a depth
intermediate between 1.25 cm and 2.5 cm, andliteis45°C.

. 3136 E Profil 1 (frame001.200) ActSc | MaxFit

Min: -212
Max:  44.74

Pizel | Metric

ASCH

<9H9 >

Fig. 10: Section 1-5-2 of the load: temperature distributimal graphic of the central line.

i 2494 5 Profil 1 (max12.200) _ ACHSE | MarFit
Win:  16.27 ' -
Max: 41.98

Pixel |Metric

UpperL 66.64

Lowerl -1.99

Fig. 11: Section 3-5-4 of the load: temperature distributimal graphic of the lateral line
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The following is the graph of temperature as a fiamcof the depth of the sample:
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The efficiency obtained in the cavity, so withoonhsidering the power "held by the magnetron”, ever
is 39 %. So in this case we can say that the line suffers most heating is line 4 at a depth 053.7
cm with 53°C. There is therefore, as the case whh thermocouple, that the lower part of the
piece, the ends, will heat up more and also theralepart (violet line).This considerations lead us
to retrieve again the centre overheating effect thacedge effect with predominance with the lower
part.

The fact that the heating is more practically dnlyhe lower part of the piece, leads us to affihat
this oven is probably more suited to a low loatkva centimeters in height, like a steak for example
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4.5.3 — Third test with MWO 3:

Depth [cm] Pxl Line 3 [°C] | Line 4 [°C] | Line 1 [°C] | Line 2 [°C] | Line 5 [°C]
0,234968901 1,36 29,37 32,05 35,48 28,39 27,28
1,249136144| 7,23 43,6 51,12 41,85 44,98 50,55

2,5 14,47 41,14 48,52 51,39 45,13 66,12
3,749136144 21,7 60,03 63,24 55,99 63,04 67,4
4,842778162( 28,03 48,08 47,78 34,15 53,6 41,37

5 28,94 43,33 40,68 27,3 49,59 36,93

Also in this case, considering a range of tempegatneasured for a certain numbers of volume in
different position of the load, here is the averegmperature estimates:

n
Z 7'9measuremetn
79 — i

average ~

=48°C

n

Average power absorbed by agar-gel:

m [C [ (Lgaverage_ 7'9IN—AGAR) -
t
_ 0.093[4200148-19)

20

Considering the useful power is 800W, the efficieigcrecalculated as:

Qabsorbed =

=566.3V

/7 = Qabsorbed — 5663 — 059
ey Quseful 950
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Also in this case, the temperature distributiorihef sections 1-5-2 and 3-5-4 of the load shows that
the trend is similar to a “X”; the most heated pate the red parts where the load reach a teroperat
between 58°C and 70°C (small white spot) in paldicin the bottom of the sample, at the edges and
just below the central part. Figure 12 shows thathot spot, regarding the central line, is at ptiue
between 2.5 cm and 3.75 cm and it's among 52°C&8i€. Figure 13 represent the temperature
graph of the lateral line, in this case line 3 flsatery similar to the symmetrical line 4; the obe is

at a depth between 3.75 cm and 4.8 cm, and indictgenperature among 55°C and 65°C. Note also,
nearby the central part of the piece, to the oatsidfairly cold zone, where the temperature remain
around 30°C.

At 44.32 Y Profil 1 {frame001.200; ACtSC | MaxFit MinT 1820
Min: 19.50 _ Pixzel |mMetric
— MaxT 70,00
Max: 58.11 R=eT
(B Visens o2
Emis 0.400
AmbT 2157

< 5x5 >

Contrast

UpperL 70.00

Fig. 12: Section 1-5-2 of the load: temperature distributioil graphic of the central line.

A 4818 ’ Pruﬂ|1m1z.z ACISC | MaxFit | [yt -1.99
Min: 18.76 “ Pizel |Metric

MaxT 75.01
Max:  64.50

Asal sens 030

Emis 0.350

AmbT 28.61
?‘ Contrast

UpperL 75.01

Lowerl -1.99

Fig. 13: Section 3-5-4 of the load: temperature distributiond graphic of the lateral line.
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The following is the graph of temperature as a fiamcof the depth of the sample:
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In this case the efficiency obtained in the cavisp, without considering the power "held by the
magnetron” ever, is 59 %.

Looking at the chart temperature/depth, line Sthis one who suffers most heating again (centre
overheating effect). Furthermore, as seen forctse with the thermocouple, it can be noticed ahat
good heating uniformity in the piece.
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4.5 — Comparison of experimental results

The following shows the comparison between the ltedtom the thermocouple and that by the

infrared camera.

MWO 1:

The two lines 5 (IR= infrared camera; Tc= thermgadey and the two lines 1 are overlapping and
very similar. A little less for line 2, for the ceal points where there is a temperature’s gapboiia
10°C; this can be explained by the fact that theedi for the measurements made with the
thermocouple are based on an average of many ratwessthan those made with the infrared camera

so the margin of the deviation is acceptable.

L
4

3
Depth [cm]

(Tc)

=@=Line 5
(Te)

(IR)

=¢=_Line 2
(IR)

== Line 2
(Tc)

The two lines 3 (lines red and blue) are also @amjlar while lines 4 deviate still in the centprt.

MWO 1:

SRR A X A 3¢ ¢ o ae
XAXXXXXIZIXXIXIR

70

2 3
Depth [cm]

=>é=|ine 3
(IR)

Line 4
(Tc)

=@=_Line 3
(Tc)

==|ine 4
(IR)

77




- MWO 2:

Lines 1 match virtually except for the initial vaki Lines 2 differs lightly but this can be always
explained by the fact that was talk before foredhse of MWO 1.

Lines 5 are overlapped up to the central point aftsch deviate.
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The trend for the other two side lines 3 and 4hismgs the same; upper zone and cold as one
approaches the plate, the sample is heated more.
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- MWO 3:

The side lines1l and?2 are similar enough so thahost all points of discretization for the
measurements with the thermocouple, coincide witisé¢ of the camera. The trend between point and
point then varies but this is because thgctrves” are an interpolation of these points.

Lines 5 deviates a lot with a detection of the camehich shows a greater heating especially in the
center of the piece.
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Lines 3 matching except for the final part whiledls 4 are more distant.
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- Conclusions:

Line 1-2 Line 5

Depth[cm] [°C] [°c]
0,2 16-25 16-25
1,25 16-30 25-40
2,5 16-30 35-50
3,75 35-60 30-45
4,8 35-60 25-35

Table 1: Margin of error in the measurement with the therougde than on the infrared camera

The table above shows the temperature ranges #iminypothetical measurements detected for the
case of MWO 2, looking at the images of the thenraphic.

In fact, referring to the colour scale seton tmermographs, it can be noted that the values of
temperature, at the depth used in the tests,imaayrange large enough in the neighborhood of the
measuring point; ie the accuracy given by the canrethe reading point is greater than that obthine
by thermocouple where the measurement error ofofterator may have led to read a value more
or less real. So this is to demonstrate that orttbemocouple temperature readings there is a margi
of error due to the accuracy of the measure thathmaae influenced the results. Therefore can be any
disagreement between the tests with the thermoeaml the ones with the infrared camera.

Furthermore, measurements with the infrared camerarelated to each pixel of the frame, then
normalized, and then the curves in the graphsrisioty more accurate, or better, reflects theitgal
more than the single interpolated points in theresirefer to measurements with the thermocouple; so
in the last case you do not know the exact trerti@turves between the discretization points.

By contrast, the measurements made with the theyupde are a large number for which the values
reported in the graphs are based on an averagehedsfrared camera surveys are only reported
through the load in question, so it is more thasbpble that the values refer to measurements tth t
thermocouple are levelled compared to those takehéinfrared camera.

Ultimately it may be said that the ovens MWO 1 &ndarry to a heating, of the load in question,
much higher and with greater uniformity respectie MWO 2. The latter, as already seen, it tends
to heat up almost exclusively the lower part of thece, and this leads us to affirm that this oven
is probably more suited to alow load, a few ceptans in height, like a steak for exampléh
respect to a load of 5 cm of height, as in our case
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Chapter 5
Numerical Models

5.1 — Introduction of Finite Element Method (FEM)

The Finite Element Method (FEM) is a numerical aoh likely to find approximate solutions to

problems described by partial differential equadidsy reducing them to a system of algebraic
equations. The aim is to approximate the true paté unknown function with that of some special
functions to known trends that generally are pofyizd.

The main feature is the discretization of the aomius domain of the continuous domain of the
departure in a discrete domain, by using meshgtroaf simple shape elements like triangles and
quadrilaterals for 2D domains, and hexahedral etrdhedral for 3D.

This step involves reducing the number of degrdeBemdom, that are infinite in the continuous
medium, considering only a few points, nodes, efdtiucture, that are therefore finite.

Fig. 1: Divided in subdomains.

Another characteristic is the description of theitdary conditions that define the interface between
the subdomains of the model and their surroundifiggyether with the initial conditions are
necessary for a correct definition and resolutibthe model.

5.2 — Software: COMSOL Multi-physics

COMSOL Multi-physics is a software package for mode and simulate any type of physical
process describable by PDE (partial differentiabaipns), resolving them through appropriate
solvers. The strength of COMSOL, compared to oflodiware, is the presence of numerous modules
corresponding to various physical phenomena thatbeacombined. The module on phenomena in
radio frequency, RF, is based on the classic Maavetiuations and enables to model and simulate
electromagnetic waves. Examples of applications saccessfully simulate and design include
waveguides, antennas and transmission lines asawetiulti-physic applications such as microwave
heating devices.

82



The following arethe main steps forthe

software COMSOL Multi-physics.

Modelling Instruction

Model Wizard

1) Go to theModel Wizard window.

elaborattb one ofthese problems using

the

2) InAdd physic tree, selecHeat Transfer>Electromagnetic Heating>Microwave Heating.

3) In theStudiestree, selecPreset Studies>Frequency-Transient.

Global definition

First, define a set of parameter for creating thengetry.

1) In theModel Builder window, right clickGlobal Definitions and choos®arameters

2) Go to theSettingswindow for Parameters.

3) Locate thParameterssection. In thé?arameterstable, enter the data like the example.

File Edit View Options Help

Ue8&8 s gL~
T Model Build T, SelectionLi | = 0 |[kid Settings
— b Do O
='= s B P Parameters

4 13 MW Oven - Rotation - deg_0.mph (root
4 E Global Definitions
[Pi_Parameters|
4 W) Model1 (mod1)
= Definitions

v

A, Geometry 1

|+ ## Materials

t i Microwave Heating (m#h)
i 5 Meshl

b 22 Studyl

1 {51 Results

= Parameters

MName Expression Value Description =
wo 295 [mm] 0.295 m oven width
do 290 [mm] 029 m oven depth
ho 175 [mm] 0175 m oven height
wig 85 [mm] 0.085m waveguide width
dg 20 [mm] 0.02m waveguide depth
hg 30 [mim] 0.03 m waveguide height
p 1225 [mm] 0.1225 m plate radius 3
hp 8 [mm] 0.008 m plate height 1
bp 10 [mm] 0.01m plate base
T 18 [deg(] 291.2K initial temperature
ra 27.5 [mm] 0.0275 m agar radius
ha 50 [mm] 0.05m agar height
Rcc 7 [mm] 0.007 m outer radius, coaxial cable
rec 3 [mm] 0.003 m inner radius, coaxial cable
Lee 22 [mm] 0.022 m lenght, coaxial cable il
freq 2.45 [GHz] 2.45E9 Hz -
t 3 EE B
MName:
Expression:
Description:

Fig. 2: Parameters table.

83

z

b

|EZ] Messages 3
|comsoL4.20150




Geometry

1) In theModel Builder window, right clickModel 1>Geometry 1

3) Choseéblock to create the oven cavity or the waveguide;

0288 s DA (L~ =

Fig. 3: Block that simulate the oven cavity.

2) Chosecylinder to create the turntable;

3) Finally you chose the shape of the load accgrtiirthe treated case.
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Fig. 4: Finally geometry of the microwave oven.
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Definitions

Create the following selections definitions in arttemake Domain and Boundary selections easier as
you walk through these model instructions.

1) In theModel Builder window, right clickModel 1>Definitions and chos&elections>Explicit
2) Right clickExplicit 1 and chos&ename

3) Go to theRenameExplicit dialog box and type the name of the load, for edarmi\gar, in the
New nameedit field.

4) Then select the Domain interesting the load.

File Edit View Options Help
088 s OA v =

"1 Model Build %, Selection Li | || Settings & = O(h Grephics s,
_ [WodBumer] "= 3 B8 | v, Explicit I xoCc@E-lQARG@B L-hkk|lecEaeea|Fl
4 U3 MW Oven - Rotation - deg_0.mph (root |
4 = Global Definitions ~ Input Entities

% Parometers = |

4 ¥ Model1 fmod1) Geometric entity level:
4 = Definitions 7 E o+
[ Agar &
v L=
&, No heat transfer I |
g, Input Port
", Metal Boundaries ‘

L
=)

i+ Boundary System 1 sys1)

b {4 View1 7] All domains

b P\ Geometry1
& 8B Materials ~ Output Entities

b Microwave Heating (mh)

. [Selected domains -
| 65 Mesh1 |

b 2 Study1
i Results |

[ Messages 2% . =0 Progress| (=] Log| [E] Results|
COMSOL 420150

Fig. 5: Definition of the explicit: in particular, in thisase, about the load.

Now you have to do the same operations to defireother features like the plate, the air, the port
boundary, the metal boundaries etc..

Materials

Next, define the materials. You can already fintheadefined materials in the Material Library like
Air or Copper for example.

1) In theModel Builder window right clickModel 1>Materials and chos®pen Material Browser.

2) Locate theMaterials section, selecBuilt In>Air (for example) and then right click and choose
Add Material to Model.

3) After this in theModel Builder window, clickAir, go toSettingswindow forMaterial and locate
the Geometry Entity Selection From theSelectionlist, selectAir .

85



File Edit View Options Help
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() Difference 3 (dif3) G5 Modls
© metal cap (gy17)
€ inner ceramic (cyl8)
£ antenna (c/19)
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4 BB Materials =
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» &8 Dielectric

Basic Properties
Electrochemistry
Electromagnetic Models

Solid 5

~ Material Contents
Fig. 6: Setting the material like air.

4) For a new material, in thdodel Builder window, right clickMaterials and at this time chose

Material . Right click Material 2, choseRenameand type the name of the load, like Agar, in the
New nameedit field.

5) Go toSettingswindow for Material and locate tHéeometry Entity Selectionsection. From the
Selectionlist, select Agar. Locate thdaterial Contents section and in th®aterial Contents table

enter the features of the load like the electrimdetivity, the relative permittivity or relative
permeability etc..

Do the same operations to define the other maselikd the copper for the metal boundaries or the
glass for the plate etc..

Microwave Heating

It's now time to set up the physic. In this sectymu have to fix the Domain and Boundary conditions
selecting the defined features above on Definitions

1) In the Model Builder window, right click Microwave Heating and chose boundary condition
Electromagnetic Wave >Port

2) Locate theBoundary Selectionsection and from th8electionlist selectPort Boundary. Locate
the Port Properties and in R, edit field type the value of the power. Also sfiiecihe K, vector and

the propagation constant for the first propagatimade 3. If the type of port is coaxial, like in our
case, only edit in;Pthe value of the power.
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Fig. 7: Fixing the boundary condition, for example, abd port.

Next set up the remaining boundary conditions like Perfect electric conductor and the Initial
Values like the initial temperature of the load.

Mesh

In order to ensure convergence and get an accugatét, the mesh in this model is required to
everywhere resolve the wavelength.

1) In theModel Builder window, right clickModel 1>Mesh land chosd-ree Tetrahedral. Right
click Free Tetrahedral 1 and chos&ize FromGeometry Entity Level list selecDomain. From the
Selectionlist select Agar .
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Fig. 8: Chose the appropriate mesh that can be predefineastomized according to the requirement.

2) Locate theElement Sizesection. FronmPredefined list select the type of accuracy like finer or
extremely finer for a better result. Finally clitie Build All button to check the mesh.

Study

1) In the Model Builder window, click Study 1>Step 1 Frequency-Transient Go to Settings
window and locate the stud§ettings section. In thelimes edit field, type the range related to your
case for example (0,1,30). This will give you outptievery second from t=0 to t=30 s.
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Fig. 9:The final step regarding the study settings ta sher analysis.

2) In theFrequency edit field, type 2.45 GHz.

3) Finally in theModel Builder window, right clickStudy 1 and chose€Compute to starting the

process.

Results

The Graphics window shows the temperature disiobutn the surface of your load, for example the
Agar sample, after the time you had set, like 3Dis¢he case above.

Now you can do the considerations of the case anmgpare the results obtained with the software,

with the experimental ones
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5.3 — Simulation Results

First of all was set the problem using the softW@@MSOL Multi-physics or, as in the example
explained before, itis built geometry of the owenquestion, with the real dimensions previously
measured (including the cavity, the waveguide, antenna of the magnetron). Subsequently were
placed the boundary conditions, ie, was considdrecondition of perfect electric conductor (PEC)
for metal and copper and air as the remaining domas regards the antenna was done with the
configuration of the type figure 10. That is,akén into account inthe final partof the
magnetron (the one that enters in the guide) rmiaimyg a configuration as can be approximated to
the real one (coaxial cable). In fact there i®bolw internally, that is none other than the fipakt of

the coil which picks up the high-frequency wavejleitexternally there is a metal cap and a ceramic
cap, from which radiates the field.

The last condition is that relating to the defmitiof the port so that simulates the effect of the
field. This has been applied on the outer facdivedo the coaxial cable in the direction orthogbn
therefore, to the input waveguide. The final pactudes the study of the problem or, in our caas, h
been done before a frequency domain to analyzeligtebution of the field at different frequencies
(in the range of use ie 2.4-2.5 GHz) and then @@ study with a frequency transient. All this, of
course, with the Microwave Heating module that comebthe study of the electromagnetic to the
heat transfer.

To validate then, as accurately as possible, sterésults obtained experimentally, was simulattesl,
time taken to perform the measurement that corretpdo an initial cooling. This means to make a
study, with the duration of 10-15 seconds, by meahsa heat transfer in solid with a so-called
convective cooling; then set the value of coeffitief heat exchange, 7 WK, and the ambient
temperature, we have proceeded with a time depéstety.

WAVEGLNDE

OUTPUT ANTEMNMA, CERAMIC

MAGMET .
""""
CODLING |- . "
WAMNES

CATHODE
FILAMENT

RINGS

MAGNE TRON
HOUSING

FILAMENT AND TERMIMNALS WITH
CATHODE LEADS RF. CAPACITORS

Fig. 10: Configuration of the antenna of magnetron.
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After setting the problem using the software, wasied out with the execution of the instructioris o
the code, using the Matlab language, it could,rigrfacing with COMSOL, to make the rotation of
the turntable, not covered by the same.

The block diagram below represent the instructiosed by the code for the simulation, and eventual
validation, of the experimental tests. First haeerbinserted the inputs of the program: simulation
time, the speed of rotation of the plate and thgleastep. Starting from an initial temperature fod t
load it was set to a cycle that update the angletation relative to the number of simulations per
revolution, of the plate, for the overall duratiempy the number of revolutions to be simulated.
Everything through the description of the known mematical laws of rotation. Then ultimately there
is the heating from the initial temperature to tredating to the next step until the end of thecpss.
This means COMSOL interfaced with live links of Nédt so the same software fetches updates with
its new temperature rotated by the angle in questind proceeds with the next step of heating.

'8\NITIAL

P10 +AD

Matlab
Interface

End of simulation

A 4

Results

The following are the result obtained by the nucerimodel COMSOL Multi-physics interfaced with
Matlab for the validation of the experimental teeach MWO.
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- MwO 1

COMSOL Multi-physics is a good software becauseait carry out different studies in an individual
problem. For which, before performing the finaldstuthe so-called frequency-transient), an analysis
was made in the frequency domain; ie it was ingastid the different behavior of the load at différe
frequencies. In particular as regards the distidoubf the field and the power absorbed by the load
So we proceeded to a parametric sweep in the freguange between 2.4 GHz and 2.5 GHz with a

certain stepfig. 24).

.. @ QB bl | W)

¥ -3.296x107

= Me_csags[lﬂl Progress |5 Log [E Results EX\"-\_ B A xhhEREEE~-"O

freq Total power dissipation density (W) =

24059 16144773 —
2419 170.55838
2.415€9 184.29102
24269 20547029
2.425&9 237.20359
24368 282.7529
2.435¢8 34314558
2,448 39776879
24458 41691729

—> (| 2458 46336462 3

245560 45737281 I
2,469 41355392
2.465e8 36093988
24768 31257289
24758 27707257
2489 25408602
24859 24205841
2.49e9 23958123
2.495e9 24539557

2.5¢8 25883742 =

Fig. 11: Frequency domain study for MWO 1: field distrilmrtiand values of power absorbed for different
frequencies.
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The result obtained are reported in the graph bedovior a frequency step of 5 MHz it have diffdren
power absorbed and so different efficiency. Moreaiso the field’s distribution varies for differen
frequency. So for this case is chosen to set #guéncy of 2.45 GHz which corresponds to a power
absorbed by the load equal to 463 W, that is tieevinat is closest to the experimental test. b fa
this value corresponds to an efficiency of:

I7 = Qabsorbed — 463: 057
Fn Quseful 800

MWO 1

500 -
450 A
400 -
350 A
300 A
250 A
200 A
150 A
100
50 -

Power absorbed [W]

2.4e9
2,41E+12
2.41e9
2,42E+12
2.42e9
2,43E+12
2.43e9
2,44E+12
2.44e9
2,45E+12
2.45e9
2,46E+12
2.46€9
2,47E+12
2.47e9
2,48E+12
2.48e9
2,49E+12
2.49¢e9
2,50E+12
2.5e9

Frequency [Hz]
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Fig. 12: Temperature distribution of section 1-5-2 of thad after 30 seconds for MWO 1.
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Fig. 13: Temperature distribution of section 3-5-4 of thad after 30 seconds for MWO 1.

The images above show the section 1-5-2 and 3f3edeated load, after 30 seconds of heating, for
MWO 1. The two sections are very close each othed the temperature distribution is similar to a

“X”; in fact the most heated parts are the edges$ taro points along the center line. The first get a

temperature between 50°C and 60°C while the hasgpach a peak of 80°C.
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Fig. 14: Lateral view of MWO 1 with the heated load.

Finally has been simulated, the time taken to parfothe measurement. Then through a heat
transfer in solid was possible to simulate, witbhoavective cooling, for the duration relative taeth
measure, that is 15 seconds, the initial coolinthefworkpiece.

A 76518 AT7.297
(pE _ _ .I =
L 170 70
{85 85
50 60
55 55y
50 50
45 45
T 40
:35.?05 4 ¥ 35.88

Fig. 15: Final temperature distribution of section 1-5-Fig. 16: Final temperature distribution of section 3-5-4.

Then compared to the end of heating, with the satmh inherent cooling we have that the
distribution of temperature change a little, orté&etconforms slightly; also as can be seen from th
temperature detection in the figure 15-16, alwayating to the two sections, there is a decrea#igein
order of 5-6°C, in fact the two peaks are 76°C @antiC against 81°C and 82°C comparative to the
end of the heating.
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The following is the graph of temperature as a fiomcof the depth of the sample with the data
extract, after the study, from the software:

%) S 2"c"
-
== ine 3 "C"
=é=|ine 4 "C"
0,00 1,00 2,00 3,00 4,00 5,00

Depth [cm]

As can be seen from the graph line 5 is the onerenhehas the greater heating of the piece;in
particular are noticed the two hot spots, one énrteighborhood of 2 cm in depth (of about 80°C) and
the other around the 4 cm in depth (where it reseleut 70°C). It also denotes a neat symmetry of
values respectively between the lines of the reiesactions, ie the lines 1-2 and lines 3-4.
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- MWO 3:

Also in this case, before studying the final pr@ses analysis was made to knthe distribution of
the preliminary field, with the corresponding vaktedifferent frequencies and the power absorbed in
the respective cases.

-d- Graphi;\‘-x Q Q 4 E’” e w Iﬂ. Il:. Ii". ¥ D| & = El-.

HE A X WEEBEE-S0

-

= Messages | =0 Progress |r|:| Log
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242659 30289026
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24289 44529524
—> | 242859 49342436
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2.43e9 628.80459
243059 671.33809
24319 71224619
243150 750.58496
243269 785.00839
243250 813.99832
243369 83615947
2.4335e9 850.52872
24348 856.80828
2434520 855.3361
243569 849.04354
243558 83738678
243669 82172482
7 49A5:0 and 14772

m

Fig. 17: Frequency domain study for MWO 3: field distrilmrtiand values of power absorbed for different
frequencies.
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The result obtained in the frequency domain fos ttase are in the graph below; so for a frequency
step of 0.5 MHz, for a better precision, it haatso at this time, different power absorbed and so
different efficiency too. Therefore it was set tihequency of 2.4285 GHz which corresponds to a
power absorbed by the load equal to 493 W, thitteisvalue that is closest to the experimental &xst.
the efficiency results:

N = Qabsorbed — 493
e Quseful 950
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=
< 600
8
= 500
o
2
2 400
]
= 300
g
200
100
0
DA AN N AN AN OO AN AN AN AN OO AN AN AN OO AN NN OO NN
VD A o A 4 U A4 A A d 0O A A A4 4 UV A A A A4 U A A A - QO
< + + + + N+ + + + < + + + + O + + + + 0 + + + + 0
O d d N AN O T WLWO GORNKN® GO OO
NN NI NN NN N
AN N N N AN N &N N AN N &N N AN N N N AN N AN N
Frequency [Hz]

98



il W.26,082.

Fig. 18: Temperature distribution of section 1-5-2 of thad after 20 seconds for MWO 3.
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Fig. 19: Temperature distribution of section 3-5-4 of thad after 20 seconds for MWO 3.

For MWO 3 we have a similar temperature distributad MWO 1 that represent again a “X”; a hot
spot on the top and once on the bottom are the hezded points where it reaches 70°C.
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Fig. 20: Lateral view of MWO 3 with the heated load.

Also for MWO 3 has been simulated, finally, the ditaken to perform the measurement. So through
a heat transfer in solid was possible to simubatth a convective cooling, for the duration relatito
the measure, that is 15 seconds, the initial cgadirthe sample.
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Fig. 21: Final temperature distribution of section 1-5-Fig. 22: Final temperature distribution of section 3-5-4.

Thus also in this case with the simulation on thevection cooling there is a decrease in temperatur
of a few Celsius degrees, so that the hot spdtfrdah 71°C to 65°C approximately.
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- MWO 2:

The case on the MWO 2 was more complex to deal. witlfact the results are not satisfactory. The
study on the frequency domain shows (see graphweltat the trend of power consumption as a
function of frequency is very variable. Furthermocempared with 2 cases seen previously, the
preliminary calculation, leads to a distributiontbé field, within the piece, which, as we shak se

the conclusions, does not reflect the reality.
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As can be seen from the graph there is a trenleopbwer absorbed as a function of the frequency
highly variable even compared to the previous cdseowing are some field distributions related to
certain frequencies to point out the diversitytadit cases:

b Graphics

N o o e ) 0

Fig. 23: Field distribution at 2.4 GHz.
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Fig. 24 Field distribution at 2.41 GHz. Fig. 25: Field distribution at 2.45 GHz.
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Fig. 26: Field distribution at 2.47 GHz. Fig. 27: Field distribution at 2.5 GHz.

So it was not chosen to complete the simulatioeiugting the heating load for 20 seconds, by turning
the turntable, but to explain the problems encaeudteelating to the case:

- First, there is to say that both as regards the M&/@nd 3 will have the MWO two
waveguides. So this is certainly to influence tieédfdistribution that is random, ie there is
no way to understand the field wisely prefer tovkea gap over the other.

- The geometry of the MWO 2 is very particular widgspect to a traditional oven (see figure
28): the cavity has a semi-cylindrical shape wtafflects certainly on the type of reflection
which takes place inside it. Also the waveguidehvtite corresponding input of the antenna
is singular. In fact, the magnetron is disposethatbottom of the oven. All that far removed
from such a simple configuration MWO 1, where it lzan antenna placed on the lateral side
of the guide placed in the oven and with a singitéed for the "leakage" of the field.

102



X C @ @aa el s e

Fig. 28: Geometry of MWO 2: semi-cylindrical cavity shape.
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Chapter 6
Conclusions

6.1 — Comparison between numerical models and
experimental tests

Below are the results obtained by experimentastestl simulation with the numerical code
COMSOL Multi-physics; this to see if there is soocmrespondence and whether it is possible to
obtain reliable results using software, knowingyahk initial parameters of the single problem.

The following are the results of the methods usmdthermocouple measurements, infrared camera
detections and COMSOL Multi-physics validation.

- MWO 1:
Initial Initial
Temperature 19 °C Temperature 19 °C
Do Do
Average Average
Temperature 53 °c Temperature 56 °c
measured measured
aave 'save

Table 1: Results obtained by using thermocouplable 2: Results obtained by using infrared camera.

The results obtained by the two experimental metlard very close together. In fact, the calculation
for the measurements taken with the thermocoupl¢dean efficiency, in the cavity, of 55% while
those with the camerato an efficiency of 60%. Hynaas regards the comparison with the results
obtained using the software is that the efficieiscy7%.

Fig. 1:Infrared camera view: section 1-5-2 Fig. 2: COMSOL Multi-physic result: section 1-5-2.
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Fig. 3: Infrared camera view: section 3-5-4 Fig. 4: COMSOL Multi-physic result: section 3-5-4.

The simulations carried out, using COMSOL Multi-ghog, have been very satisfactory in the case of
MWO 1 where it can be said that the validationuscessful. Indeed, as one can see from figure 1-2
and 3-4, the temperature distribution betweerettperimental case (section through infrared camera)
and simulation (by software) are very close togethieneets the temperature distribution in an “X”
and will also have the two hot spots along the eenline where itreaches a temperature of
approximately 80°C, somewhat less after cooling & 8-9 chapter 4.4 and 15-16 chapter 5.3).

Keep inmind that the color scale refersto theperature measured is different between
thermographies and COMSOL. It can be noted, howeethe orange area for the thermography
indicates a temperature between 50-60°C whicheisel area for the image of COMSOL; this means
that the trend detected by the software is vergecto the real one.

A final comparison is shown below where are rembrtthe temperature/depth graphics of the

measurement for the individual lines respectivaty €ach of the methods used; therefore on the
measurements taken with the thermocouple (Tc)getfimsnd with the infrared camera (IR) and those

extracted from the results obtained by the numkciode COMSOL Multi-physics (C).
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- MWO 3:
Initial Initial
Temperature 19 °C Temperature 19 °C
'80 'So
Average Average
Temperature Temperature
P 44 °C P 48 °C
measured measured
'save 'save
52 % 59 %

Table 3: Results obtained by using thermocouplable 4: Results obtained by using infrared camera.

The results obtained by the two experimental methabebw two efficiencies that deviate from 52% to
that obtained with the thermocouple to 59% by irdfdacamera; as mentioned earlier, this is probably
due to the fact that on the thermocouple tempegateadings there is a margin of error due to the
accuracy of the measure that may have influencedahults. So it is more realistic to think of an
efficiency that is close to the value obtained bg infrared camera. As regards the comparison with
the numerical code we have an efficiency of 52%is Téking into account the fact that the value
obtained from the preliminary assessment madegdédsahrough the frequency domain;in
fact, doing a parametric sweeps with the frequen€ywork, it was possible to detect which field
distribution wasthe closest to the case and hendgichvalue of power absorbed, and
thus efficiency in cavity, was the most appropridteese considerations lead to the conclusion that it
was not easy, especially in the case of the twogwvéth the double guide, to set the problem
with COMSOL; this may be due to the fact that, canggl to MWO 1, where there was a single
guide which leads to a simulation easier, in thésec the configuration with two guides, with the
consequent problem of cross-talking between thegd)anake more complex the study.
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Fig. 7:Infrared camera view: section 3-5-4. Fig. 8: COMSOL Multi-physics result: section 3-5-4.

Compared to the previous case, that relating toviW&O 3 presents diversity. Indeed, as shown in
figures 5-6 and 7-8, the software detects thathttespot at the top of the piece there, but should
instead be two hot spots in the lower ends. Thathvborresponds is certainly the hot spot just unde
the center of the load and also remains corredietmperature distribution in an “X".

The temperature reached, in the hot spots, inxperamental test is 70°C which is what is achieved
through the simulation with COMSOL at the pointtjbelow the center of the sample; while the ends
do not reach just the same values of temperaturarbuclose enough cause the termographic camera
marked 70-75°C (fig. 12-13 chapter 4.3) while tloévsare’s simulation reported 60-65°C, always
considering the cooling of the piece. (fig. 21-2&pter 5.3).
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- MWO 2:

In this case it was even chosen not to make thalation complete with software, which includes the
rotation of the load for the required time, andsthécause the results obtained from the frequency
domain, as seen in the previous chapter, were aoefpgable. The fact is due, as for the MWO 3, to
the more complex geometry comprising the doubldeyaind in this case also a semi-circular shape of
the cavity which may have led the software to agoirect calculation. This leads us to think of
studying the physics of a problem than; for exampiake the antenna of the magnetron in a different
way trying to reach, if possible, to simplify theoplem.
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6.2 — Outlooks

The results obtained leads us to affirm that treeaighe agar-gel, such as experimental load, lid,va
also in substitution of water, provided by the $&md IEC 60705, relating to methods for the
measurement of performance in household microwseas.

As already mentioned, the problems seen espedraliye case of MWO 2 lead us to think that we
need to improve the simulations with a more aceunabdel of the physics, especially with regard to
the source. Moreover, it would be interesting toestigate about simplified models, especially
regarding the geometry and physics of the problem.

Furthermore, the microwave ovens viewed, with thegnetron as source, have a configuration
that has come to the end as development. The mexchoh the future will have, instead of the
magnetron source, other types of feeding that ledtl to increase efficiency and the distribution of
the temperature in the load.
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