Experimental and Theoretical Study of Microwave

Heating of Thermal Runaway Materials
by

Xiaofeng Wu, M.S.

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Mechanical Engineering

James R. Thomas, Jr., Chair
William A. Davis
William C. Thomas
Elaine P. Scott
David E. Clark

December 2002
Blacksburg, Virginia

Key Words: Microwave processing materials, Thermal runaway, Thermal runaway control

Copyright(c) 2002, Xiaofeng Wu



Experimental and Theoretical Study of Microwave

Heating of Thermal Runaway Materials

Xiaofeng Wu, Ph.D.
Virginia Polytechnic Institute and State University, 2002

Advisor: James R. Thomas, Jr.,

ABSTRACT

There is growing interest in the use of microwaves to process materials. The
main application of microwave processing of materials is in heating. The most impor-
tant characteristic of microwave heating is volumetric heating, which is quite different
from conventional heating where the heat must diffuse in from the surface of the ma-
terial. Volumetric heating means that materials can absorb microwave energy directly
and internally and convert it to heat. It is this characteristic that leads to advantages
such as rapid, controlled, selective, and uniform heating.

However, some problems hinder the widespread use of microwave energy. One
of these problems is called thermal runaway, which is a type of thermal instability
due to the interaction between the electromagnetic waves and materials. As thermal
runaway occurs, the temperature of the heated material rises uncontrollably. The
normal consequence of thermal runaway is the damage of the processed materials.

The origins of thermal runaway are different under different processing con-
ditions. When processing ceramic materials, thermal runaway is mainly due to the
positive temperature dependence of dielectric loss of the material. These materials
absorb more microwave energy as they are being heated. The most plausible expla-
nation of this phenomenon is the so-called “S-curve” theory. However, prior to this
work, no direct experimental evidence has been published to verify this theory.

In this dissertation, we report the direct experimental evidence of the so-called

“S-curve” by heating thermal runaway materials in a microwave resonant cavity ap-



plicator. A complete discussion of how the experimental results were achieved is
presented. From the experimental results, we find that by the use of the cavity effects
thermal runaway can be controlled.

To explain the experimental findings, a theoretical model based on equivalent
circuit theory is developed. Also, a coupled heat transfer and electromagnetic field
model is developed to simulate the heating process. Both models give reasonably
good comparison with our experimental results. Finally, a method to control thermal

runaway is described.
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NOMENCLATURE

a thermal diffusivity (m?/s); waveguide width (m)

b waveguide height (m)

CL cavity length (m)

C, specific heat (J/kg - K)

d slab thickness (m)

D, penetration depth (m)

E electric field (V/m)

f microwave frequency (Hz)

h convective heat transfer coefficient (W/m? - K)

I equivalent current (A)

Jn Bessel function of 1st kind of order n

Epn wavenumber of the TE,,,, mode (m™!)

Ly the length between the iris plane and the rod location (m)
L, the length between the rod location and the short plane (m)
Qabs power density (W/m?)

r radius of the rod(m)

S Poynting vector (W/m?)

t time (s)

T Temperature (°C or K)

Vv equivalent voltage (V)

Y, Bessel function of 2nd kind of order n

Zy characteristic impedance of the TE;y mode (£2)

Zyg the impedance of the iris(€2)

Zq the nomalized impedance of the iris

Zy the series part of the impedance of the rod ()

2 the nomalized series part of the impedance of the rod
Z. the parallel part of the impedance of the rod((2)

Ze the nomalized parallel part of the impedance of the rod
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phase constant (m™!)

€0 permittivity of free space (f/m)
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€ dielectric constant (f/m)

e’ loss factor (f/m)

€, relative dielectric constant

e’ relative loss factor

€rp effective relative loss factor

v propagation constant (m™1)

r reflection coefficient
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Ag wavelength in waveguide (m)

Lo permeability of free space (h/m)
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Chapter 1

Introduction

Originally, microwaves were principally used for communication. In 1950, the use of

[11] Now microwave ovens have

microwave energy to heat materials was discovered
became common for heating food products in the home. The potential advantages
of microwave heating have led researchers to design and implement new processes
for industrial use. Although some non-thermal microwave effects have been observed
and claimed by researchers, the main application of microwave processing of materials
is in heating. The most prominent characteristic of microwave heating is volumetric
heating, which is quite different from conventional heating where the heat must diffuse
in from the surface of the material. Volumetric heating means that materials can
absorb microwave energy directly and internally and convert it to heat. It is this
characteristic that leads to advantages using microwaves to process materials.

In the past, microwave heating had been successfully used in the following
fields: tempering meat, preheating rubber slugs, vulcanizing rubber, precooking ba-

69 Such industrial applications are

con, drying pasta, drying crushed oranges, et
centered around relatively low temperatures. Beginning in the late 1980s, there was
growing interest in high temperature microwave processing of materials. With some
successful applications at laboratory scale, for example, sintering of ceramics, mi-

crowaves are justified as a potential heating mechanism to replace some conventional

heating methods. The potential applications have attracted more researchers to this

field.



At present, the research objectives can be generally divided into three cate-

gories:

e How microwaves can be used to heat materials successfully and efficiently?
e What is the origin of microwave (non-thermal) effects?

e How the use of microwaves can be broadened to include novel microwave process-

ing applications?

These three objectives are interwoven. Often, success in any one of them
leads to progress in others. To get a comprehensive view of microwave processing,
three review papers are recommended. The first paper was written by Sutton in
19891701, Although it mainly focused on microwave processing of ceramics, some gen-
eral problems, including the characteristics of microwaves, the features and benefits
of microwave processing, and the problems and challenges encountered in microwave
processing, were also reviewed.

The second paper was presented in 1997 by Clark et al 19 Besides giving exam-
ples, benefits, challenges and needs of microwave processing, two other problems were
discussed in this paper. One is the question of specific microwave effects. Beginning
with the experimental reports by Janney and Kimrey[g& that the apparent activation
energy for sintering of high-purity ceramics was lower for microwave firing than for
conventional firing, microwave effects became a hot topic, and is still a controversial
issue under current study. Another issue discussed in this review paper is the com-
mercialization of microwave processing. Generally, as a heating source, microwaves
could be used in almost all areas. However, in practice, the use of microwaves is
limited by the high cost of electricity used in microwave power generation[65}. To
compete with the existing, established conventional heating methods, the properties
resulting from the use of microwaves must be unique or enhanced relative to conven-
tional processing or that significant cost, energy or space saving can be realized(08).
At present, compared with the successful results obtained in the laboratory, few ap-

o27)

plications have been used in industrial processes. Gelling gave some illustrative

discussions on this problem.



The third review paper, given by Bykov in 2001, discussed microwave process-

9]. His discussion included more material

ing of materials from the physical aspects!
on the fundamental concepts regarding the absorption of electromagnetic waves, heat
transfer, and the electrodynamics of single and multimode microwave cavities. Some
formulas, estimates, and illustrations, which are rarely seen in papers by material sci-
entists, were given throughout the paper. Also, as a pioneer user of millimeter-wave
processing, he listed the advantages of using millimeter-waves over microwaves.

In this dissertation, the thermal phenomena occuring with microwave heating
are of interest. For conventional heating by convection and radiation, all heat must
diffuse in from the surface of the material, and the inside of the material can be
heated by conduction only. Since conduction is a diffusion process, heat cannot
be intensified, or the maximum temperature is always on the surface. To avoid
overheating the surface, normally the temperature of the heating source cannot exceed
the desired final temperature 7%, thus the overall heating rate is restricted by the
heating sources. Another factor limiting the heating rate is the diffusion process.
Although the response of the surface temperature to the outside heating source could
be very quick, the temperature response of the material other than on the surface is

limited by the coefficient of thermal diffusivity a defined as
a=—:-, (1.1)

where pg, C,, and k are the density, specific heat, and thermal conductivity' of
the material, respectively. Typical values of a are 117 x 107%m? /s for copper, 11.9 x
107%m? /s for alumina, and 0.18 x 10~ m? /s for woods at room temperature[53}. For a
material with characteristic length L, the diffusion time can be roughly approximated
as L?/a. If L is large or a is small, the heating rate will be slow. Simply increasing heat
flux from the boundary cannot always solve this problem, and with increasing heat
flux, the temperature distribution tends to be more nonuniform. This nonuniformity
is not acceptable for many processes. However, when time approaches infinity, the

materials can attain the final temperature 7 uniformly. This is one advantage of

!The symbol k rather than x is used to represent thermal conductivity in heat transfer. In this
dissertation we use k to represent wavenumber.



conventional heating.

For microwave heating, due to the appearance of internal heating, the heating
rate can be made large by adjusting the microwave source power, so rapid heating is
one of advantages of microwave heating. Another characteristic of microwave heating
is the inverse temperature distribution. Maximum temperature is always inside the
material rather than on the surface if microwave power is the only heating source. In
most cases, this is a disadvantage since uniform heating is desired during processing.
However, such a temperature profile can play a positive role for some processes. For
example, it has been used in chemical vapor infiltration to fabricate ceramic composite
materials®2.

Uniform heating is important, sometimes critical, when processing materials.
In ceramics sintering, nonuniform temperature distributions can lead to undesired or

si39. Nonuniform heating in microwave processing results from several

failed result
sources. First, nonuniformity stems from the uneven distribution of the electric field.
This occurs in both single mode and multimode cavities. This type of nonuniformity
can be alleviated by the use of a variable frequency microwave furnacel® or an untuned

401, Secondly, nonuniformity is a result

cavity (with the use of millimeter-wave energy)!
of the interactions between electromagnetic waves and materials. A uniform field in
an empty applicator might be nonuniform after the introduction of the materials. For
example, attenuation can lead to nonuniform field distribution inside the material.
With increasing loss factor, this effect is more serious and cannot be solved except by
changing the heating source. As an extreme case, when microwaves are used to heat
metal, the heating result is similar to radiation heating. Indeed, from the point of
view of the physicist, both heating methods are interactions between electromagnetic
waves and materials. The third origin of nonuniformity is due to the heat loss on
the boundary. When processing bulk materials at high temperature, this type of
nonuniformity becomes significant. Two methods have been used to solve this type
of nonuniformity: surrounding the heated material with an insulator/09 or by hybrid
heating.

Two hybrid heating methods have been proposed. The first is called microwave



hybrid heating (MMH)[Q?’}. In this method, some susceptors, which are good ab-
sorbers of microwave energy at a specific temperature range, are used to provide
extra heat flux to the heated sample by heat conduction and radiation. One ex-

23] Alumina is a poor absorber of

ample is heating alumina in a multimode cavity
microwaves at room temperature. With increasing temperature, alumina can absorb
microwave energy more readily. By surrounding the alumina with SiC susceptors,
which absorb microwave energy even at room temperature, the initial temperature
increase of alumina is due to heat conduction and radiation from susceptors. As the
temperature of the alumina increases up to 800°C, it can absorb microwaves directly.

Another example is sintering powdered—metal[62]

. Unlike alumina, during the densi-
fication process powdered metal reflects more and more microwave power. The SiC
susceptors play a more and more important role. Although the authors of that paper
asserted that microwave field contributed most significantly to the successful sinter-
ing, it is believed by the present author that the susceptors are more important. The
MMH method is a clever idea to heat some transparent and opaque materials. With
the inclusion of an insulator, a fairly uniform temperature distribution can be gener-
ated. Two problems with the MMH method must be emphasized. First, due to the
use of heat conduction, the characteristic of rapid heating is compromised. Secondly,
during some stages of processing, microwave energy does not transmit directly into
heated materials.

Another hybrid heating method is the use of a combination of conventional
heating and microwave heating sources. This heating method might be a more prac-
tical solution to many problems. One example is the heating of a flowing fluid in a
microwave resonant cavity[78]. The calculated results showed that if the conventional
heating method of a uniform surface heat flux was applied, the temperature distribu-
tion was nonuniform. To heat the fluid uniformly, a very long tube and a very small
surface heat flux are required. By adding microwaves as an additional heating source,
the fluid can be heated to a uniform temperature distribution; the tube length is not
a determinant factor any more. Another example is the heating of materials in a fur-

nace by the combination of a radiant (gas or electric elements) and microwave heating



8], The experimental results showed that the materials can be processed much

sources
faster with less energy. An independent energy audit demonstrated a 39% reduction
in the energy use, with the efficiency of the microwave-assisted furnace being 66%
higher than the gas mode.

There is another type of thermal phenomenon occuring with microwave heating
that is of interest. The properties of materials often change during the process.
Of these properties, the change of dielectric loss factor is most important for some
materials. The varying loss factor can lead to some unexpected results. For example,
a sharp temperature wave was observed during microwave heating of porous zinc

oxide in nitrogen and argon atmospheres[m]; and a traveling hot spot was observed

79, 82] The change of material properties

in microwave heating of oxide ceramic fibers!
can also induce thermal runaway, which is the topic of this dissertation. A survey of
the literature of thermal runaway is given in the next chapter.

In Chapter 2, a general survey of the literature of thermal runaway is given,
which includes experimental results, theoretical models, strategies to control thermal
runaway, and prior work conducted at Virginia Tech.

In Chapter 3, the factors which affect microwave power absorption are dis-
cussed. The focus is on the variation of the dielectric properties of the material,
which is the main interest of this dissertation.

19) , 1s described.

In Chapter 4, the experimental setup, originated by Curtis!
The focus will be placed on the parts that have been changed since Curtis’ work.
Also the electric field in an empty single mode cavity is discussed in detail.

In Chapter 5, the experimental results are provided. An S-curve, which is
believed to be the reason of thermal runaway, is experimentally observed. This result
also gives a possible method to control thermal runaway.

In Chapter 6, the equivalent circuit model of a microwave heating system is
discussed. By the use of equivalent circuits, the electric field inside a waveguide can
be simulated by a transmission line model. The discontinuities along the waveguide

are represented by lumped parameters. This can alleviate the difficulty of analyzing

the fields inside the cavity and also make the analysis of parameters affecting the



heating behavior feasible.
In Chapter 7, methods for determining the parameters in the equivalent circuits
are discussed. The methods used to calculate the iris problem are mode matching and

moment methods, which were developed by Terrill 7]

. The results are compared with
those obtained from the finite element method. The orthogonal expansion method
is used to calculate the electric field in the heated rod. To deal with the varying
dielectric properties, a line source model is developed.

In Chapter 8, the electric field obtained from the line source model is coupled

with a heat transfer model developed by Goodson/2Y)

. The comparison of calculated
results and experimental results are given.
This dissertation ends with Chapter 9, which includes the summary, conclu-

sions and recommendations.



Chapter 2

Literature Review

Thermal runaway is a type of thermal instability resulting from the interaction be-
tween the electromagnetic waves and materials. The governing equation to describe

this thermal phenomenon in solid materials is!

oT
pdcpa =V. (KJVT) + Qabs, (21>

where ¢ is the power density absorbed by a material, which is related to the electric
[52]

field by the following equation
Gabs = weps | Bl (2.2)

where w is the angular frequency, |F| is the RMS magnitude of the electric field in the
material, and 5'e’f s 1s the imaginary part of the complex permittivity of the material
(also called the effective loss factor?).

In Eq. (2.1), we have assumed that conventional heating sources or sinks are
included in the boundary conditions. In some cases, if a problem is simplified to be
in a two-dimensional, one-dimensional or lumped capacity form, the heating sources

or sinks due to convection and radiation will explicitly appear in the equation.

I This equation is not universally valid. If a fluid is heated by microwaves, the contribution due
to convection must be added.
25’6’ = g” 4+ o/w, where " is loss factor, and o is the electrical conductivity of the materials.
Both contribute to the heat loss. It is not possible to identify the contributions of €” and ¢ without
a physical model. Since we always use effective loss factor in microwave heating, the variable £ will
be used to represent effective loss factor. Also loss factor refers to effective loss factor throughout

this dissertation.



In Chapter 1, we have discussed that heat conduction is a diffusion process,
whose rate is limited by the coefficient of thermal diffusivity a. If for any reason
the local diffusion rate is much less than the microwave power dissipation rate, the
local temperature will increase rapidly. With increasing temperature, the properties
of the material change. If such changes lead to the acceleration of microwave power
dissipation at this local point, the temperature will increase more rapidly. The result
of such a positive feedback is the formation of a hot spot[42], which is a local thermal
runaway.

All properties of the material have impacts on thermal runaway. Among these
variables, €’ is most important because its range of variation can be very large and
qabs 1s proportional to it. Other variables, such as p4, C,, k, can also play roles because
they affect the coefficient of thermal diffusivity a. The combinatorial effect of these
properties can be viewed in the process of ceramic sintering. During the densification
process, both pg and €” increase. In a theoretical model given by Varadan et al.[81}, e’
could increase by several orders. Also, with increasing temperature, C, increases and

3[53]

k decreases It appears that all variable changes make thermal runaway more

likely, thus it is not surprising that thermal runaway is an important challenge in
ceramic sintering[n’ 72
In some cases, a global thermal instability can occur. This could be due to

the evolving of local temperature rise by heat conduction or some other reasons. The

governing equation based on an energy balance is

dT
pdcpa

- Qabs - Qloss; (23>
where ()},ss is the heat loss, which normally includes losses due to convection and
radiation, and s is the total dissipated microwave power in the material.

If thermal runaway occurs during the process, the temperature of the material
could keep increasing until the material is damaged. This has happened in the process

of microwave heating of cera,mics[8o], minerals[m], food[63}, rubber[GO], etc. Therefore

thermal runaway, as a catastrophic phenomenon, hinders the use of microwaves to

31t is not clear the variation trends of C), and  during the densification process.



process materials.
In this chapter, a general survey of the literature of thermal runaway is given,
which includes experimental results, theoretical models, strategies to control thermal

runaway, and prior work conducted at Virginia Tech.

2.1 Experimental Observations of Thermal Run-
away

Although experimental reports about thermal runaway are mentioned in many papers,
a systematic experimental study is rarely seen. One experimental result was give by
Roussy et al. in 1985160 In this experiment, the microwave heating of EPDM rubber
was studied. When the incident power was 25 W, a steady temperature could be
attained; but when the power level was increased to 35 W, the temperature increased
rapidly starting from some point and finally the rubber was burned. If viewed from a
time-temperature graph, there is a point dividing the temperature response curve into
two segments with clearly different heating rates. As the material is in the thermal
runaway state, the temperature increases very rapidly.

Another experiment was provided by Zhang et al. in 2001931, In their ex-
periment, they observed the effect of power level on the heating of an 8% Pt/AlL O3
catalyst. Supported catalysts were heated by microwaves at constant power level.
With the power level equal to or less than 90 W, the temperature of Pt/Al, O3 cata-
lysts reached a constant value and increased gradually with increasing input power.
When the input power level reached a critical value, which was between 90 W and
100 W, the temperature almost reached a constant value, and then suddenly rose
again.

Two common points exist in these experimental reports. First, below a critical
microwave power level, a stable temperature can be attained by the material at the
end of the process and this temperature increases with increasing power. The second

point is that the temperature of the material increases rapidly with a slight increase
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of input microwave power from that critical power level. The experimental results
show that the temperature response to the input power is not continuous; at some

critical power value, a temperature discontinuity exists.

2.2 Theoretical Models to Explain Thermal Run-
away

Much effort has been made to explain the thermal runaway phenomenon theoreti-
cally. It is not easy to find who is the first one trying to explain thermal runaway.

60 i certainly important.

Nonetheless, the work of Roussy et al.l
Roussy et al. 1601 first brought forward the concept of critical temperature. A
lumped capacity model was used to describe the energy balance. They assumed the

thermal loss was by heat convection only; that is,
Qioss = M(T — Tp), (2.4)

where T} is the ambient temperature and h is the convective heat transfer coefficient.

Also, Roussy et al. assumed €” could be approximated by a quadratic function,
8” = Qo +a1(T—T0) +a2(T—T0)2. (25)

Under these assumptions, Roussy et al. determined a critical temperature that rep-
resented an upper limit beyond which the heating was unstable. The critical tem-
perature was determined only by the loss factor ¢’ and the ambient temperature,

Tcritical - TO + V a'O/a2-

In their later Work[59}

, Roussy et al. considered a cylindrical sample. In this
case, the temperature variation along the radius was included in the model. They
concluded that thermal stability was determined by one numerical criterion, which
is a combination of thermal conductivity k, convective heat transfer coefficient h,
dielectric loss factor £”, ambient temperature Ty, radius, and incident electric field.
From their assumptions, it is clear that their results may be valid only for
electrically thin materials since a uniform electric field is assumed. Also, it is only

valid for low temperatures since thermal radiation loss was not included in the model.
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In 1992, Kriegsmann[41] published an important attempt to explain thermal
runaway. In this paper, he developed a one-dimensional model for the heating of a
ceramic slab by microwaves. He found the important result that steady-state temper-
ature as a function of the input microwave power gave an S-shaped response curve.
A predicted S-shaped curve is illustrated in Fig. 2.1, where different electric fields

represent different input power levels.
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Figure 2.1: Stability analysis using S-shaped curve

Every point on the curve represents a thermally balanced state. The S-shaped
curve divides the whole electric field and temperature plane into two regions. In
Region 1, heat loss is larger than heat absorbed by the materials. In Region 2,
heat loss is less than heat absorbed by the materials. Suppose there is a point e
on the middle branch of the S-shaped curve. If the temperature fluctuates slightly,
the temperature will keep increasing or decreasing until it reaches the equilibrium
point on the upper or lower branch. Then from this S-shaped curve, the dynamic
response for different power levels could be derived. Based on the energy balance,
Kriegsmann concluded that the middle branch of the S-shaped curve was unstable.
For that reason, a temperature jump is possible, suggesting a plausible mechanism
for thermal runaway control problems.

After Kriegsmann’s initial work, other researchers found the S-shaped curve

12



under different conditions. Jackson et al.l37) developed a one-dimensional model
for microwave heating of a sphere in a rectangular resonant cavity. The tempera-
ture variation along the radius as well as the temperature dependencies of thermal
properties was taken into account. Their results were similar to Kriegsmann’s[41].
An interesting result was that the temperature difference between the sphere center
and surface could be very large. As they reported, for an 0.875 cm radius alumina
sphere heated at an electric field of 200kV/m, a 100°C temperature difference was
generated after 83.5 seconds. For long processing times, the surface temperature was
nearly unchanged while the center temperature experienced thermal runaway. Since
only surface temperature could be measured during experiments, this result might be
important for processing materials.

Spotz et al.l67) examined the thermal stability of cylindrical alumina rods
heated by microwaves. Their thermal model was a one-dimensional heat transfer
equation, while the electric field was assumed to be constant. Based on an exponential
form of €”, a half S-shaped curve, which included the lower and middle branches of the
complete S-shaped curve, was obtained. Given that, their results were more similar

99]

to Roussy’s'®?!, which meant above some critical temperature, thermal stability was

impossible, at least for some forms of alumina.

30) analyzed the one-dimensional slab heated by microwaves. Fol-

Gupta et al.l
lowing the lead of previous authors, the S-shaped curve was used to analyze the
thermal stability. One interesting result was that thermal runaway could be avoided
by selecting a particular thickness of slab.

Although the above models are different from each other, the common point
is that dielectric loss factor €” plays the most important role in thermal runaway.

Vriezinga presented a series of papers to explain the thermal runaway phe-
nomenon from a different perspective. His motivation stemmed from the thermal
runaway phenomenon of materials other than ceramics. For demineralized water, &”
hardly depends on temperature. Although &” even decreases slightly with increas-

83

ing temperature, thermal runaway still occurs. In his paper published in 1996'°%, a

one-dimensional isothermal slab irradiated by microwaves was used to analyze ther-
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mal runaway. This model is same as Kriegsmann’s, however, the heated material is
different. Vriezinga found the total power dissipated in the material as a function
of length of slab, attenuation constant «, wavenumber 3, transmission coefficient,
and reflection coefficient. He argued that « and 3 were more appropriate than ” to
explain thermal runaway. Since 3 appeared in the argument of a cosine function, a
slight variation of # with temperature strongly affected power dissipation. Then the
power dissipation in the materials oscillates as a function of temperature. Similarly,
he obtained an S-shaped curve again. One conclusion in this paper was the existence
of a critical length. If the length of the slab is small enough, thermal runaway does
not occur.

In 1998, Vriezinga[84] studied isothermal cylinders and spheres heated by mi-
crowaves. The results were similar to his previous work. He obtained the more general
conclusion that any isothermal object with characteristic dimension L would never
be overheated by microwaves due to thermal runaway if L was smaller than 7 /4Af,
where AQ is the difference between the maximum and the minimum value of 3. More
importantly, Vriezinga realized thermal runaway originates from resonance. Vriezinga

[89] . Since he

also investigated the influence of the Biot number on thermal runaway
always used water as sample, he concluded that the Biot number did not affect the
results.

Vriezinga further extended his research to include ceramic materials®0. He
explicitly expressed the view that the phenomenon of thermal runaway cannot be
explained by looking at £”. He believed thermal runaway could be understood only
through the wavenumber 3 and the attenuation constant a. He concluded the reso-
nance due to small decrease of  with increasing temperature was the origin of thermal
runaway for water, while the increase of o with increasing temperature caused thermal
runaway for ceramic materials.

By the use of resonance to explain thermal runaway, Vriezinga provided a good
supplementary explanation. However, his conclusion that thermal runaway cannot

be explained by looking at €” is too sweeping.

Parris et al.l90) gave an alternative model to explain thermal runaway. They
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showed thermal runaway might occur if the thermal conductivity of the material
decreases with increasing temperature.

All the theoretical models mentioned so far give reasonable results. The best
way to understand the origin of thermal runaway might be from the heat diffusion
equation and an energy balance. Any property change that can decrease the diffusion
rate or increase the heat absorption rate could be a contribution factor to thermal

runaway.

2.3 Control of Thermal Runaway

If the operating temperature required by the processing exceeds the maximum stable
temperature, a control system must be included. Based on the controlled parameters,
control methods can be divided into two groups.

The first is to control input power directly. This idea naturally appeared in
early experiments. During the experiment, temperatures of the material were mon-
itored. When the desired temperature was reached, the power source was adjusted

801, These attempts sometimes led to success. However, when materials

manually
are in a thermal runaway state, the temperature rise rate is rapid and temperature is
highly sensitive to the incident power. For that reason, the difficulty in this method
is apparent. Then an automatic control system must be introduced.

Beale et al.l3 4 developed an automatic feedback control system. They reg-
ulated the temperature of the ceramic sample about a reference value with little
overshoot or oscillation by adjusting the power level. They could regulate material
temperature above the critical value. At the same time, they reported that the control
of thermal runaway material was not as accurate as it was with non-thermal runaway
materials.

Another idea about controlling microwave heating is derived from an energy

77, 76] They monitored

balance. This idea was explicitly expressed by Thomas et al.l
and controlled the power absorbed by the sample. From the energy balance, if the

material is in steady state, heat loss must be equal to power absorbed. Since heat loss
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is a monotonically increasing function of temperature, constant power absorbed by
materials means a specific temperature. Then, if power absorbed by materials can be
controlled to be constant, thermal runaway can be avoided. Numerical simulations
also verified this idea. However, to maintain constant power absorbed by materials,

an automatic control system must be introduced.

2.4 Prior Work at Virginia Tech

In 1997, Goodson/2Y) developed a two-dimensional numerical model, which can com-
pute the temperature distribution along radial and axial directions for a rod under
microwave heating. The model can also handle moving rods. Temperature dependent
properties, including convection heat transfer coefficient, emissivity, conductivity and
dielectric loss factor were incorporated into the model, but the electric field in the
material was assumed to be constant.

In 1998, Terril ™) used the mode-matching method to develop a numerical
model to calculate the electric field distribution along the length of the rod in a
resonant cavity. The model also included the effect of the iris on the field.

In 1999, based on the previous work by Goodson and Terril, McConnellP0)
developed a coupled thermal and electromagnetic field model.

In 1999, Curtis1Y performed experimental research on microwave heating of
thermal runaway ceramics and polymers. The materials were heated with three dif-
ferent programs, including constant absorbed power in the sample, constant power
to the applicator, and constant electric field strength. Microwave power losses in a
resonant cavity were characterized by measuring the difference between forward and
reflected power to and from the cavity while tuning the empty cavity with forward
power held constant. With the cavity losses known as a function of field strength in
the cavity, it was then possible to measure and control the power absorbed by ma-
terials undergoing microwave heating. The results demonstrated that careful control
of absorbed power was an effective means of avoiding thermal runaway in microwave

processing of materials.
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In 2000, Huie4 measured S parameters of the microwave heating network
using an HP-8510 Automated Network Analyzer. His measurements included the
waveguide short, the couplers, the wedge and iris, and the four-stub tuner. The data
were collected and then embodied in Hewlett Packard Advanced Design Software to
simulate the heating system. His measurement also include the geometry of the iris

and cavity, the relation between the dial setting on the short and the cavity length.

2.5 Research Objective

Thermal runaway has been studied by many researchers over the past twenty years,
and several different approaches have been used. Although the origin of thermal
runaway can be due to different reasons, a common thread is that it is the energy
balance that determines thermal stability. The theory of the S-shaped curve, based
on an energy balance, is the most plausible explanation for thermal runaway. The
beauty of the S-shaped curve is its visual simplicity even though the derivation could
include complex mathematics. However, there has been no exhaustive study that
considers whether the S-shaped curve really exists or if it is only an artifact of the
assumptions inherent in the mathematical model. No researcher has declared that an
S-shaped curve had been observed experimentally. The difficulty of such observation
is obvious because the middle branch of an S-shaped curve is intrinsically unstable.
The objective of the research presented in this dissertation is to experimentally
obtain the S-shaped curve to verify the theory. Since the middle branch of the S-
shaped curve is unstable, I attempt to find a suitable control strategy to avoid thermal
runaway. At the same time, I intend to improve the current numerical model to make

better prediction of the microwave heating process.
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Chapter 3

Microwave Power Absorption

In this chapter, some basic concepts of microwave power absorption by materials are
discussed, then calculated examples are used to show how dielectric properties and
the size of the material affect the power absorption.

The relation between the power density absorbed by a material and the electric

field has been given in Eq. (2.2):
DPdis = wggff|E|2 = {abs- (31>

From an electromagnetic (EM) point of view, py;, is the power density dissipated
in the materials. In the heat transfer equation, ¢, represents the heat generation
term. It is this equation that connects the electromagnetic waves with heat transfer
phenomenon. The variable ¢’ plays an important role in microwave heating. For
Maxwell’s equations, €”, combined with ¢ (which is the real part of the complex
permittivity of the material), represents the material. In the heat transfer equation,
this variable determines the heat generation rate, as expressed in Eq. (3.1).

It appears that & is not as important as €” viewed from Eq. (3.1) since it
doesn’t explicitly appear in the equation. However, as one important property of the
material, ¢ can affect the absorbed power through its impact on the electric field
inside the material. In the following sections, we will use two simple examples to

discuss the power issues in microwave heating.
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3.1 A uniform plane wave traveling in half infinite
space

As the first example, we discuss a uniform plane wave' propagating in an unbounded
lossy medium. Suppose the wave is traveling in the +z direction and the electric field
has only x component. In addition, the amplitude of E, is independent of x and y.
From Maxwell’s equationsm, these conditions guarantee that the magnetic field has

only y component. The fields can be expressed as

E = Eye %%, (3.2)

(3.3)

where ¢ = ¢ — j¢” and p is the permeability of the material. Throughout this
dissertation, u = pug, the free space permeability. In the above equations, 7, the
propagation constant, is the most important parameter to describe a EM wave. The

definition of isl2!
v = VJjwpjwe = wy/eotio\/ —€, + jel
m(2el)1/? ey . &7
= (1+ (5_')2)1/2 —1+j4/(1+ (5—)2)1/2 +1]. (3.4)

!
s s

where €/ and ¢/ are relative dielectric constant and relative loss factor, which are

defined as

e, =¢' /e, (3.5)

el =" /e, (3.6)

where ¢ is the permittivity of the free space and )\ is the wavelength in free space

defined as

2
A= ——. 3.7
’ W4/ HoEo ( )

LA uniform plane wave is the simplest electromagnetic wave. E and H, which are orthogonal to
each other, construct the transverse plane. The propagation direction is orthogonal to the transverse
plane. In the transverse plane, the phase and the amplitude of E and H are constants, so the wave
is called a uniform wave. Along the propagation direction, different transverse planes are parallel,
so the wave is called a plane wave.
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If the frequency of the microwave source is 2450 MHz, ) is equal to 12.24 cm.

Normally, 7 is written in the form

v=a+js, (3.8)

where « is the attenuation constant and (3 is phase constant. Comparing this equation

with Eq. (3.4), we obtain

7T(2€I )1/2 el
— r 14+ (Z2)2)1/2 — 1 3.9
o =TS0 Jar G-, (59)
and
2/ 1/2 "
8= m(2e,) (1+(5—’“)2)1/2+1. (3.10)
)\0 8;
Now the fields are written as
E = Ege ¢ 9973, (3.11)
- B, )
H= ¢ %18, (3.12)
p/e

The Poynting vector S , which defines the power flux associated with a propa-

gating EM wave, is given by[?’l]

S=ExH" = @|E0|26—2W. (3.13)
\/ﬁ

From an energy balance, the power density dissipated in the material is

Ddis = _Re(v . g) — wu;ope—&w — wuﬁp (314)

It can be shown by some algebraic calculations that

2aRe ((vE)) _ (3.15)

Vi :

thus, the power density dissipated in the lossy materials can be expressed as
Pais = we"| Eg| e, (3.16)

The variable Ej is the amplitude of the electric wave at z = 0, from where the

wave originates. FEj is related to the microwave power source through the reflection
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coefficient I and transmission coefficient 7'. In microwave heating, at least two media
exist in the system. Microwaves travel from medium 1 into medium 2 and heat
medium 2. Since the materials have different properties, only part of the energy from
the power source can be transmitted into the heated material, while the remainder
will be reflected. The reflection and transmission are described by I' and 7. Normally,
I' and T of a specified mode? are functions of the media. For a uniform plane wave
traveling in half infinite space, the formulas to calculate I' and 7' can be found in any
EM waves book.

From Eq. (3.14), part of the energy carried by waves changes into heat as EM
waves travel in the lossy material. As a result, the amplitude of the wave and the car-
rying power attenuate exponentially. A useful parameter describing the attenuation

effect is the penetration depth, which is defined asi1ol
D,=—. (3.17)

The physical meaning of penetration depth is the distance that the EM wave must
travel in a lossy medium to reduce its power to e™! = 0.368 of the original value, as
seen from Eq. (3.13). This value is one half of the skin depth used in electromagneticsm.
The above discussion can be applied only in an infinite half space. In reality,
all materials have finite dimensions. Multiple reflections will occur on the interfaces;
thus, the form of the waves existing in materials is the superposition of traveling waves

and standing waves. It is the interferences among the waves that make the problem

more interesting. We will use a simple example to illustrate such phenomena.

3.2 A TE,;, wave traveling in waveguide to heat a

finite size material

Fig. 3.1 describes a microwave heating system. A slab is placed inside a waveguide

and divides the waveguide into three regions. We use subscripts 1 and 3 to represent

2A mode is a particular field configuration, which is an eigenfunction of Maxwell’s equation and

satisfies the prescribed boundary condition!?].
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the air regions and 2 to represent the slab region. The microwaves illuminate the
slab from two directions with amplitude A; and B3. The transverse dimensions of
the waveguide is a X b, which are selected so that only the TE;; mode is allowed
to propagate at the microwave operating frequency. The thickness of the slab is
d and the transverse area of the slab is the same as that of the waveguide. The
complex permittivity of the slab is g (e]. — je!’), which is assumed to be a constant.
Similar problems have been discussed by Ayappa et alll and Pelesko et al®7 In

their discussions, a slab with finite thickness is placed in free space rather than inside

the waveguide.

Figure 3.1: A slab heated by the TE;q mode in a waveguide.

The first step to determine the fields is to calculate the propagation constants
in different media. Even though the media in region 1 and region 3 are air, the prop-
agation constant is different from that in free space because the waveguide confines

the wave. The propagation constants are expressed as

=+ (02 =123, (3.18)
a

Yo =V —w?eop, (3.19)

87«71 = 87«73 = 1, (320)

where

Er2 = &, = €, — JEI. (3.21)

Although we have assumed that only the TE;q mode exists in the waveguide, higher

order modes may appear in the slab if the value of ¢, is large enough. However, higher
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order modes will be inhibited by the boundary conditions on the interfaces, thus the

fields in any region can be expressed as

E,, = sm( )(A e 4 Bie"i®),
H,, = - .% sin (T5) (A0 — Bie®)  i=1.2,3. (3.22)
Jwit a

By the use of the boundary conditions that £, and H, are continuous at z = +d/2,

the coeflicients can be determined as

ed“ |:A1 (_1 + 62d72) (7%’2 — 1) + 4Bg€d72"}/172:|

By = 2d 2 2 ’
e (y1 0 +1)" — (y12 — 1)
Ay = 26%d(%ﬂ2)% 2 [Aledw (I+712) + B3 (1— 71,2)]
e2d2 (yy 5 + 1) (712 — 1)2
B 2¢3d(71+72) V1.2 [A (1- M, 9) + Bjedr (1+ 71,2)]
2 - )

€22 (5 + 1)* — (12 — 1)°
e edn [41416‘”2’}/1,2 + Bs (_1 + e2d72) (7%72 _ 1)] (3 23)
3 = . .
22 (y19 + 1)2 — (1,2 — 1)2

where

o = 2. (3.24)

V2
The dissipated power density in the slab can be computed from Eq. (3.1). The total
power dissipated in the slab can be obtained by either integrating the power density

over the slab region or by computing from the difference of the Poynting vector at

z = +d/2. For the TE;y mode,
S=Ex H* = Byj x (Hy2 + H.3)* = —E,H'; + E,H%. (3.25)

It can be shown the power carried by the waves in the x direction is purely reactive,
so the power is dissipated along only the z direction. Hence, the total dissipated

power Piyq is given by
Piotar = Re [(ByH})|o=as2 — (ByHy)|=—a2] - (3.26)

Apparently, P,y is a function of €,, d, A; and B3. To understand microwave heat-

ing, it is necessary to discuss how these parameters affect the power dissipation. For
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simplicity, we drop the factor sin (7z/a), hence the only independent variable is z.

Also we set Ay =1, B3 =0 and d = 1 ¢m when discussing the effects of &/, &”.

Dielectric constant ¢/,

When ¢ increases and ¢” is fixed, the phase constant ( increases and the at-
tenuation constant o decreases, as illustrated by Fig. 3.2. It can be seen from Fig. 3.3
that the total power dissipated in the slab (normalized by the incident power) tends
to decrease with the increase of ¢’. This can be understood by considering that the
mismatch between the air and slab becomes more serious so that more power is re-
flected by the slab. However, there is a clear peak if €’ is not too large. At this point,
the slab is in its first resonant state, as illustrated by Fig. 3.4. This is obvious if we
notice that Bd ~ 7. If ¢ is increased to a larger number, say 1000, more resonant
states can be observed. From Fig. 3.3, it appears that the resonant state depends
on only &', but this is true only if the value of ¢’ is small. If &” is large enough, the
resonant point will shift and fd = 7 is not a useful criterion to judge whether the slab
is in a resonant state. Actually, in that case, the peak will be smeared out since the
attenuation effect is so prominent. An example is given by the curve with parameter

£ =100 in Fig. 3.3.

Loss factor ¢

When ¢’ increases and ¢’ is fixed, both the phase constant § and the atten-
uation constant « increase. Their behaviors are illustrated by Fig. 3.5. The total
power dissipated in the slab (normalized by the incident power) is given in Fig. 3.6.
With increasing £”, the total dissipated power increases first and then decreases. This
behavior can be explained by Eq. (3.1). When ¢” is small, the attenuation effect is
negligible, then dissipated power increases with increasing £”. As ¢” increases to some
critical value, the attenuation effect becomes dominant. The term |E[* in Eq. (3.1)

decreases much faster, which induces the total dissipated power to decrease.

Slab thickness d
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Figure 3.2: Variation of phase constant and attenuation constant with dielectric
constant.

We select two materials to discuss the variation of dissipated power with slab
thickness. One is alumina (ALOs) of 99% purity20l with e, = 9.5 — 0.00095; the
other is cooked beefll] with g, = 30.5 — 9.605. Since it is the power density that
will determine the final temperature of the materials, we calculated averaged power
density rather than the total dissipated power. The averaged power density, p, is
defined as

p — Ptotal/d' (327)

The calculated results are shown in Fig. 3.7. In the plot range, the attenuation effect
for Al,O3 is negligible because its D, = 64 m. With increasing thickness, p behaves
like a periodic function, whose peaks correspond to the resonant states. In contrast,
p of the beef is heavily affected by the attenuation effect. With increasing thickness,
p decreases rapidly. There are only two identifiable peaks.

We have discussed how ¢, and the thickness affect the dissipated power; two

important points from this discussion are:

1. At the resonant states, the materials can absorb more power. If £’ is not too

large, the phase constant state can be determined by the relation 8d = nm,n =
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Figure 3.3: Variation of absorbed power with dielectric constant, where A; = 1,
B3 =0,and d = 1cm.

1,2,3.... In practical heating, the shape of the material could be very com-
plex. The resonant state will be determined by solving the eigenvalue problem.
Since the system with finite dimension has discrete eigenvalues, the heated ma-
terial can absorb microwave much more easily at some dimensions (dielectric

constants) if the dielectric constant (dimension) of the material is fixed.

2. With increasing €”, the power density dissipated in the material first increases

and then decreases.

Next, we will discuss how A; and Bj affect the power dissipation.

Incident field coefficients A; and Bs

By choosing different combinations of A; and Bs, we can simulate various field
patterns. For example, by setting A; = 1 and B3 = 0, the material is illuminated by
microwaves from one side; by setting A; = 1 and B3 = 1, the material is put at the
maximum electric field point; by setting A; = 1 and B3 = —1, the material is put
at the maximum magnetic field point. Generally, we can let A; = 1 and By = e/?,

where 6 € (0, 7).
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Figure 3.4: Effect of phase constant on power density distribution in the slab, where
Al = 1, B3 :O, and d = 1cm.

This study is inspired by the work of Cheng et all12l They reported that for
some materials, the microwave heating should be attributed to the magnetic field
rather than the electric field. Before their work, a similar idea had been proposed
by some researchers in France. Cherradi et al 13 used a resonant cavity to heat
different materials including insulators, semiconductors and metals. They observed
that semiconductor materials were heated more efficiently if the material is put at a
maximum of the magnetic field. Also, they asserted that Eq. (3.1) cannot be used
to explain such phenomena. They attributed the heating to so-called eddy currents,
the consequence of dissipated power by the Joule effect, and they concluded that for
some materials the maximum heating corresponded to the maximum magnetic field.

Here we encounter a dilemma. Eq. (3.1) is directly derived from Maxwell’s
equation and s’cfff has been used to include all heat sources except magnetic loss
(ferromagnetic materials with large p). Therefore, both dielectric heating and Joule
effect should have been included in Eq. (3.1). The power density must be proportional
to the square of the RMS magnitude of the electric field, or the maximum heating
must correspond to the maximum electric field.

To explain this contradiction, we consider two special cases: E case and H
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Figure 3.5: Variation of phase constant and attenuation constant with loss factor.

case. In the FE case, we let A;

1 and B3 = 1 so that the electric field is maximum

and magnetic field is zero at z = 0; in the H case, we let A; = 1 and B3 = —1 so that

the electric field is zero and magnetic field is maximum at z = 0. After obtaining

Ay and B; from Eq. (3.23), the electric and magnetic fields from Eq. (3.22) can be

expressed as

E case

H case

1 - )
file™™ 4 e)

I fueE - o),
jwp

f2(6_’72z _ 6’72Z),

J2 fole™ 4 ).
jwp

(3.28)

(3.29)

The power density and total power dissipated in the slab are expressed as

E case

Pdis = ‘fl’Z% [(€%% + e77%%) + 2 cos (2632)] ,
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H case

where

P = ‘c]:lf 26 (ead — e_ad) + dasin (Bd)]
Pais = !f2\2% [(€°*% + e72*%) — 2cos (262)] ,

P= 1fof* 28 (e** — e7*?) — 4asin (8d)]

wh
a = Re(72),
B = Im(y),
b= Qeé(vﬁrw)d%
ey +72) — (e —n)
fa = 26%(%“2)6[71

ey +72) + (v2 — 1)
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Figure 3.7: Variation of average dissipated power density with slab thickness. The
relative complex permittivities of beef and Al,O3 are 30.5-9.60j and 9.5-0.0009j, re-
spectively.

From the above equations, it is clear that the electric field and power density
at z = 0 in the H case is zero. However, the total power dissipated in the materials,
P, is the integral of pgs over the whole slab, so we need to consider the behavior of
pais in the range of (—d/2,d/2). The cos term in the expression of pg;, is a periodic
function. If the thickness of the slab d is selected so that (d is greater than 7 and less
than 27, the behavior of pg;s in these two cases is as illustrated in Fig. 3.8. Viewed
as a wave, this means that the wave inside the material has experienced a full power
period. Although pg, is zero at z = 0 in the H case, pgs does reach its maximum
inside the slab. Compared with only one maximum point of py, inside the slab in
the E case, two maximum points exist in the H case, so P in the H case could be
greater than that in the F case. This can be also observed from the expressions for
P. At the condition that 7 < 8d < 27, the sin term in H case is greater than zero
while it is less than zero in the E case.

The impact factors f; and f, also affect the power dissipation. For different
materials, they exhibit different variations with the thickness of the slab. We use
three typical materials to explain this problem more clearly.

The first two materials are the Al;O3 and beef we have used before. The third
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Figure 3.8: Comparison of dissipated power density along slab. In the E case,
Ay =1and B; = 1; In the H case, A; =1 and B3 = —1.

material is an imaginary one with ¢, = 1 — 571000. This might be a semiconductor
or a powdered form metal. Relevant parameters are list in Table 3.1, where d* is the

thickness which satisfies Bd* = w. The calculated results for impact factors f;, fo and

p are shown in Figs. 3.9, 3.10 and 3.11.

Table 3.1: Properties and parameters of materials

Material Er o g d*(em)
Al,O4 9.5-j0.0009 | 0.0078 | 152.15 2.06
beef 30.5-j9.6 44.6 283.7 1.11
imaginary material 1-j1000 1148.01 | 1148.83 | 0.27

From the results, we can see that P in the H case is larger than that in the F
case if the thickness of the material is around d*. For dielectric materials, d* is of cm
order while for semiconductors, d* is of mm order.

The above discussion cannot be regarded as a full explanation of the experi-
mental results since the heating in the cavity has different circumstances other than
assumed here. The fields in a cavity are confined by metal plates at +z direction.
This example assumes that no boundary conditions are applied at +z. However, the

field and power pattern inside the heated material should be similar.
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permittivity of beef is 30.5-9.60j. f; and f,; are measures of the electric and magnetic
fields at the center of the slab, respectively.
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Chapter 4

Experiment Setup

19 n his thesis, he gave a detailed

The experimental setup was originated by Curtis
description of the experimental setup and measurement techniques. In this chapter,
we will describe briefly the overall system first. The focus will be placed on the parts
that have been changed since Curtis’ work. Also, the working principle of a resonant

cavity will be discussed.

4.1 Overall System

The apparatus used for the experiments includes a power supply, remote microwave
launcher (magnetron), circulator, water load, WR-284 copper waveguide cavity with
coupling iris, waveguide, adjustable end-wall short, and power and temperature mea-

surement equipment. The layout of the experimental components is shown in Fig. 4.1.

The microwave generator includes both the power supply and the remote
launcher. The microwave system is powered by a Cober SM 1545D power supply
and CWM-4-S magnetron, which can supply up to 3 kW to the applicator. The mag-
netron is water cooled and launches the 2.45 GHz microwaves into a tapered WR-340
to WR-284 waveguide section. To protect the power generator from reflected power,
the system is equipped with a circulator and water load.

To measure power, a Homer impedance analyzer (by Cober) is introduced
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Figure 4.1: Schematic of experimental setup (top view). (1) Power Source; (2)
Magnetron; (3) Circulator; (4) Water Load; (5) Waveguide Extension; (6) Four Stub
Tuner; (7) Impedance Analyzer; (8) Waveguide with Wedge; (9) Iris; (10) Power
Meter for Electric Field Measurement (11) Cavity; (12) Sample; (13) Pyrometer; (14)
Adjustable End-wall Short.

into the system. The impedance analyzer can measure incident power, reflection
coefficient, and frequency.

The electric field strength in the cavity is measured using a power sensor and
associated power meter. The power sensor is coupled to the electric field through
a small probe inserted slightly into the cavity. The magnitude of the electric field
strength is proportional to the square root of the measured power; the constant of
proportionality is determined by measuring the probe power in an empty cavity with
no iris and a termination load replacing the sliding short.

To precisely monitor the microwave heating process, two infrared radiation py-
rometers (Heitronics KT 15.82D and KT 15.01D) were chosen. While the KT 15.82D
is used to measure temperatures within a range of 0-500°C, the KT 15.01D can mea-
sure temperatures within the range 350-2200°C. A radiation pyrometer measures the
infrared radiation emitted by a surface; given the emissivity e of the surface being
measured, the temperature of the surface can be determined. The materials to be
tested in this experimental program have emissivities that change significantly as a
function of temperature. Varying the emissivity used by the pyrometer during an
experiment is not practical since it must be done manually. Instead, the emissiv-
ity is set at 1.0 for the duration of the experiment, and the actual temperature is

then determined from the measured temperature knowing the emissivity as a func-
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d[lg}, a process which is performed

tion of temperature for the material being heate
automatically by the data acquisition software.
The resonant cavity is designed to operate in the TE,;, mode. Using the
adjustable short, the cavity was adjusted to operate near the cavity resonance of
the TE 93 mode for all of the experiments. The cavity includes three parts: the
waveguide, input coupling iris, and adjustable short. The position of the short plane
ranges from 1.1cm to 10.7 cm if measured from the waveguide flange. The sample to

be heated was placed in a port located 17.5 cm from the cavity aperture, which means

it is always very close to an electric field peak for the TE;p3 mode as illustrated in

Fig. 4.2.

Iris  Probe Sa;nple Flange Adjusting Short

T

Cavity Length

Figure 4.2: Schematic of TE;p3 mode cavity.

4.2 Electric Field Measurement

A small probe inserted slightly into the cavity was used to measure the electric field.
The value of the field cannot be read directly; instead, through a power sensor, the
value of the electric field was converted to a value of power, which can be read on
a power meter. Since electric field is proportional to the square root of power, the

electric field can be obtained through the equation
Emeas =C V Preada (41>
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where E,,eqs is the measured electric field with units of kV/m, P4, which is propor-
tional to the converted power, is the output signal from the power meter with units
of voltage, and C' is a constant. Since C only depends on the configurations of the
probe, sensor and power meter, it can be determined through a calibration process.
Fig. 4.3 shows the equipment configuration, where components have the same num-
19,

bers as appear in Fig. 4.1 for a easy comparison. This setup follows Curtis’ work

but a Homer impedance analyzer is used to replace a coupler used in Curtis’ setup.

4

I = 2 5 7 11 15
PI Emeas

Figure 4.3: Equipment setup for electric field calibration. (1) Power Source; (2)
Magnetron; (3) Circulator; (4) Water Load; (5) Waveguide Extension; (7) Impedance
Analyzer; (10) Power Meter for Electric Field Measurement (11) Cavity; (15) Steel
load.

In this setup, all obstacles have been removed and a steel load is connected to
ensure that no reflection occurs. Therefore, a TE;y mode travels from power source
to the steel load. For a TE;y mode, the transmitted power P is related to the electric

field B, as®S

= a_b \/wZIUJ{-;O — (7‘-/&)2E2 (4‘2>

P .
! 2 Wik !

If the loss in the waveguide is neglected, E,..s = FEi, thus C' can be determined

through

2 _ 2
p = Ve = (m/aP ap (4.3)
2 wit

From our experience, a calibration is necessary before each series of experi-

ments. The current value of C' used in the experiment is 58.167.
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4.3 The Short with a Spin Dial

One improvement in our current setup is that we use a short with a spin dial to replace
the sliding short used by Curtis!tY). By reading the number on the dial, the position of
the short plane can be determined, thus the cavity length can be calculated. Knowing
the cavity length is very important for the experiments conducted in a single mode
cavity.

The relation between the dial reading and the cavity length is given in Table

4.1. By a least squares fit, a linear relation is found as

Table 4.1: The relation between dial reading and cavity length

Dial reading 0 0.5 1 1.5 2 2.5
Depth from flange (cm) | 10.7 | 9.8 | 89 | 81 | 7.2 | 6.3
Cavity length (cm) 36.1 | 35.2 | 34.3 | 33.5 | 32.6 | 31.7
Dial reading 3 3.5 4 4.5 5 | 5.375
Depth from flange (cm) | 5.4 | 46 | 3.7 | 28 | 1.9 | 1.1
Cavity length (cm) 30.8 [ 30.0 | 29.1 | 28.2 | 27.3 | 26.5

CL = 36.11 — 1.77DR, (4.4)

where CL is cavity length with units of cm and DR is the dial reading. The geometry
relation is illustrated in Fig. 4.4, which also includes the locations of the point to

measure the electric field and port to insert the rod.

4.4 Cavity

The cavity is the key part of this heating system because the power carried by the
electromagnetic waves is converted to heat here. The most common type of cavity is

the multimode ca,vity[69}

. At a given frequency, such a cavity can support numerous
modes and the fields in the cavity are the summation of all excited modes. This
makes the analysis of the field distribution difficult, especially after the introduction

of the material. The multimode cavity has advantages such as low cost, simplicity of
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Figure 4.4: Cavity. (1) Location to measure electric field; (2) Location to insert
heated rods; (3) Location of the short plane such that the cavity length is minimum;
(4) Location of the short plane such that the cavity length is maximum.

construction and versa,tility[20]. Detailed descriptions of multimode cavities can be

61,521 1y our experiments, single mode cavity is used.

found in several references

Compared with a multimode cavity, only one mode is excited in a single mode
cavity, so the electric field distribution is known accurately. One advantage of the
single mode cavity is that the electric field can be much larger than that in a multi-
mode cavity. Therefore, to heat small size low-loss materials, the single mode cavity
is a natural choice.

An ideal single mode cavity is constructed of a piece of waveguide enclosed by
two short planes. The electric field inside a lossless cavity could be infinite. In reality,
fields can not be infinite even if the loss is not considered because one short plane
must be replaced by an iris to couple the cavity to the waveguide. An iris is the same
as a short plane except that there is a small aperture in it to allow microwaves to
enter the cavity. A typical single mode cavity is illustrated in Fig. 4.5. The cavity
used in our experiment is the same as the illustrated one except the iris shape. By
choosing a suitable iris and adjusting the short plane, the cavity can be tuned to a
resonant condition. Under the resonant condition, the electric field inside the cavity

is much higher than the exciting field, which make it possible to heat the material
efficiently.
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In the following, we will discuss how such a cavity works through a multi-
ple reflection viewpoint. The following procedure imitates an example in the book
by Pozar[58], who used multiple reflections to interpret the matching principle of a

quarter-wave transformer.

T Iris Plane Short Plane

hcident Wave 7

Waveguide

Figure 4.5: A single mode cavity

Suppose the reflection coefficient of the iris is I,;,. As an incident electric
field with unity amplitude strikes the iris, part of the wave will be reflected, while
the remainder will enter the cavity. Since only the TE;; mode wave can propagate
through the cavity, we will neglect all higher order modes in the following discussion,

so the wave can be expressed as:

mmx ,
incident wave E;p. = sin ( " )e‘ﬂkmz, (4.5)
mrx\ ;
reflected wave Ercqi = Tipissin (T) elk10z (4.6)
mmx ,
transmitted wave Eirans = (1 4 Tjpis) sin ( )e’]kmz. (4.7)
a

where kg is the wavenumber of TE;y mode and a is the waveguide width.

Now we will focus on the fields inside the cavity. The transmitted wave will
propagate until it strikes the short plane to induce the first reflected wave propagating
in the —z direction.

mmx

E, = A;sin (—)ejsz, (4.8)
a
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where A; is the complex amplitude. Since the short plane is considered a perfect
electrical conductor, the electric field at the short plane should be zero. This condition

gives
Ay = —(1+ Tipis) e 2M0CE, (4.9)

where C'L is the cavity length. The transmitted and the first reflected waves create

a standing wave as
Si = (1 Ty sin (150 )eh0% - Ay sin (00 ) et
a a
= —2j(1+ Tyi)e ™0 sin (55 ) sinfla (= — LY. (4.10)
a

When the first reflected wave encounters the iris plane, it will produce the

second reflected wave which will propagate along +z direction, that is

. mmnr\ _.
E2 = FirisAl sSin ( )6 Jk102
a

= Tyis(1 4 iy )e~2R0CT iy (@)6_]4@104 (4.11)
a

Comparing this wave with the transmitted wave in Eq. (4.7), we see that the standing

wave produced by it is

mmnx

Sy = —2j(1 + Dipgy)e IR10CL (T, e=20K100L) gipy ( ) sin ko (2 — CL)].  (4.12)

a

The total field inside the cavity is the summation of all these standing waves

produced by multiple reflection, as illustrated in Fig. 4.6.

Iris Short Plane
L’ \ﬂws ———————————————————————————— > : |
D ——
____________ i
« CL

Figure 4.6: Cavity: multiple reflection viewpoint
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By summing all the standing waves, the total field inside the cavity is found

to be
S = —2j(1 + Djpis)e P10 sin (mmj) sin [kyo (z — OL)] Z (_FiriseijkaL)’ifl
a
=1
(1 + Firis)e_jkmcL . mmnx .
THTIT, e 2k00E O ( . ) sin [kyo (2 — CL)]. (4.13)

For the coupling through a small aperture, I';,;s can be approximated by
ITiris|€?’ where |Tiis| =~ 1 and @ ~ 7. For example, the calculated value of T,
of the iris used in our experiment by moment methods is —0.985 + 70.121. Using this
number, we can calculate the peak value of the electric field inside the cavity as a
function of the cavity length C'L as

‘1 + F’iT’iS‘

Speak = 2 : .
pea ‘1 + 1"’”2’.9672]16100[/‘

(4.14)

The calculated result is illustrated in Fig. 4.7. There are some points that need
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Figure 4.7: Peak electric field inside the cavity varied with the cavity length
to be mentioned here:
e The electric field has finite value even when loss is not included in the system.

e The peak value of the electric field is much larger than the incident value. In

this example, it is more than 33 times the magnitude of the incident wave.
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e The cavity is said to be tuned when the electric field inside the cavity is very
large. From Fig. 4.7, the cavity is tuned when the cavity length is near an

integer multiple of a half wavelength.

e From Eq. (4.13), it appears that at a resonant condition, the electric field is near
zero at z = 0, where the iris is located, because the cavity length is near an
integer multiple of a half wavelength. However, around a discontinuity, many
higher order modes exist besides the TE;y mode, so the field at that location

cannot be expressed by Eq. (4.13).

In our experiments, the microwave power source operates at 2450 MHz; corre-
spondingly, the wavenumber ko and wavelength A, of the TE;p mode are 27.2m™*
and 23.1 cm. From Table 4.1, the cavity length ranges from 26.5 cm to 36.1 cm, which
are equal to 1.15)\; and 1.56),, respectively. Therefore, the empty cavity can be
tuned to a TE;o3 resonant state, as illustrated by Fig. 4.2. According to Fig. 4.4, the
distances between the iris plane and the positions of the probe and the rod are equal
to 0.23)\, and 0.76),. Since a sin function varies slowly around its maximum value,

these two locations can be thought to be at electric field peaks.

4.5 Data Acquisition

The data acquired from pyrometers and power meters were transfered to a computer
through a AT-MIO-16F-5 or a Lab-PC+ data acquisition board (by National Instru-
ments). The data acquired from the Homer impedance analyzer were transfered to
a computer through an RS-232 port. All collected data are processed by Labview

software. Data were acquired at 1 second intervals.
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Chapter 5

Experimental Results

This chapter shows the experimental results for microwave heating of mullite and
alumina rods. Both are important ceramic materials in industry and are known to be
thermal runaway materials. In Section 5.1, heating of a mullite rod with a diameter
of 4.5mm is described. The detailed heating process and method to avoid thermal
runaway are provided. Also in this section, three critical points in the heating process
are identified. In Section 5.2, we present the experimental results for heating of an
alumina rod with a diameter of 4.5 mm. Then in the following two sections, we briefly
show the effects of the output power of the generator and the size of the rod to the
heating process.

In all experiments, the rod is inserted into the cavity through two holes on the
broad sides of the waveguide, so that the rod is aligned parallel to the electric field,

as illustrate in Fig. 4.2.

5.1 Experimental Results for 4.5 mm Mullite Rod

The experimental results for a mullite rod with a diameter of 4.5 mm and a length of
30.5cm are shown in Figs. 5.1 and 5.2. Since the height of the cavity is only 3.4 cm,
only a small portion of the rod is in the cavity. The output of the power generator
is set to 600 W, and is not changed during the experiment. The only adjustable

component in the system is the position of the short plane, which changes the cavity
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Figure 5.1: Behavior of the rod temperature when the position of the shorting plane
was adjusted. In the figure, the stable states obtained by decreasing and increasing
the cavity length are denoted by the “ x ” and “ o ” symbols, respectively.

The experiment starts from a cavity length of 36.1 cm where the cavity is highly
detuned. As Figs. 5.1 and 5.2 show, at the beginning of the experiment the rod is
at ambient temperature. When the short is adjusted to decrease the length of the
cavity, the temperature of the rod increases, as well as the electric field strength at
the plane of the rod. Continuing to decrease the cavity length leads to critical point
a, which is the point at which the maximum electric field strength is reached. From
this point, the electric field strength always decreases independent of the direction of
changes to the short plane position.

If we change the short plane position to increase the length of the cavity, then
temperature and electric field strength decrease simultaneously to a new equilibrium
point on the same curve. If we very gently adjust the short to decrease the length
of the cavity further, the temperature of the rod will increase but the electric field
strength will decrease due to the increased power absorption, leading to a new equilib-
rium point at higher temperature. If we continue decreasing the length of the cavity,

the field in the cavity will collapse at critical point b. Both the temperature of the rod
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Figure 5.2: Behavior of the electric field for the same experiment shown in Figure
5.1.

and the field intensity will drop dramatically, leading to equilibrium at a much lower
temperature; this process is like reverse thermal runaway. All the points plotted in

13

Figs. 5.1 and 5.2 represent stable states, and are denoted by the “ x ” symbol. The
whole process path is denoted by the solid arrow.

To heat the rod from the lower temperature point, where the cavity length
is 34.6 cm, we must increase the cavity length. The temperature and the field will
both increase along another curve that does not coincide with the original one. At
critical point ¢, another electric field maximum is encountered. If the length of the
cavity is increased from point ¢, a temperature excursion occurs. The temperature
continues increasing and the field continues decreasing until an equilibrium point is
reached that has much higher temperature and lower electric field strength. Notice
that at the end of this process the field decreases rather than increases. If we continue
to increase the length of the cavity, the temperature will decrease but the field will
increase, and the equilibrium point curve will coincide with the original curve. All
the stable points are denoted by the “ o ” symbol, while the process path is denoted

by a dashed arrow.

In Fig. 5.3, we collect the equilibrium points from Figs. 5.1 and 5.2 to plot
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temperature vs. electric field strength. This shows clearly the lower and middle

branches of the S-curve.
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Figure 5.3: Plot of the temperature versus electric field for a mullite rod with a
4.5mm diameter heated at 600 W.

5.1.1 Typical Heating Processes

There are 4 typical heating processes at constant power level. To illustrate the
processes clearly, each is discussed and plotted on the S-curve in the following para-

graphs.

Decreasing the Cavity Length

The process starts from an equilibrium point, and is illustrated in Fig. 5.4.
When the cavity length is decreased, the electric field strength increases immediately
while the temperature of the rod is nearly unchanged. When the rod heating begins,
the cavity is detuned by the increasing dielectric loss of the rod resulting from the
heating process. If the starting point is below the critical point a, this process will
end at an absolutely stable point.

If the starting point is above the critical point a, the process will end at a

relatively stable point. It is well known that all equilibrium points above the critical
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point a are unstable as viewed from the energy balance since it cannot tolerate any
small perturbation. But the process is governed by Maxwell’s equations as well as
the energy balance. When the system attempts to escape from the equilibrium point,
changes in the cavity field will force it back and the state will fluctuate around the

equilibrium point.
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Figure 5.4: The transient behavior of electric field and temperature for decreasing
cavity length. This behavior is illustrated for two different starting points. The
arrows illustrate the dynamic heating process observed in the experiments.

Increasing the Cavity Length

As illustrated in Fig. 5.5, when increasing the cavity length, the rod can be
heated or cooled depending upon the starting point. If the starting point is below
the critical point c, the cavity will continue being tuned and the temperature will
increase. If the starting point is above the critical point, the cavity is detuned first,

but as the temperature increases, the cavity is moved toward the tuned state.
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Figure 5.5: The transient behavior of electric field and temperature for increasing
cavity length. This behavior is illustrated for two different starting points. The
arrows illustrate the dynamic heating process observed in the experiments.

Thermal Excursion

If the cavity length is increased from critical point ¢, a rapid temperature
excursion occurs in a rather complicated process. Although the temperature increases
almost continuously, the field intensity does not vary monotonically. As illustrated by
Fig. 5.6, the cavity is first highly tuned and the temperature increases rapidly. When
the field intensity reaches its maximum value, the temperature increases dramatically
during a very short time. In our experiments, the temperature increases more than
500 degrees in less than half a minute, causing the cavity to become detuned. At the

end of the process, the temperature drops slightly to the equilibrium curve.

Reverse Thermal Runaway

If we decrease the length of cavity from the critical point b, a “reverse thermal
runaway” occurs. The field strength decreases slightly, but the temperature drops

precipitously, as illustrated in Fig. 5.7.
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Figure 5.6: Behavior of the electric field and temperature when the cavity length is
increased from critical point ¢. The temperature excursion mimics thermal runaway,
but a stable equilibrium point is achieved at high temperature.

5.2 Experimental Results for 4.5 mm Alumina Rod

The experimental results for an alumina rod of 99.9% purity with a diameter of 4.5 mm
and a length of 20.3 cm are shown in Fig. 5.8. The output of the power generator is
set to 300 W, and is not changed during the experiment. The same procedures as we
followed for the mullite rod were repeated. As shown in Figure 5.8, similar behavior of
the temperature and the electric field was observed. By decreasing the cavity length
through adjustments to the short plane position, the rod can be stabilized at any
temperature. However, if the cavity length is increased, thermal excursion occurs.
Compared with the experiment results for the mullite rod, we observed a full S-curve.

This curve is illustrated in Figure 5.9.

5.3 Power Level Effects

If the output of the power generator is set too high, part of the middle branch of the
S-curve becomes unstable. An example for a mullite rod with a diameter of 4.5 mm
is shown in Fig. 5.10. In the experiment, the output of the power generator is set to

2000 W. It is observed the temperature cannot be stabilized in the range of 413°C to
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Figure 5.7: Rapid temperature decrease following a decrease in cavity length from
critical point b.

992°C. For comparison, we include the stable curve obtained at low power level.
A similar unstable behavior is also observed when heating the alumina rod.
As the output of the power generator is set to 700 W, the whole middle branch of the

S-curve becomes unstable. The experimental results are shown in Fig. 5.11.

5.4 Rod Size Effects

When the diameter of the rod increases, it is found to be difficult to heat the rod
using our current apparatus. Fig. 5.12 shows the experimental results of heating an
alumina rod with diameter of 9mm. From the figure, it appears that to heat the rod
to a specified temperature, the required electric field is lower than that for heating
of a thinner rod. However, much higher input power is required to attain this lower
electric field. For example, when heating the alumina rod with a diameter of 4.5 mm,
700 W input power is sufficient to heat the rod to more than 1000°C. If the diameter
of the rod increases to 9mm, the input power has to be set to 1600 W. Another
difficulty is that arcing occurs frequently.

In our experiment, no unstable behavior was observed for this alumina rod.
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Figure 5.8: Behavior of the alumina rod temperature and the electric field when the
position of the shorting plane was adjusted. In the figure, the stable states obtained
by decreasing and increasing the cavity length are denoted by the “ x ” and “ o ”
symbols, respectively.

5.5 Summary

In this chapter, we report the direct experimental evidence of the so-called S-curve of
temperature versus electrical field when materials with positive temperature depen-
dence of dielectric loss are heated in a microwave field. A complete discussion of how
the experimental results were achieved is presented. From the experimental results,
the S-curve does exist for some materials. However, by the use of the resonant cavity,
the unstable behavior of the S-curve can be controlled without the use of any other

control system.
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Figure 5.10: Part of the middle branch of the S-curve becomes unstable when
heating the mullite rod with 2000 W input power. In the figure, the stable states
obtained by decreasing and increasing the cavity length are denoted by the “ x 7
and “ o 7 symbols, respectively.
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Chapter 6

Equivalent Circuit Model for the

Microwave Heating System

To model microwave heating of ceramic rods in a single mode cavity, the electric field
in the rod must be calculated. To simplify our modeling work, we consider the electric
field inside the cavity only, ignoring all the components before the iris. The cavity
is illustrated in Fig. 6.1. The incident wave is the TE;j mode with unity amplitude
coming from the left. As it strikes the iris, some higher order modes are excited, some
of which are reflected and others transmitted through the aperture. The transmitted
wave will strike the heated rod and short plane, inducing other reflected waves. These
waves will propagate to the left and be scattered by the iris again. The field in the
cavity and waveguide will be the superposition of all these scattered modes.

The above analysis, considering a problem consisting of the iris, the heated
rod and short plane all together, makes the problem unnecessarily complex since only
the TE;p mode can propagate along the waveguide. If we treat the iris and rod as
obstacles, the electric field far away from these obstacles will consist of only TE;q
modes. The effects of higher order modes are important around the obstacles only,
which provides a possible simple method to analyze the problem.

[43] are introduced in Section 6.1.

In this chapter, the S-matrix simplifications
Using this method, we show that the calculation of the electric field in the cavity can

be divided into two separate problems. One problem concerns the scattering property
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of an iris in a homogeneous waveguide without any other obstacles, while the other
problem concerns a waveguide terminated by the rod and short plane without the
iris. Based on these results, some more general concepts on microwave networks
are introduced in Section 6.2. By the use of these concepts, the obstacles along the
waveguide can be modeled by lumped parameters and the overall heating system
represented by an equivalent circuit. In Section 6.3, the equivalent circuit model is
applied to the calculation of electric field pattern in an empty cavity, which has been
discussed in Chapter 4 from a multireflection viewpoint. Finally, in Section 6.4 an

equivalent circuit is used to model the overall heating system.

6.1 S-matrix Simplifications

To determine the electromagnetic field inside the cavity, we must find a solution
to satisfy Maxwell’s equations as well as all boundary conditions. The solution of

2], They are con-

Maxwell’s equations in the empty waveguide are well documented
structed by the superposition of eigenfunctions (also called modes), which satisfy the
differential equations as well as the boundary conditions on all PECs (Perfect Elec-
tric Conductor). What we need to do is to determine the complex amplitude of these
modes so that they satisfy the boundary conditions introduced by the iris, rod, and
short.

Far away from these obstacles, only the TE;; mode exists in the waveguide. To
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make a quantitative estimation, suppose there is an imaginary plane placed between
and equal distance from the iris and the rod, as illustrated by Fig. 6.2. In our
experimental setup, the distance between the iris plane and the heated rod, L, is
17.5cm. The mode decaying most slowly is TEyy, whose wavenumber is 70.4m™!.
After propagating the length L;/2, the wave with unity amplitude originating at the
rod or iris plane diminishes to e~720£1/2 which is around 0.0021. If we recall that
the electric field in a cavity is constructed of the multiply reflected waves, we can
conclude that all higher order modes make little contribution to the overall structure
of the electric field in the cavity. Therefore, to get the field pattern, we only need to
study the behavior of the TE;y; mode.

The electric field due to the TE;y mode in the section between the iris and the

rod can be expressed as

Eip = (Fe %1% + Beit107) sin (12), (6.1)
a

where F' and B are the complex amplitudes for the TE;q; mode propagating in +z

and —z directions.

Imaginary Plane
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Figure 6.2: Imaginary Plane

The electric field to the left and far away from the iris plane can be written as

Erepe = (e7910% 4 Reik107) sin (12), (6.2)
a

where R is the complex amplitude for the TE;q mode propagating in —z direction,

which includes the effects of the iris, rod and short plane.
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To use S-matrix simplifications, we first focus on the region to the left of the
imaginary plane. This is an overdetermined scattering problem since we have specified
too many conditions. Some relations must exist among F', B and R. If we assume
the reflection coefficient of the iris in a homogeneous waveguide without any other

obstacle is I';,;, the relations can be constructed as follows:

e The second term in Eq. (6.2), which is a TE;q wave traveling in —z direction,
can be regard as the summation of the reflection of the first term in Eq. (6.2)

and the transmission of the second term in Eq. (6.1), that is

R =Ty + (1+Tyi)B. (6.3)

e The first term in Eq. (6.1), which is a TE;y wave traveling in the +z direc-
tion, can be regarded as the summation of the reflection of the second term in

Eq. (6.1) and the transmission of the first term in Eq. (6.2), that is

In the above expressions, we have used the relation that 7},;; = 1 4+ I';,;s, where T},
is the transmission coefficient of the iris. This relation holds since we assume the
thickness of the iris is zero.

Next if we consider the region between the imaginary plane and short plane,

the relation between F' and B can be expressed as
B=T,,F. (6.5)

where I',,! is the complex amplitude of the reflected TE;; mode wave if a TE;; mode
wave with unity amplitude strikes the rod and short.

Combining Egs. (6.4) and (6.5), we obtain

1 + F'L’Ms
F=_— e .
1-— Firis]:‘rs7 (6 6>
and
1 + Firis
= I“ris 1 Firis Frs . .
R ' i ( N ) 1-— Firisrrs (6 7>

IT,, is defined at the z = 0 plane.
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From Egs. (6.6) and (6.7), it is clear that the field structure can be determined
by two parameters, I';.;s and I',;. The system has been separated into two subsys-
tems. First, we need to calculate the reflection coefficient of an iris in a homogeneous
waveguide. Secondly, we need to calculate the electric field inside a cylindrical rod
which is irradiated by an electric wave with amplitude F'. The iris has been excluded
from this subsystem. The effects of the iris are included in Eq. (6.6) through T.;s.

Indeed, the second subsystem, which includes the rod and the short, can be
further divided if the multireflections arising from higher order modes between them
can be neglected. A general conclusion is that in a microwave heating system, all
obstacles can be handled individually. This conclusion is based on the assumptions
that the higher order modes generated from one obstacle have negligible effects on
other obstacles.

The effect of an obstacle is twofold. It generates a far field consisting of only
the TE;y mode and it also produces a local field consisting of exponentially attenuated
higher order modes. For different obstacles, we have different interests. For example,
in microwave heating problems, we do not care about the local field around the iris;
but the local field produced by the rod is important. If we solve Maxwell’s equation
in the whole region, we will obtain too much information. Instead, we can use circuit

analysis combined with necessary local analysis to obtain what we really want.

6.2 Equivalent Circuit for a Two-port Microwave

Network

Fig. 6.3 shows an obstacle located at z = 0 in a waveguide. If there are no other ob-
stacles, then only the TE;q mode exists as z — —o0, and the fields can be represented

as

2
By, = \/; sin 2V (2), (6.8)

a
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and

2
Hy, = —\ﬁ sin 21y (2), (6.9)
a

a

where Vi(z) and I(z) are equivalent voltage and current.

Y N
—

Figure 6.3: An arbitrary obstacle in the waveguide

By substituting these expressions into Maxwell’s equations, the equations for

Vi(z) and I;(z) can be obtained as

d*V,

TVE) | kiice) o (6.10)
d?z

d*I,(z)

T;Z +kipli(2) = 0, (6.11)

where kg is the wavenumber for the TE;y mode. These equations are the well-known

transmission line equa,tions[58]. The traveling wave solutions are

Vi(z) = ViTe k0= 4 v~ ekioz (6.12)

I(2) = I e ™07 — [ eMo7, (6.13)

where Vi (z) and I,(z) are equivalent voltage and current. The constants V,;© and V,~
are related to I;” and I; through

iV _we

A S = =7 6.14
If_ Il_ klo 05 ( )
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where Z; is the characteristic impedance of the transmission line.
The same procedure can be applied to the far fields to the right of the obstacle

and similar results can be obtained as

Va(2) = VT ek10z 4 Ve ko2, (6.15)

I(2) = I eF1o% — [ e k02, (6.16)

Notice that the sign is changed in the exponential terms because V" is always used
to represent the amplitude of a wave traveling toward the obstacle.

Mathematically, such transformations just drop the x variation of the fields.
The reason to do this is that there are many useful results in the circuit theory which
can make the analysis simple and intuitive.

Next we consider the voltage and current at the z = 0 plane where the obsta-
cle is located. We use V; and I; to represent the voltage and current extrapolated
back to the z = 0~ plane from —oo, V5 and I, to represent the voltage and current
extrapolated back to the 2 = 0" plane from +oo. Due to the presence of the obstacle,

normally Vi # V5 and I; # —I5. The voltages are related to the currents through

1% Zy 4 I
1 1 Zi2 1 , (6.17)
Va ASAY I
or
V] =[2]11], (6.18)

where the impedance matrix [Z] is determined by the properties of the obstacle. If
the network is reciprocal, [Z] is Symmetric[58]. One equivalent circuit to represent
this two-port network is illustrated in Fig. 6.4.

The impedance matrix [Z] is convenient when analyzing the network problem.
However, when an obstacle is analyzed by a mode matching method, a scattering
matrix is used rather than an impedance matrix. A scattering matrix [S] relates the

amplitudes of the incident wave to the amplitudes of reflected waves as

V- S s
L I o (6.19)

Vy So1 Sag Vo
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Figure 6.4: An equivalent circuit for a two-port microwave network
or
(Vo] =1s][v*]. (6.20)

Since both [Z] and [S] describe the properties of the obstacle, they are not

independent. Their relations arel®8]

Zu _ (14 5u)(1— S») + 5%

Z, = NG , (6.21)
Zip 251
Zo ~ DS (6.22)
Zy  (1—=81)(1+ Ss)+ Sh,
Z = NG , (6.23)
where
AS = (1—51)(1— Sa) — 5122- (6.24)

In the above expressions, we have used the property that if [Z] is symmetric, then
[S] is symmetric.

In our microwave heating system, both the iris and the rod are two-port net-
works. Since they are both symmetrical about the z = 0 plane, then Z;; = Z33 and
S11 = Sao. In the iris case, since the electric field is continuous across the iris (we
suppose that the thickness of the iris is zero), then V; = V5. From Eq. (6.17), we

obtain that Z;; = Z15. Therfore, the series arms in the equivalent circuit are absent.
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In conclusion, when we use equivalent circuits to represent the rod, two complex
numbers, Z;; and Zj5, need to be determined; in the iris case, only one complex

number, Zi5, needs to be determined.

6.3 Analysis of the Cavity from an Equivalent Cir-
cuit Viewpoint

The analysis of a cavity from a multiple reflection viewpoint has been discussed in
Chapter 4. That method gives a physically clear picture of the electric field inside
the cavity. However, the problem can be also handled with an equivalent circuit

model as illustrated in Fig. 6.5. In this model, the iris is treated as a lumped parallel

Iris
I, L, I(z)  Short Plane
> —+ —
Vv, Za |V, V(z)
L cL |z

Figure 6.5: Cavity: transmission line model

impedance and the waveguide as a section of transmission line.
Suppose that I';,;s is given; then Si; = [';;s and S5 = 1 + [',45. By putting

these into Eq. (6.22), the normalized impedance z, can be calculated as

Zog 2510 1+ Ty

=2 = = 2
ZO AS 2Fzms (6 5)

Zaq —

The normalized input impedance of a transmission line terminated in a short

circuit is

Zin .
Zin = = jtan (k1oCL), (6.26)
Zy

where CL is the length of the cavity or the length of the transmission line.
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The equivalent total normalized impedance including the iris and the short
circuit is

L Z 1 jtan (k1oCL)z, (6.27)
A i + i jtan (k1oCL) + 2z, ’

From the transmission line theory[58}, the total reflection coefficient seen from
the iris is
2t — 1

Ft: .
Zt+1

(6.28)

The amplitude of the incident electric field or the equivalent incident voltage,
V", is supposed to be unity, so the amplitude of the total electric field or the total

voltage just before the iris is
Vi=Vi+ Vi =V + VT, =Vt (1+T,) =1+Ty, (6.29)

and the corresponding current is

vi-vo vt 1-T
Ilzlf—ll—leol:Z—lo(l—Ft): L (6.30)

Across the iris, the total voltage will not change while the total current will be

1-Iy 14T
Igzjl—ﬁz t— +t.

6.31
Za ZO Za ( )

Since V5 and I, are the total voltage and current at one point in a transmission
line with fixed impedance Z; and wave number ko, the total voltage at all other
points along the transmission line can be determined. Suppose the iris is at the point

of z = 0; then the total voltage at z is

V(z) = Vacos(kiz) — jlaZysin (kipz)

(14T cos (ki0z) — j | (1= Ty) — — (14 T)| sin (k1o2).  (6.32)

a

By putting the expressions for I'; and z, in the above equation, we obtain

(1 + Firis)e_jkmL

V(Z) = —2] 1 i F,L-T,L-Se*ijlocL

sin [k (2 — CL))]. (6.33)

This expression is the same as we obtained from the multiple reflections method

(Eq. (4.13)) except for the factor sin(mmz/a).
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6.4 The Equivalent Circuit for the Microwave Heat-
ing System

By inserting the equivalent circuit of the rod into Fig. 6.5, the equivalent circuit for

the microwave heating system is obtained and illustrated in Fig. 6.6.

Iris Rod
o 5 5 Short
Einc Za Zc
0 L T ¢ T L
<1

Figure 6.6: The equivalent circuit for the microwave heating system. In the model,
the incident electric field is assumed to be a constant during the heating process.

In Fig. 6.6, Z, is used to represent the iris, and the combination of Z, and Z.
represent the rod. In the following discussions, normalized impedances are used for

convenience.

In Fig. 6.7, four planes along the z direction are defined. From circuit theory,

the input impedances viewed from these planes are

Z4 = ] tan (kloLg), (634)
ze(2p + 24)

— S S . 6.35

=3 zb+zc+zb+z4’ (6.:35)

z3 —f- j tan (kloLl)

2y = , 6.36
2 1 —|—j23 tan (l{iloLl) ( )
and
Za 22
= ) 6.37
“ Zq + 29 ( )

For a wave with unity amplitude striking the heating system from the left, the
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z=0 z=0*

Figure 6.7: Four planes are defined in the equivalent circuit model. In the model,
the incident electric field is assumed to be a constant during the heating process.

amplitude of the reflected wave is calculated through the total reflection coefficient

Fl as

21—1

Vi =IZWiH=I1="-—
. 1 ! 2’1—|—1’

thus the total voltage and the total current at plane 1 are

Vi=14+V =1+1Y,
and

L=1-1 =1-T}.
At plane 2, the voltage and current are

Vo=V =1+TYy,
and
Vi

L=I—--=(1-Ty) -
2 1 Z ( 1) Z

1414

(6.38)

(6.39)

(6.40)

(6.41)

(6.42)

The voltage and current along the transmission line between plane 2 and plane 3 are

calculated from Eq. (6.12) and Eq. (6.13):

V(2) = cos (k19z)Va — jsin (k1pz) 2,

I(z) = —jsin (k192)Va + cos (k10z) L.
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By putting z = L; into the above equations, the voltage and current at plane 3 are
V3 = cos (kigL1) Vo — jsin (kioLq)1s, (6.45)
and
I3 = —jsin (kigL1)Va + cos (k1o Lq) L. (6.46)

At plane 4, the voltage and current computed from circuit theory are

2

Vi= (142 — (22 + 2)Is, (6.47)
and
1 Zh
Ii=——Vs+ (1+ =)l (6.48)

The voltage and current between plane 4 and short plane are calculated from Eq. (6.12)

and Eq. (6.13):

V(2) = cos (k10z)Vy — jsin (k19z) 14, (6.49)

I(z) = —jsin (ki02)V4 + cos (k102) 4. (6.50)

In our heating system, L, the distance between the iris plane and the heated
rod, is fixed, thus the voltage and current in the waveguide are functions of z,, 2,2,
and L,. These parameters can be obtained from the field analysis, which will be

discussed in the next chapter.
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Chapter 7

Computation of the Electric Field

in the Cavity

In this chapter, methods for determining the two parameters in the equivalent circuits
are discussed. In Section 7.1, the reflection coefficient of the iris is computed by mode
matching and moment methods, which were developed by Terril ™). The results are
compared with those obtained from the finite element method. In Section 7.2, we
use orthogonal expansion method to calculate the electric field inside the rod. This
method can provide accurate results. To deal with some difficulties encountered in
the calculation when the properties of the rod vary along the rod, we develop an
approximate method based on the current sources. This is an improvement of the

method developed by Terril 7).

7.1 Iris Problem

An iris, as illustrated in Fig. 7.1, is used to couple the fields in the waveguide and the
cavity. This introduces an iris-type discontinuity in the microwave heating network.
As discussed in the previous chapter, the most important quantity we are concerned
about is I';,;,, the reflection coefficient of the TE;y mode. To determine I';,;s, we must
find the solution of Maxwell’s equations to satisfy the required boundary conditions.

These boundary conditions include:
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e Perfect electric conductor (PEC) conditions on the waveguide walls
e PEC condition on the iris

Additional boundary conditions must be added when specific solution methods are
selected. For example, if the finite element method (FEM) is used, the matching

boundary conditions must be applied at the inlet and outlet boundaries.

7

i |

( :// /10.76 cm  |3.40 cm

“241cm

2.72 cm

VOOV

A

7.21 cm

Figure 7.1: The iris used in the experiment

The method to solve this type of problem can be dated back to the 1940s.
At that time, computers were not available so that some ingenious methods were
developed by some scientists, among whom J. Schwinger played a dominant rolel04!.
They used a transformation to overcome the most difficult part of the problem. Un-
fortunately, their methods can be used only in some specific cases, as illustrated in
Figs. 7.2 and 7.3. In these cases, Maxwell’s equations can be simplified to be scalar

equations.

iz

V222

Figure 7.2: Capacitive Iris
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Figure 7.3: Inductive Iris

If the shape of the iris becomes complex, Schwinger’s transformation cannot be
found. In the 1960s, as a result of the availability of the computer, mode-matching
techniques were used in the computation of waveguide discontinuities®8. These
techniques are ideal to deal with the junction between two different waveguides. By
expanding the transverse fields in terms of the waveguide modes, the scattering ma-
trix can be obtained. However, these techniques cannot be directly applied to the
iris-type discontinuities due to the zero thickness of the iris49 Tnstead of expressing
the fields in the aperture in terms of the waveguide modes, other series of orthogonal
functions are used for the transverse electric and magnetic field. This idea is the
same as that behind Schwinger’s transformation and the procedure of this method
is the same as that of the moment methods. Moment methods, as a general proce-
dure to convert the analytical formulation into a numerical formulation in the form
of a matrix equation, have been used in almost all computation fields. The appli-
cations of the moment methods in electromagnetic field problems can be found in

33, 87) and overview papers[32’ 59, Moment methods can handle more

several books!
problems than the transformation method can. For example, a double iris, whose
dimension is an exact rectangle as illustrated in Fig. 7.4, can be solved by moment
methods.

However, since the methods are of global analysis, they still require the bound-
ary of the iris to be regular.

As the iris shape becomes more complex, such as the iris used in our heating

system, the FEM has to be used. Indeed, the FEM is also a kind of moment methods

in which the solution region is divided into small elements.
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Figure 7.4: Double Step Iris

In the following, we will derive the integral equation first,! then briefly discuss
the moment methods through an example. By the use of the moment methods, the
solution of the double step iris is obtained. This solution serves as a criterion to
determine the appropriate size of elements when using FEM. Finally, FEM is used to

compute the reflection coefficient of the iris used in our experiments.

7.1.1 Integral equation

The electromagnetic fields inside a waveguide are constructed of the TE and TM
modes. Every mode is an eigenfunction of Maxwell’s equations under specific bound-
ary conditions. For a rectangular waveguide, these modes can be obtained by separa-
tion of variables. The solution procedure can be found in any book on electromagnetic

waves!18 31 21 In this dissertation, we use the results directly.

!The derivation of the integral equation, the selection of the basis and weighting functions follow
Terril’s work![7?). However, since we did not use the concepts of magnetic currents. the integral
equations and the weighting functions are different from Terril’s.
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Modes

TE modes

First, we define the following orthonormal mode functions for a TE,,,, mode:

é’Zm = erni + e;z’yng] = aﬁm [—n—ﬁ cos (mﬁx> sin (@)i
; ; ; ; b a b
+ MMgin (mml;) Cos (@)g}} : (7.1)
a a b
and
- al
h;‘m = hﬁfni’ + h;@ynﬁ = —ZY:’” [? sin (m;r:c) COS (n%;y)'i:
+ roos () sin (55)1] (72)
where
zh =20 (7.3)
’ JYmmn
2
al = , (7.4)
’ \/abed €9k,
o _ 2, m=0;
1, m#0,
mm nm
K2 = (—)%+ (—)? 7.5
2= (T 4 (B2 (75)
and
mm nmw
= (T2 — e (7:6)

The transverse electric and magnetic fields of a TE,,, wave traveling in the

42 direction are

ElsPos — g=vmnzgh (7.7)

m,n?
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and

Hh,Pos — e—'ymynzﬁh
m,n

m,n)
while the transverse fields of a TE,, , wave traveling in the —z direction are

Erlzlxeg — eTImmzgh

m,n?

and
Fh,Neg __ mnz i h
Hm,neg - —€+7 th,n‘
TM modes
The orthonormal mode functions for a TM,,,, mode are
mm mmx nmw
Cron = E-THel Y=oy . [—— Cos ( ) sin (Ty>i
b b b b a a/
nmw . (mwm) (mry) A}
— —sin cos | —=
b a b )Y
and
- oy nm mmx nmwy
€ _ e,xr 2, ey N m,n o A~
hon = hyn®+hyly = Zc., [ - sin ( - ) cos (—b )x
mm mnxr\ . (MTY\ .
+ ——cos ( ) Sin (—)y} ,
a a b
where
JYmm
Zman = we ’
and
2

e

a =
m,n /T
abkc,mn

(7.10)

(7.11)

(7.12)

(7.13)

(7.14)

The transverse electric and magnetic fields of a TM,,, wave traveling in the

+2z directions are

N
Ee,Pos o ef'ym,nze—e
mn m,n’

and

— —
He,Pos — e*'ym,nzhe
m,n m,n

72

(7.15)

(7.16)



while the fields of a TM,,,, wave traveling in the —z direction are

Ef,;f\[fg = eﬂm’"zéf;l7n, (7.17)
and

fieNes — _ gl | (7.18)
Fields

Suppose there is a TE;qg mode propagating in the +2z direction and an iris is located
at the z = 0 plane. Due to the presence of the iris, higher order modes are excited.
To the left of the iris, the fields are composed of a TE;q mode traveling in the +z
direction and other reflected TE and TM modes traveling in the —z direction, thus

the fields are expressed as

A= 3 (A B A fEN0) + B, (719)
and
HY =y (AL Hul + Ay HENe) + HYy™ (7.20)

To the right of the iris, the fields are composed of transmitted waves traveling in

the +z direction if no other obstacles exist downstream, thus the fields are expressed

as

EP =) (Bl ERF 4+ B, Eobe) + Eiy”, (7.21)
and

HP = (Bh HEYes + Be, (HEDes) + Hyy ™. (7.22)

Boundary conditions and the integral equation

The only physical boundary condition on the iris plane is the PEC condition, which

requires the tangential electric field to be zero on the iris. On the aperture, no
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boundary exists, thus the electric and magnetic fields must be the same. Overall, at
the z = 0 plane, the electric fields should be the same everywhere, thus A" = = B},
and A7, = By, ..
The electric field at the z = 0 plane is assumed to be
o
0 , on the iris,

on the aperture;

where E is a unknown vector function. Inserting Eq. (7.19) into the above expression,

we obtain
Z(Aﬁméﬁw + A ) e = E on the aperture. (7.23)
m,n

Due to the orthogonality between different modes, the coefficients of the mode

can be computed as

A= / / E-é" ds— oL, (7.24)

aper

AL, = / / E-&,,ds. (7.25)

aper

From the condition that the tangential magnetic field must be the same on the

aperture, we obtain
H* = " on the aperture. (7.26)

By the use of Egs. (7.20) and (7.22), we obtain
D (AP + Ay B ) = 0. (7.27)

This equation gives us some useful information about the tangential magnetic
field on the aperture. If we put this result into Eq. (7.20), it is obvious that the

tangential magnetic field on the aperture is just the magnetic field of the TE;; mode.
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By substituting the expressions of A?,  and A,  into the above equation and

after some simplifications, we obtain

S| [ B w1+ [ B0 010 | = o),

’ aper aper
(7.28)
If we let
Glr',r) = 3 [ ()l (1) + 85, () B (1) (7.29)
we obtain the integral equation
// E(r") -5(7“', r)ds’ = f_i}f’o(r) on the aperture. (7.30)

aper
This is the integral equation we need to solve. Before we use moment methods
to solve this problem, we use a simpler problem to reveal the difficulty inside this

integral equation and briefly discuss the moment methods.

7.1.2 Moment methods

We consider an inductive iris with zero thickness located at a homogeneous waveguide.
The dimension of the iris is illustrated in Fig. 7.5. The incident field, a TE;y mode
with unity amplitude, will set up the reflected and transmitted higher order modes.
Since the fields of the TE;y mode are independent of y and the inductive iris does
not introduce any y-related boundary condition, then all field components are inde-
pendent of y. Moreover, if we note that x and z components of the electric field are
zero at y = 0 and y = b, we conclude that only the y component of the electric field
exists. From the mode function, this means that only the TE,,; mode can be excited

by the iris. Therefore, the expression of E(r’ ,r) and E(r') are simplified to be

= = 25%m ! -
Glr'.r) = 3 o)) = 3 Jpt sin (=) sin (5te, - (731)

m
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and

E(r') = E,(«')y. (7.32)

Figure 7.5: Inductive Iris - An Example

By putting the above expressions into Eq. (7.30), we obtain

o0 €2 /
Ym,0 mnx
—Ss

2 in ( a )/Ey(l”) Sin(mzx yda' = 4 /2%) sin (%x) on the aperture.

C1

(7.33)

The difficulty of this integral equation is that both the range of the integration

and the range that the integral equation must hold are not the full guide width, over

which the modes are orthogonal to each other. If such difficulty does not exist, the
integral equation is only a trivial problem.

To illustrate the difficulty more clearly, we propose a method to solve it. First,

we truncate the infinite summation in Eq. (7.33) to the first M terms, that is

M 2 /
Vm g T

m=1 110 in ( a )/Ey(xl) Sin<m;rx )dz' = \/%Sin%x on aperture. (7.34)

Cc1

Since the set of sin (mma’/a),m = 1,2,--- M are linearly independent over

the region of (1, ¢2), we can construct E,(z') as a linear combination of sin (mnz’/a),
M

,(2') = Cp 1N (

m=1

mnz’

). (7.35)
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By properly selecting ¢, we can let E,(z') be orthogonal to sin (mnz’/a), m =
2,---, M and

C2

/
/ E,(z) sin%dx' - 2% (7.36)
C1

Apparently, this E,(z') is a solution to Eq. (7.34), but is not a solution to our
original problem. This can be seen if we notice that A" mo=0m=23--- M from
Eq. (7.24), so only the TE;q mode is excited by the iris. In other words, the iris has
been removed from the waveguide by this solution. We can also view this solution
from an error estimation point of view. If we add one more term in the summation,

the error will be

M+ 1)rz f M + 1)ra’
error = JMFLO sin( i )Wx/Ey(xl)sin&dxl

71,0 a
C1

M
M+1 ! M + 1)z’
IMFLO gy (M + Dz E e < sin ,sin (M + Lmz > . (7.37)

1,0 a ot a a
Here we use <> to represent the integration. We cannot guarantee that the
error is small. Indeed, in a numerical experiment, c¢,, increases rapidly with increasing

m. This is analogous to the use of 1,z, 22 --

to approximate a known function.
To obtain correct results, we must choose an orthogonal set to approximate

E,('). For example, let

=D byl (7.38)
p=1
where ¢,(z),p=1,2,---,00 is a set of functions which are orthonormal to each other

over the region (ci,cs) and ¢, is the corresponding Fourier coefficient. In moment
methods, ¢,(x) is called a basis function. Since the integral equation is a linear
system, we can examine the response of ¢,(z’) individually. From Eq. (7.33), the

response of ¢,(x') is

Tm0 in (1T / (') sin ( ULCAN) (7.39)
’)/ a

m=1
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Because the response is composed of sin (mnz/a),m = 1,2,3- -, 0o, which are
not orthogonal to each other, then it is necessary to expand sin (mnz/a) in terms of
another set of orthonormal functions ¢,(x),q¢ = 1,2,--- , 00, which are called weight-

ing functions. Let

) = Z%Wﬂ%(@: (7.40)

Z(Z Maqmbmp)‘:pq(x)a (7.41)

where

)da'. (7.42)

By substituting Eqgs. (7.38) and (7.41) into Eq. (7.33) and comparing the

coefficients of ¢,(x), we obtain

= - Ym,0 a
Z(’m'zl ’71 0 aqmbmp)cp = %alq q e 17 2, 3’ cee 0. (743)

p=1 ’
This is the matrix equation to determine ¢,, then E,, and finally A,,,. To obtain a
numerical solution, the three infinite series summations must be truncated. We use
M, P, and @ to denote the terms to be selected in the summations. Our objective is

to determine the reflection coefficient of the TE;y mode. From Eq. (7.24),

P
A= [[E.éds—1=al " by, — 1. 7.44
1,0 // €1,048 O‘l,oach 1p ( )

aper p=1
Before the solution is obtained, ¢, is unknown. However, we expect that c,
decreases with increasing p. Otherwise, this method fails. As a rough approximation?,
let ¢, ~ 1/p. by, is the projection of sin (7z/a) on ¢,(z). A natural choice of ¢,(z)

is sin [pm (z — ¢1) / (ca — ¢1)], which is the mode of a waveguide with width ¢, — ¢;.

It can be shown that by, ~ 1/p. Therefore, A’f’O converges rapidly. This means that

2Normally the coefficients of the orthogonal expansion decay very fast. Some discussions can be
found in reference [10].
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if we are only concerned about the reflection coefficient of the TE;y mode, P can be
set to be a relative small number. From Eq. (7.43), to obtain a unique solution, @
should be selected to be equal to P.

The selection of M is an interesting issue, which induces the relative conver-
gence phenomenon. From Eq. (7.43), M must be large enough so that the trun-
cations will not affect the accuracy of the matrix element calculation. In other
words, the truncated terms must be small compared with the remaining terms.
Every term in those summations consist of the interactions between ¢,(z), ()
and sin (mmz/a). As a general rule, the interactions between two waves is strength-
ened when the wavenumber of one wave approaches the wavenumber of another. If
op(x) is selected to be sin [pm(x —¢1)/ (ca — ¢1)], the strongest interaction occurs
when m/a = p/(ca — ¢1), thus M must be larger than pa/(co — ¢;). A detailed
discussion can be found in a paper by Lee et al 144]

The selection of an appropriate set of basis and weighting functions is impor-
tant when using moment methods; sometimes it is also difficult. In this example,
the selection of sin [pm (z — ¢1) / (c2 — ¢1)] is obvious because this set of functions sat-
isfies the boundary conditions and has simple form. However, for vector problems,
the selection is not an easy task anymore. The behaviors of both E, and E, are
irregular at the boundary of the aperture. For example, £, is zero at the x direction

3. Some special

boundaries but it approaches infinity at the y direction boundaries
functions satisfying such conditions have been used by researchers®% 901, By the use
of those special functions, the terms of the basis function can be selected to be small,
but the calculation process could be very lengthy. More importantly, in some cases,
the orthogonality cannot be retained.

Compared with FEM or finite difference method, moment methods can produce
very accurate results. However, if the geometry of the object becomes complex, the
use of moment methods is highly limited. In these cases, FEM or finite difference

method is necessary. In the next section, we will apply moment methods to the

double step iris problem. The results are compared with those obtained from FEM,

3Such behaviors are called edge conditions, see reference [7].

79



then FEM is applied to obtain equivalent circuit of the iris used in our microwave

heating system.

7.1.3 Solutions

Mode matching method solutions
First, we apply moment methods to solve the double step iris problem. The unknown
electric field on the aperture are expressed in terms of basis functions ¢ , and ¢} , as

E(z,y) =Y _lap 65 ,(r)E +af 8% ()i, (7.45)

p.aq

where a; , and a}  are unknown coefficients. By substituting the above expression

into Eq. (7.30), we obtain
Z aﬁ,q/ Dpg(1)E - 5(7“/; r)ds + Za / ¢y ,(r) E (r',r)ds = h’fo( ). (7.46)
P - P

The weighting functions are selected to have the forms

@Zt = Qpi,t(r)jv (7'47)
Per = Pau(r)y. (7.48)

By applying the weighting functions @7, and &%, to Eq. (7.46), we obtain

/ / () -t (r)ids = > af, / / / / ¢t ()& - Gr'r) - oF (r)ids'ds

p.aq

s [[on

Ql

TIJ ’I”) ' sz,t(r)i‘dslds7

(7.49)

[ o) rryins = i, / / / i G, ) - @ (r)ds'ds

ap
+ / / / 1), 1) ).

(7.50)

and
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The above two equations construct the matrix equation.

The basis functions are selected to be

(m(w - 61)) “in (qﬂ(y - vl))

ﬁ,q(:c,y) = COS - . , (7.51)
and
. pr(r—cl) qr(y — vl)
2 ) = sin (P ) cos (22, (7.52)
where (p7Q) = (172737"' 7P) X (071727"' aQ)
The weighting functions used in the calculations are
- . sm(z—rcl tr(y — vl
ol y) = sin (T D) e (T 0D, (7.53)
and
stz —cl), . tm(y—ovl
@ei(z,y) = cos ( ( . ))sm( ( - )), (7.54)

where (s,t) = (0,1,2,---,5) x (1,2,3,---,T).

The detailed description of the solution procedure can be found in Terril’s
thesis! 7).

Fig. 7.6 shows the computed results. During the calculations, we set P = ) =
S =T and M = N, where M and N are the highest mode numbers used to compute
5(7" ,7) in Eq. (7.29). The symbol z, is the normalized reactance of the iris, which is
related to the normalized impedance z, through jz, = z,.

It can be seen from Fig. 7.6 that when M = 100 and P = 10, the normalized
reactance has converged to x, = 0.061. Thus the normalized impedance z, is j0.061

and the corresponding I';,.;s is -0.985+4j0.121. We will use these numbers as the exact

values to verify the FEM results.

FEM solutions

Table 7.1 shows the results from the FEM. All results are calculated by the software
FEMLAB. In the table, L, N1, N2, and Max are the length of the waveguide in the

computation region, the number of nodes, the number of elements, and the maximum
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Figure 7.6: The reactance of the double step iris

size of the element on the aperture. All boundary conditions are set to be PECs except
that the inlet and outlet boundary conditions are matching boundary conditions. A
matching boundary is an imaginary boundary where no physical boundary exists.
This concept is the same as the non-reflecting boundary used in computational fluid
mechanics. On the inlet boundary, we specify the incident field to be the TE;y mode
with unity amplitude.

The results obtained from the FEM are discrete field values. To obtain the

reflection coefficient of the TE;y mode, an integration is necessary, that is

2

~ab
S

Vi E,osin ( %)ds, (7.55)

where S represents the transverse area of the waveguide and E, is the y-
component of the electric field at the z = 0 plane, which is the inlet boundary. Vi
can be thought of as the total voltage or the amplitude of the TE;y mode. Since the
incident field has been set to be the TE;y mode with unity amplitude, the amplitude
of the reflected wave is Vi — 1, thus the reflection coefficient at the z = 0 plane is
Vr — 1. Since the iris is located at the z = L/2 plane, the reflection coefficient of the

TE 9 mode is
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Diis = (Vi — 1)e?F10k, (7.56)
and the normalized impedance is
1+ Firis
= —————- 7.57
- 2Firis ( )

When using the FEM, element shape and size are crucial to the success of
computation. In our problem, there are two factors affecting element shape and size.
First, since the aperture is small, especially its height, the element size must be set
small to get reasonable results. However, the size of the elements that are not on
the aperture are not necessarily small. Actually, the sizes of those elements should
be as large as possible. Otherwise, the total number of elements will be too large.
Therefore, we should use normal size elements in the whole region except limiting the
maximum size of the element on the aperture. In Cases (2), (4), and (5), the size of
the element on the aperture is limited by a fixed number. Secondly, to decrease the
number of elements, the length of the waveguide in the computation region should
be set as short as possible. However, this length cannot be set too small. To obtain
better results, half of this length should be approximately equal to the height of the

aperture.

Table 7.1: Computation results for a double step iris by FEM

Case | L (em) | N1 N2 Max (cm) Ciris Za
1 5 2363 | 11485 | not controlled | -0.9929 + j 0.1011 | -0.0016 + j0.0508
2 5 3450 | 17042 0.3 -0.9912 + j0.1104 | -0.0017 +j 0.0555
3 1 1118 | 4666 | not controlled | -0.9672 4 0.0940i | 0.0121 + j0.0498
4 1 2311 | 10501 0.3 -0.9611 + 0.1143i | 0.0130 +j 0.0610
5 1 4589 | 22468 0.2 -0.9596 + 0.1057i | 0.0148 + j0.0567
6 0.5 3703 | 16263 | not controlled | -0.9083 + j0.1238 | 0.0404 +j 0.0737

Based on the results provided in Table 7.1, we use the setting of Case (4) to

compute the iris used in our experiment. The geometry and the grid are illustrated

in Figs. 7.7 and 7.8.
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Figure 7.7: The geometry of the computation region

Figure 7.8: Meshing result

The calculated I';.;s and z, are -0.9694j0.0892 and 0.0118+j0.0472. Notice
that the impedance computed by the FEM is not a pure imaginary number. This
contradicts the fact that the iris is lossless. Such error will not occur when using

moment methods. In the following computation, we will use z, = 70.0472.

7.2 Electric Field in the Rod

In this section, we will consider the fields scattered by the dielectric rod. The geometry
of this problem consists of a box (waveguide section) and a cylinder (rod section). The
eigenfunctions of Maxwell’s equations in these two regions are known. The difficulty
is how to match the solutions on the interface to satisfy the boundary conditions. The

orthogonal expansion method28] (OEM) is believed to be reliable and accurate when
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solving this type of discontinuity in the waveguide. It has been used to calculate
the scattering properties of dielectric resonatorsi4”l and conducting posts[gl]. We
will discuss this method in detail in Section 1. In the discussions, the dielectric
properties of the rod are assumed to be a constant. This can reduce the problem
to two dimensional. The box and cylinder become a rectangle and a circle. The
equivalent circuit parameters obtained from this method are compared with those

48], Also, the electric field variation in the rod will

given in the Waveguide Handbook
be discussed.

When the rod is being heated, the temperature distribution along the rod
is nonuniform, thus the temperature dependent dielectric properties are also nonuni-
form. Under these conditions, applying OEM becomes very lengthy, but such detailed
information might be not necessary. Since the radius and the dielectric properties of
the heated rod in our experiments are relatively small, we can assume the electric
field along the r direction is a constant. This assumption has been used by Lewin/49)
and Terrill ™. Tn section 2, we will discuss the solution procedure under this assump-
tion. Also, we point out a pitfall when applying this assumption. In this section, all
formulas will be derived by the use of the dyadic Green’s function. After comparing
the calculated results with those obtained from OEM, we propose an approximate
method to handle the nonuniform properties along the rod. This is the main reason

that we introduce the assumption that the electric field along the r direction is a

constant.

7.2.1 Orthogonal expansion method
Algorithm[28}

OEM is a kind of mode matching method. By expressing the fields in terms of
the different eigenfunctions in the different regions and matching the fields on the
interface, the scattering matrix can be obtained.

Suppose the incident wave is in the TE;q mode, whose electric field has only a

y component and is independent of y. If a rod is placed parallel to the electric field
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and the dielectric property of the rod is constant, the rod does not introduce any new
boundary condition along the y direction, thus y will not be an independent variable
in this system. Also, the boundary conditions require E, and FE, to vanish at y = 0
and y = a, so these two components of the electric field must be zero everywhere.
This means that only E, exists or only TE,,o modes can be excited by the rod.

The computation region is divided into four subregions, as illustrated in Fig. 7.9.
Region I includes the dielectric rod. Region II is the interaction region, which is an
imaginary circle with a radius a/2 and centered at (a/2,0), where a is the waveguide
width. The other two regions are waveguide regions, called region WI and region

WII, which are to the left and right of the interaction region.

Region WI Region WII

«

v

N

L

Figure 7.9: Geometry of the rod and waveguide

In region I and region II, the geometry is circular, thus the eigenfunctions are

Bessel functions. In region I, the electric and magnetic fields are expressed as

, 1 =T sin ng , cos ng
E.=ad kip) —— s L ic ; kz ’ )
y,1 a’OJO( zp) \/ﬁ + g |:an Jn( zp) \/7_'(' + an J ( )0) \/7_'(' :| (7 58)
and
Jj 0E, jki , 1 - [ . sinng . , Ccos nqﬁ}
Hy; = ———=—"—<CayJy(kip)— + E ay g (kip)——=— + an J, (k; ,
@1 Wi ap Wi 0 0( p) o pa ( ) ﬁ ( p) \/7_1'
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where

ki = wy/EL, (7.60)

and ¢ is the dielectric constant of the rod. For convenience, the amplitudes of the

eigenfunctions are written in vector form, that is

SL
Il

(7.61)

In region II, the fields are expressed as

Eyn = ajJo(kp)

1 y 1 s e smnaﬁ Je COS”¢

n=1
A Y (kp) sin n¢ AV (kp) cos n¢]

7.62
NG 7 | (7.62)
and
jk: , 1 , {Js , smngb
H = — J k +a Y /{: + J
6,11 o ol P)\/2— 0 Yo (kp)—= Z \/—
+ ()ﬁﬂln n(p)ﬁ+an n(p)\/7—T ,  (7.63)
where
k = wy/eop. (7.64)
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The amplitudes of the electric field eigenfunctions are written in vector form as

_ag_ _ag_
af® aj®
ay’ als

al = , and @ =
a{ ¢ afc
ay’ aye

In the waveguide regions, the electric fields are expressed as

(o ¢]
. mnz » )
Eywr = E :sm a [Qme Jhzmz 4 Tmejkz’mz} ;

m=1

and

where

mm
kz,m = \/u)28()/t — (—)2
a
For convenience, the waveguide modes are abbreviated as

mmnx

! (z,2) = <I)fn(m, z) = sin _e*]'kzmz7
a
and
q>:n(x7 Z) = (I)fn(m, Z) = sin mﬂ—erF]'ksz'
a
Thus the fields in the waveguide regions are written as
o
Eywi = [an®, (2, 2) + 1l (2, 2)],
m=1
o0

E,wn = Z [tm®), (7, 2) + s ®P;, (2, 2)] -

m=1

38

(7.65)

(7.66)

(7.67)

(7.68)

(7.69)

(7.70)

(7.71)

(7.72)



The continuity conditions require that the tangential electric and magnetic
fields be equal at the interfaces. In this problem, two types of interfaces exist. The
first is the interface between the dielectric rod and air, which is a physical interface.
The other is an imaginary interface, which we call an interface because it divides the
waveguide into regions with different eigenfunctions. The continuity conditions are
used to determine the amplitudes of the modes.

The continuity conditions on the interface of the dielectric rod surface require
E,i=Eyn at p=r, (7.73)

and
Hy1=Hyn at p=r, (7.74)

where r is the radius of the rod.
Substituting Eqs. (7.58) and (7.62) into Eq. (7.73), Egs. (7.59) and (7.63) into
Eq. (7.74), we obtain

a¥t =¢-a’, (7.75)
and
a=mn-a’. (7.76)
After some algebraic manipulations, we obtain
[ & 0 0 - 0 |
0 & O
E=10 0 . 0 |, (7.77)
0 & O
0 o - 0
and )
[ n 0 0 0 ]
0 m O
n=10 0 . 0 = |, (7.78)
0 7, O
I 0 --- - 0 |
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where
I (kr) T (kir) \fJ (kr)J! (kir)
\/7Y (kr)J! (kir) Y’(k:r)Jn(k‘ir)

n=012--, (7.79)

and

I (kr) 4+ &Y (kr)
= , —0,1,2,--- . 7.80
7 Ttk n (7.80)

Notice that all properties of the rod are included in & and 7. At this step, we rewrite

the electric and magnetic fields in region II in a more concise form as

(e o]

1
— +
V2T —

sin ng

Ey = Up(kp) NG

+ Uy (kp)

(7.81)

i) e,

&S

and

Hyn = —i—k {Io(k:p)L +3° {L‘i(k:p)w + I (kp) Coqub] } . (7.82)

Uo(kp) Io(kp)
Uz (kp) I3 (kp)
Us (kp) I3(kp)
Ukp) = Lo, Ikp)=| : |. (7.83)
Ui (kp) Ii(kp)
Us (kp) 15(kp)

By comparing Eqgs. (7.81) and (7.82) with Egs. (7.62) and (7.63), we obtain
Ulkp) = J(kp) - @ + Y(kp) -a*, (7.84)
and

I(kp) = J(kp) -a@’ + Y'(kp)-a”, (7.85)
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where

Jo(kp) 0 0
J(kp) = 0 0
0 Ji(kp) 0
I 0 0
and
[ Yo(ke) 0 0
0 Yi(kp) 0O
0 Ya(kp) 0
Y(kp) = 0 0
0 Yi(kp) 0
0 Ya(kp) 0
I 0 0
By putting Eq. (7.75) into Egs. (7.84) and (7.85), we obtain
U(kp) = {J(kp) + Y(kp) - €} -,
and
I(kp) = {J (kp) + Y'(kp) - £} - @’

Y

(7.86)

(7.87)

(7.88)

(7.89)

From the above equations, we see that U (kp) relates to I(kp) through @’. After

eliminating @/, we obtain

U(kp) = Z(kp) - 1(kp),

where

Zkp) = {J(kp) + Y(kp) - & - {J (kp) + Y'(kp) - £} "

91

(7.90)

(7.91)



This equation gives the relation between electric and magnetic fields.

Now, we will match the fields on the imaginary interface. Before doing this,
we transform the independent variables x and z used in the waveguide regions into
cylindrical coordinates r and p, thus Eqs. (7.69) and (7.70) become

$(0,0) = ¥, () = 5in ("5 + I, (7.92
a

mm  mmpsin ¢

B, (p,8) = 0}, (py0) = sin (T + Lo, (7.93)
and the electric fields in region WI and WII become
By = 3 (0088, (0.0) + 7.8, (0.0). (7.1
m=1
and
Ey,wn = i [tm®, (0, @) + 5m®, (0, D)) - (7.95)
m=1

To write the magnetic fields in a concise form, we define

, oOP!
Ui = 7%(5’ ¢), i=q,tr,s, (7.96)
thus the magnetic fields in the waveguide regions are
j OE, i
Hyw = ————2 = === " [0, 0%,(p, 6) + ¥}, (p, 8)], 797
= G = = S ) 0] (190
and
J OE, J = ¢
Hywn = — 2220 = — L S [0,08 (p,6) + 5,050, 0)] 7.98
¢, WII wp Op o 2 [ (p, ®) ( )] (7.98)

The continuity condition of the electric field at the imaginary interface requires
Ey,WI(pa (b) ) ¢ € [%; 37#] )
Ey,WII(pa (b) ) ¢ € [_%7 %] .

By substituting Eqs. (7.81), (7.71) and (7.72) into the above equation and

E

ya(p; @) = (7.99)

matching the fields at p = a/2, we obtain

Us(ka/2) = + 3202, [Us(ka/2) 5222 + Ug(ha/2) 22|

_ ] Toalem@he/20 4 a2 L o€ 55 o

>t [t @ (a/2,0) + 50 @5, (a/2,0)] , ¢ €[5, 5]
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Now we can use the orthogonality property of sin n¢ and cos n¢ over the range
of [—7/2,31/2] to get an expression for U(ka/2). For brevity, we write sinn¢ and

cosng in vector form, that is

_1/\/5_
sin ¢
sin 2¢

T(¢) = % : (7.101)
cos ¢
cos 2¢

The integration of Eq. (7.100) with respect to ¢ over the range of —% to 2%
yields
. o0 3m/2 /2
Gkan) = 3 qan [ T2 02,0040+ 50 [ T(0)05, (0/2.0) 00
m=1 /2 /2

3m/2 /2
+ Tm/ T(¢)®;, (a/2,¢)d¢+tm/ T(¢)®, (a/2,¢)d¢}~

/2 —7/2

(7.102)

The same matching procedure can be applied to the continuity condition of
Hy. We obtain

- s 3m/2 T2
T(ka/2) = Z{qm / T(6) 0, (a/2,6) d + s / T(6) 5, (a/2,6) do

—7/2
/2

371'/2_’
F o / T(6) V7, (a/2,6) d + 1, /

—7/2

T(4)¥L, (a/2, ) d¢} .

(7.103)

For a scattering problem, ¢,, and s,, are given, while r,, and ¢,, need to be
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determined. We arrange Eqs. (7.102) and (7.103) in matrix form as

q1 ™
q2 )

Ulka/2) = KVE . |+ | + KVA- | 1], (7.104)
S1 131
So tg

and

a1 1
q2 T2

I(ka/2) =K. |+ | + KA. |1 |. (7.105)
S1 tl
S9 t2

By substituting Eqgs. (7.104) and (7.105) into Eq. (7.90), the scattering para-

meters can be determined through

T1 41
T2 a2
=8-|:1, (7.106)
tl S1
tg So

where S is the scattering matrix, which is

§={KU* — Z(ka/2) - K"} " - {Z(ka/2) - K'F — KVP} (7.107)

94



If the short plane is included in the computation region, the above matrix
equation has to be modified. Supposing that the short plane is located at the z = L
plane, then the PEC condition requires that

bt = —8pe2ikeml, (7.108)

When using this method, one difficulty is to calculate the elements of KV¥,
KU4A, K'P and K'. The integrals cannot be calculated analytically. Although these
can be evaluated by numerical methods, it will require much time. An alternative

method is expanding the terms sin (mmx/a)e*/*=m* as Bessel-Fourier series,

. 00
. miT m e Sin . . . miT
sin (7 M)eijkmpcow = Z sin (i + T)Ji(kp)
i=—0c0
gLjiarctan k:;':a . m= 17

(mrr—&-am i% m> 1 (7109)
mﬂ'fam ’ -

Since the variables p and ¢ have been separated, the integrals can be calculated ana-
lytically. When using this transformation, the calculation must be done with caution.
To obtain good results, the summation must include enough terms. However, with

the increase of the absolute value of i, the value of the Bessel function J;(kp) de-

mntay/—k2 ,

creases rapidly while (W) 2 increases rapidly, thus the results are highly
sensitive to the number of digits used in the calculation. Based on our numerical expe-
riences, the calculations should be done with 30-digit precision. We use Mathematica
to perform these calculations.

Generating matrices KV?, KV4 K'P and K'4 costs much time in the com-
puting process. However, these matrices are independent of the material properties.
Once these matrices have been generated, the scattering parameters of the material

with varying properties can be calculated quickly.

Solutions

In this section, we present the calculation results by the OEM. The mode numbers

are set to be 30, 31, 31, and 31 in the regions WI, WII, I, and II. The material used
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in the calculation is mullite. Its dielectric properties, obtained from reference [50],
are replotted in Fig. 7.10. Since the dielectric constant is a complex number, in some

figures, temperature is used to represent the dielectric properties.

I I I I I O
0 200 400 600 800 1000 1200

Temperature (C)

Figure 7.10: Dielectric property of mullite

FEquivalent circuit parameters

As the first application, the OEM is used to calculate the parameters of the
equivalent circuit. For the rod, two lumped parameters Z, and Z., as illustrated
in Fig. 6.6, need to be determined. These parameters are dependent on the radius
and dielectric properties of the material. The calculated normalized impedances of
mullite rods with radius 2.25mm and 4.5mm are shown in Figs. 7.11 and 7.12. In
the figures, R,, X, and R,., X. are the resistances and reactances of 7, and Z.. The
results given by Waveguide Handbook48! are also plotted for comparison. It can be
seen that the differences are negligible. Indeed, the handbook values were calculated
by a similar method. The fields inside the rod were also expanded in terms of Bessel
functions. Since at that time it was impossible to select so many modes as we did, the
authors applied variational methods to increase the accuracy[64]. From these results,
it is clear that the values given in Waveguide H andbook®d are accurate enough if we
are only concerned with the equivalent circuit parameters.

Fields scattered by the rod
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Figure 7.11: Comparison of the normalized impedance z.

Fig. 7.13 shows the electric field scattered by the rod. The calculation region
includes the rod and the short plane, but not the iris. The rod is placed 0.75)\, away
from the short plane, where an electric field maximum exists if the rod is absent. The
mullite rod is assumed to be at 1068°C. The corresponding dielectric constant and
the radius are given in the figure. It can be seen that a small hump appears at the
rod location. To see this clearly, Fig. 7.14 zooms in the local field around the rod.

We have discussed that the field pattern in the cavity is determined by the TE,
mode, thus it is interesting to compare the field obtained from the OEM with that
obtained by only including the TE;y mode effect. We expect that the fields should
be the same far away from the rod. This is verified by Fig. 7.15. In the figure, the
unperturbed field, which is the field if the rod is absent, is also included. The curve
labeled with WME stands for the electric field calculated by the waveguide mode
extrapolation, i.e., we extrapolate the field in regions WI and WII to region I and II.
It is clear that the field in the imaginary region can be calculated by WME. However,
if we use WME to calculate the field inside the rod, errors occur. To see this clearly,
the field inside and just outside the rod are illustrated in Fig. 7.16. It appears that
WME and TE;q mode overestimates and underestimates the correct value of the field,

respectively. Such errors vary with the dielectric constant of the rod. For the rod
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Figure 7.12: Comparison of the normalized impedance z..

with 2.25 mm, the values of the field and the relative error are shown in Fig. 7.17.
Within the temperature range of 25°C' to 1068°C, the relative error is less than 8%
if we use the equivalent circuit to calculate the field. This is acceptable for general
analysis.

With increasing radius, the distortion of the original field becomes more obvi-
ous. Fig. 7.18 shows the field pattern for a rod with a radius of 4.5 mm. A local field
comparison is given in Fig. 7.19. The values of the electric fields at » = 0 calculated
by different methods and the relative errors are shown in Fig. 7.20. It is seen that
the relative error could be larger than 15% when using TE;; mode approximation.

The next interesting point is to estimate the electric field nonuniformity inside
the rod in both the p and ¢ directions. Fig. 7.21 gives the electric field distribution
along the p direction, where ¢ is set to zero. Indeed, this figure includes another
curve, which is the electric field calculated by selecting only two modes inside the

rod. From Eq. (7.58), this approximate electric field is

; 1 is sin ¢ i cos ¢
Eyop = aoJo(k?iP)\/—Q—7T + |ay Jl(kip)ﬁ + aj Jl(kip)ﬁ : (7.110)

These two curves coincide with each other in the figure. Next, we consider

the electric field variation along the ¢ direction. Fig. 7.22 shows the OEM results

98



15

IEyl
-

r=2.5 mm
~ £=8.3351-j1.1451
rod location "

%5
///;;/,":"
I (i
RN 3! %
A TR
TR K TN
BT 1AM 7N
oA s T TGN
W Y 7 s N
AT AN /I
TRl SO 7 TN
T S e IR
s g O I
MY AR IR
Ay S 2 I
S S s TN
(s eSS s RN
s oA st TN
SO s IR
el as g s R
Uity st st mi RN
(s e At
Ay ity bt
s I st it
s sy vtk atiniigmitiim
st A sttt
sttt 0
s D
Ut s T AT TS
s st 0.02
st
0 Dy 0.04
AR,
0.06 X

0.2 0.08

Figure 7.13: Electric field (y component) inside a cavity.

and the two term approximation. It is clear that Eq. (7.110) gives a very accurate
representation of the field inside the rod. If we notice that the TE;y mode is an even
function relative to the z = a/2 plane, the sin term will disappear, thus Eq. (7.110)
can be simplified to be

Eyap = ar1Jo(kip) + asJi(kip) cos ¢,

where a; and ay are constants. Our interest here is to obtain the average electric

field. From the two term approximate formulas, the average field is

1 27 T
E ow=—— E, .,pdpdo.
Y, 7_”,2/0 /0 y,ppp¢

The result of this integration is a hypergeometric function. For r
and e, = 8.3351 — j1.1451, E, ,, = 0.945403|a;|. The constant a; does not appear
in the result since cos function make the integration of the second term zero. If we
want to use the electric field on the rod surface to approximate the average electric
field inside the rod, a natural choice is to select the point p = r, ¢ = 7/2 since the

constant a, can be canceled.

99



[Ey|

18

1.4

r=2.5mm
sr=8.3351—j1.1451

\
S
S
95N
00500
Sooc]

<>
o8
o5
2
2!

<
S

>
S
S,

ot
=
==
22
Tt

7
2255
1y

\
SRR
R
>
o
55
50

S
s

R

S
Q“
)&
ot

225
il
BEEEISS

%%

33
ot
=%

S

X
S
3

3
S
Sehses

SRS
L

3
s
Jeetee!
SR
S

S
S
ot

N
ALLLUVARNNARY
TN
AN
RN
N

y
V///// ////////I/I
70 Y,

iy

KK
=
“‘
ot

X3
OIS
:$““:¢‘
S

XS
S
S

S
5
o
S5

N
N
ATV

SR
“‘$ S
X
N

R
SRS
S
Setets

o
S

3
N
=
N
2

R
3
S

e
etes?
S

X
X
S
oSN
o
S

3
S

S

S

2
SR
o
=3
3
5
A
s

SR
SR
S
SRS
SISO,
SIS
3
S
o

S

oS3
IR
S,
a8
o

e
‘:“
eSes
K

0.05

-0.02 0.02 X

Figure 7.14: Electric field (y component) around the rod.

relative error is -5.7%.

The absolute value of the electric field at this point is 0.891861|a;| and the

We should notice that if the radius or the dielectric constant decreases, the
relative error could be very small. For example, with » = 2.25mm and the same
&, the relative error is only -1.4%. When doing numerical calculation, such relative
errors are thought to be small enough since there are so many other factors which

cannot be included in the numerical model.

7.2.2 Line source approximation

Based on the discussions in the previous section, if the radius and the dielectric
constant of the rod are relatively small, the variation of the electric field along the
p direction can be neglected. A qualitative measure of smallness is k;r < 1. The
properties of the material used in our experiment can approximately satisfy this
condition. For example, the value of k;r < 1 for a mullite rod with r=2.25mm

radius at the temperature of 1068°C is 0.335. If this condition is satisfied, the rod
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Figure 7.15: Comparison of the fields calculated by different methods.

can be replaced by a line source, which will make the analysis easier.

In the following sections, we will discuss the line source approximation. We
will use the electric dyadic Green’s function to derive the desired formulas. Although
other methods, such as mode matching methods, can be used to obtain the same
results, the introduction of Green’s function will make the process more concise and
straightforward.

Some useful theory tools in electromagnetics such as the source concept, image
theory and equivalence principle will be used in this section. It is not possible and
not necessary to give detailed descriptions of these subjects in this dissertation. The

interested reader can find them in references[l& 31}.

Dyadic Green’s function

The electric dyadic Green’s function in a rectangular waveguide is the solution of the

differential equation

(VxVx—k)G=T15(r—1r) (7.113)
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with the boundary condition

Ql

nxG=0 on the conducting boundary. (7.114)

The derivation of G is given by Tail™ and Deshpande[24]. Here we only list

the results:
G(r,r') = p.v.G(r,r') — —=5(r — 1'). (7.115)
In the above expression, p.v.G(r,r’) is the conventional electric dyadic Green’s
function valid only outside the source region. The expression of p.v.G(r,r') is

€om€on _mn|z PN A A An
p.v. G(I‘ I‘ 2&bk2 Z Z Ymn ! (Xxgzx + YXGyz + 2X Gz

+XY Gry + YV Gyy £ 2592y F X290 F Y29y, + 229.) forz >z orz<z

m=0 n=0

(7.116)

where
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(7.118)
(7.119)

(7.120)
(7.121)

(7.122)
(7.123)

(7.124)

(7.125)

In the above expressions, S;, Sy, C, and C, stand for sin(mnz/a), sin(nmry/b),

cos(mmzx/a) and cos(nmy/b).
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Figure 7.18: Comparison of the fields calculated by different methods.

Electric field induced by a line source

By the use of the electric dyadic Green’s function, the electric field induced by a

current density J is
E= —jwu/é~ Jdo. (7.126)

In the following discussions, we consider the electric field induced by a line

source oriented in the y direction,

—

J=J(x,y,2)g=I1,0(x —2")(z — 23, (7.127)

where I, is the current, which could be y dependent.
Before substituting this expression into Eq. (7.126), it is necessary to change

its variables as
J = Loz — 2")6(2 — 2", (7.128)

thus the electric field produced by this line current is
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=

= —jw,u/é- Jdv = —wu/p.v.é- Jdv'

] €om¢ n - z2—z
2abk:2 Z Z/ el (XGay + YGyy £ 295y) 6(2" — 2")6(2" — 2")do

m=0 n=0
. €0m€on o~ Vmnls—" mm nmw
2abk2 ZE% (iym: i ‘{ (‘77) oSSy
+ ¥ {kz _ (”;) ] S48 Cy & 5 ; SsznSy} / 1,0, dy'. (7.129)

The y component of the electric field is

B, - .QGW Zze(i;r;:n o= tmnlz—2"] [k; - (";) }S Sy C, / () Cydy.

m=0 n=0

(7.130)

Eq. (7.130) is the expression of the y component of the electric field produced by a
line source in a waveguide.
Application to the rod problem

If we assume the electric field inside the rod is only dependent on y, a line source

can be used to replace the rod based on the equivalence principle. If we use E.,q to
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Figure 7.20: Comparison of the electric field at p=0 calculated by different methods.

represent the electric field along the rod, the equivalent current density 31
J = jw(e, — DeoEroa, (7.131)
and the current is
I, = m*J = jrriw(e, — 1)eoErod. (7.132)

By substituting this expression into Eq. (7.130), the electric field produced by
the rod is found to be

(7.133)

This is the integral equation used to solve for the electric field in the rod. To

help understand this equation, we first consider a special case.

Constant line source

If I, is independent of y, or is a constant, then (¢, — 1)E,,q can be moved out of the
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integrand, so that Eq. (7.133) becomes
2

B, - 72r(7;b _ mdzzeom%n —Ymn|z—2"] [k: ( ; ) ] Sy SunC,y /C’ dy’.

m=0 n=0 mn

(7.134)

If we notice that

b b , n=0;
/Cy,dy :/ cos (%) dy = (7.135)
0 0 n # 0,

the above equation can be simplified to

2]{32 "

a ’YmO a a

This equation can be used to calculate the reflection coefficient®?!. If the rod

is located at 2" = a/2 and 2z = 0, Eq. (7.136) becomes

7T’I“2k22 mm
E, = - 1E,, —e —ymolzl gip sin . 7.137
y ; Z e P sin (. (1487
Obviously, the TE;y mode reflection coefficient is
2k 1
Tio= " (¢, — 1) Epog—. (7.138)
Y10
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To obtain I'jg, we must determine E,,q. Supposing the incident field is a TEq
mode with unit amplitude and the rod is located at 2" = a/2 and z” = 0, then the

total field is the summation of the incident field and the field produced by the rod,

2].2 > 4
E; = e "%gin (1 /a) + Wra (e, — 1)Emd; %eﬂmow sin (m;rx) sin (%)
(7.139)

Although this is the total electric field produced by the incident field and the
field scattered by the rod, this expression might not be valid inside the rod. When
we use OEM method to solve the same problem, we showed that the extrapolation
of the waveguide modes could overestimate the field. A more serious problem is the
singularity property of the electric dyadic Green’s function. The discussion is outside
the scope of this dissertation, however, we can understand such a singularity through

the following observation: suppose we use this expression to calculate the electric

field at the point (a/2,0), then

2]{32 o 1
(e~ DEod Y — sin (o) sin (20). (7.140)

E, =1
/20 =2 F — Yo 2 2

a
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The summation in the above equation may be written as

mm m7r 1
S = ——sin ) sin ( 7.141
Z % 2 Z < V/12m —1)r/a]> — k2 ( )

As m becomes large, the summation can be written as
o
s 2 3
7r
=M+

It is obvious that the second summation does not converge. Physically, we

(7.142)

5 Z\/2m

7r/a

cannot apply Eq. (7.139) to the point (a/2,0) since this point coincides with the
source point. Recall in last section, we divided the whole computational domain into
four regions. If we only use the waveguide regions WI and WII to represent the field,
the same difficulty occurs. Indeed, the point (a/2,0) is a singular point if the field
is expressed in terms of only waveguide modes. A formal discussion can be found in
reference [46].

To overcome this difficulty, we can evaluate Eq. (7.139) at a surface point.
Based on the discussion in the OEM section, a good point is (a/2 + r,0). By putting
x=a/2+r and z = 0 into Eq. (7.139), we obtain

7r(a/2—|—7’)]+7r7’2k ) mdz i a/2+r)]sin(%).

Erod = sin [
a a ‘Ym0 a

(7.143)

Since the assumption of this method is that r/a < 1, we can set r = 0 in the

first term but not in the series, thus

Eroa =1+ WikQ (e, — 1)Emd§::1 %10 sin [m”(aé 24 1)) gin A5
If we set
S— Z sin [TT@/2H 1)) o (. (7.145)
1m0 a 2
and
C= Wsz (e, — 1), (7.146)



then

1
Eroqa = .
‘1T 1-CS

(7.147)

Next, we will include the short plane in the system. The easiest way to do
this is by image theory. Supposing the short plane is at z = L, we add an image line

source at 2" = 2L with negative amplitude, and thus Eq. (7.136) becomes

2k2 o 1
E, = Wa (e — l)Emd;1 %(e—vmolz\ _ emmol=2Lly iy <_m§x) sin(%). (7.148)
The field point at (a/2 + r,0) is
22 =1 2
&Zmé@NJWME%%O—KWMMM@@%iqm¢¥)(H@)

As a general assumption, the local electric field around the rod will not be
affected by the higher order modes produced by the short plane, or all e~702L terms
are negligible as m > 1. If we still use S to represent the series summation, under

this assumption, the summation is

5 Z 1 “in [mw(a/2 + 7“)] sin(m) _eTme

Ymo a 2 Y10

(7.150)

m=1
Comparing this expression with Eq. (7.145), we notice that the only difference
is the last term which accounts for the short plane effect.
When we use image theory, we must also add an image for the incident field,
which is a TE;y mode with a negative unity amplitude originating from z = 2L and

propagating in the —z direction; thus the total incident field is
Eipe = e % sin (12/a) — 02 gin (rz/a). (7.151)

At the point (a/2 +,0), the total incident field is

w(a/2 + 1)

Eipe = sin | -

J(1 — e~ 210l (7.152)

By adding the incident field and the field produced by the rod, the electric
field at the (a/2 +r,0) point is

Erod = C"S’E17"0d + (1 - 672710[1)- (7153)
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In the above equation, we have taken r = 0 if the sin [(m7(a/2 + r)/a] term is
not in the summation series. The expressions for C' and S are given by Eq. (7.146)
and (7.150). Therefore, the electric field at the rod is computed as

1 — 6_2710[/

B R
rod 1_05

(7.154)

When using this method to calculate the reflection coefficient and the electric
field in the rod, the only difficulty is the calculation of the series summation. As we
have discussed, if we set © = a/2 rather than z = a/2+r, the series is not convergent.
Since r is small, it is expected that the series converges very slowly. This problem
can be solved by extracting the dominant part of the summation as a closed-form
18]

expression. The remainder is a rapidly converging serie

The summation excluding the term e=m°2L /4,y can be written as

5 = 5L [PO2 ) G0 (T ('~ D)+ D, (7.155)
m=1 Ym0 a 2
where
a1 mm(a/2 + 1) mn,  a 2a
D = ;; Esm[ - |sin(—) = %l g(ﬁ), (7.156)
and
, o 1 1 mm(a/2 + 1) m
S'—D= mzl( Gy —)sin | . ] sin(——) (7.157)

The convergence rates are compared in Fig. 7.23.

From the figure, it is apparent that only 20 terms are necessary to obtain
a convergent result. Such a summation method is a very important part in the
Schwinger transformation64/,

The results calculated by this method are shown in Figs. 7.24 and 7.25. For
comparison, we also include the results calculated by other methods described in
last section. It is seen that this method can lead to fairly accurate estimation of
the electric field inside the rod. The relative error for the rod with r=2.25mm and

r=4.5mm are around 2% and 5%,respectively. These errors are much smaller than

those obtained by the equivalent circuit calculation.
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Figure 7.23: Comparison of the convergence rate by different summation methods.

Since this method can give an accurate estimation of the electric field in the
rod, we are confident in using it to handle the problem where the dielectric properties

of the rod vary along the y direction.

Varying line source

Suppose the rod and the short are located at the z = 0 and z = L planes. By the use
of image theory, the electric field scattered by the rod is

T2 o = €0m €0 nm 2
_ 0 m-Un — mn\z| = mn|z—2L\ 2 (T
By = 3y 3 (el - et g2 (M)

m=0 n=0 Ymn
/

Yydy'. (7.158)

mm mnx nmy

sin (T)Sin( " ) cos (T)/(er — 1)E’mdcos(mT

a

This equation is obtained by summing the fields produced by the two line

sources
J1 = 1,0(z' — a/2)6(2" — 0), (7.159)
and
Jo = —1,0(2" —a/2)d(" — 2L), (7.160)
where I, is given by Eq. (7.132).
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Figure 7.24: Comparison of the electric field at p=0 calculated by OEM and line
source methods.

From Eq. (7.158), the TE;o mode reflection coefficient due to the rod and short

plane is*
o= Z;’i (1 — e~2mok) / (6r — 1) Eyoudy’. (7.161)
If we define
m _ f(gr - 1b)Eroddy/’ (7.162)
then TE;y mode reflection coefficient is
T = Zr;f(l — e ) (e = DEroa (7.163)

thus T'yg is determined by the average value of (g, — 1)E,,q along the rod.

Our remaining task is to determine the electric field along the rod.

As we discussed previously, when we calculate the electric field using the image
theory, the incident field is composed of the original incident field and its image, as

shown in Eq. (7.151), thus the total fields along the surface line (z = a/2+r, z = 0)

4This I'1g does not include the incident image. The correct value should add a term —e2710L
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Figure 7.25: Comparison of the electric field at p=0 calculated by OEM and line
source methods.

are

T2 o = €0m€Eon _ nm\2| . omm, . mn(a/2+7T)
Broaly) = g 2,2~ EA - {"32‘ () }5”“7)51“ )
0 mn

m=0 n=0

[ ) = DBl cos (T ay | cos (7
+sin [W](l — el (7.164)

This is a Fredholm integral equation, where the unknown E,,4(y) appears on
both sides. This equation could be solved by expanding E,..4 in terms of cos (n7y’/a).
However, due to the nonlinear term of [e,(y') — 1]E,0q(y’), the advantage of the ex-
pansion method is not obvious. We will use point matching (collocation) methods to
solve this integral equation. Indeed, one advantage of the integral form of the equa-
tion is that the solution region is confined in the rod. This can significantly reduce
the necessary number of points to obtain reasonable results.

As in the constant line source problem, the main difficulty in this problem is
still the summation. Unlike the problem we discussed in the last section, we encounter
a summation of double infinite series. This is much more difficult than the summation
of a single infinite series and no widely acknowledged techniques are available.

One trouble in the double infinite series summation is the term &% — (nm/b)?.
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This term increases rapidly with increasing n. For our problem, we assume that
E,0a(y) can be accurately described by a few term expansion of cos (nmy/b). This
means the summation for n can be truncated at some small number. This assump-
tion is reasonable because E, is uniform before the introduction of the rod. The
nonuniformity of E, is due to the temperature variation along the rod. We expect
that heat conduction reduces the nonuniformity of the temperature field along the
rod inside the cavity.

We write the term including m in Eq. (7.164) as

Zn) = ;:; (1— e "™ 2E) sin (%) sin [M]. (7.165)

We have dropped the factor €, since m # 0 in our problem. Also we notice

the term e "2l is important only when m = 1 and n = 0, thus

Ymo2L 01 2
=(0) = 2{-¢ L i (T g [P0 24 )y (7.166)
Y10 = Ymo 2 a
and
_ =1 . mmw. . mn(a/2+7)
E(n) = Z — sin (7) sin [T] n # 0. (7.167)
m=1 mn

By applying the same techniques we discussed in the constant line source sec-
tion, the values of these terms can be obtained quickly. We must point out that we
do not solve the double infinite series summation problem. If n were very large, the
proposed method will fail or at least require for much time to compute the summa-
tions. Fortunately, the Fourier coefficient of a function decreases rapidly, thus our
assumption should be valid.

Since the point matching technique is a common method in every computa-
tional field, we will not list the solution procedure. Detailed information can be found
in several references/29: 871,

The calculated results will be shown in the next Chapter, where this method is

incorporated into the heat transfer model developed by Goodson?? and McConnell?01.

115



Chapter 8

Interpretation of the Experimental

Results

Contrary to most conclusions from theoretical modeling, we find that middle branch
of the S-shaped curve is stable for the mullite and alumina rods we used in our
experiments. In Section 8.1, we will use the equivalent circuit model to explain this

89)

phenomenon. This model is an improvement of a model developed by Davis! In

Section 8.2, the results of a full numerical model are provided.

8.1 Equivalent Circuit Model

The equivalent circuit model has been discussed in Chapter 6. We incorporate the
equivalent circuit parameters calculated in Chapter 7 into the model to explain the
experimental results. In the following discussion, we use the mullite rod as the sample.

For convenience, we replot Figs. 6.6 and 6.7 as Figs. 8.1 and 8.2. Since the
value of z, is small, the voltage at plane 3 and 4 are almost the same. We select
V3 as the voltage in the rod. As we have discussed, V3 is a measure of the electric
field E, in the rod, thus we use E, to replace V3 in the following discussion. £, is a
function of z,, 25, 2., L1 and Ly. In our heating system, z, and L; are fixed. z, and
z. are functions of the diameter of the rod and the temperature of the rod through

the dielectric constant. Therefore, £, is a function of the diameter and temperature
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Figure 8.2: Four planes in the equivalent circuit model

of the rod and L,. Although the expression of E, is a algebraic equation, it is very
complex, thus we use figures to help in discussing the results.

In Fig. 8.3, we plot the variation of the electric field in the rod with Ls for var-
ious rod temperatures. First, there is a maximum electric field for any temperature.
This maximum value is a function of L,. This means at the specified temperature,
the efficiency of heating the rod varies with L, thus with the cavity length. It is also
shown that to heat the rod from low temperature to high temperature, decreasing the
cavity length is a natural choice. From this figure, we see that the maximum electric
field decreases with increasing temperature. This means if the output power is set
too low, the power level has to be increased when temperature increases.

If the incident power level is suitable, then the direction of movement of the
short plane is important. Starting with the cavity highly detuned, decreasing the
cavity length tends to tune the cavity and the temperature of the sample increases.

This is illustrated by Fig. 8.4. In the figure, every curve represents the variation
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Figure 8.3: The variation of the electric field in the rod with the temperature and
L,

of the electric field with the temperature while L, is fixed. These curves give the
dynamic heating process at fixed cavity length. On these curves, the electric field is
determined by the temperature through the dielectric properties of the rod, then the
electric field can be used to calculate the power dissipation. To illustrate the dynamic
process clearly, we plotted these curves on the experimentally obtained S-shaped
curve of the mullite rod in the following paragraphs. Since every point on the S-
shaped curve represents a thermally balanced state, the heat loss is equal to the power
dissipation at these points. On the dynamic heating process curves, by comparing
the power dissipation with the heat loss, the variation trend of the temperature can
be determined.

If we continue to decrease the cavity length, we will pass the critical point
a. Around this point, the electric field will increase first if we shorten the length of
the cavity. The energy balance forces the temperature of the sample to rise, which
detunes the cavity. Although the cavity is detuned, the absorbed energy is still larger
than the heat loss, thus temperature continues increasing until it reaches the S curve.

This process is also illustrated in Fig. 8.4.
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Figure 8.4: Behavior of electric field and temperature for decreasing cavity length.
The dashed curve is the experimentally obtained S-shaped curve of the mullite rod,
while the solid curves represent the electric field solutions at fixed cavity length.

If the cavity is highly detuned because the length of the cavity is too small,
we must increase the cavity length to tune the cavity to heat the sample. At first
the process is stable, but around the critical point ¢, if the length of the cavity is
increased, the process becomes unstable since the electric field versus temperature
curves will circumvent the S curve. This process may end at a higher temperature,
or thermal runaway may occur. The process is shown in Fig. 8.5.

From Fig. 8.5, we can observe an interesting phenomenon. If the cavity length
is increased to tune the cavity, the maximum temperature can be attained by the
rod is smaller than that attained by decreasing the cavity length. Starting from
the equilibrium point e; at Ly = 15.67 cm, increasing the cavity length will lead to
the equilibrium point e; at Ly = 15.69cm. The temperature at point e; is smaller
than that at point e;. If we continue increasing the cavity length, the temperature
continues decreasing; thus the temperature at point e; is the maximum temperature
of the rod can be attained. Apparently, the temperature at point es is higher that
at point e;. This higher temperature can be attained only by decreasing the cavity

length. This phenomenon is observed when heating the alumina rod with a diameter
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Figure 8.5: Behavior of electric field and temperature for increasing cavity length.
The dashed curve is the experimentally obtained S-shaped curve of the mullite rod,
while the solid curves represent the electric field solutions at fixed cavity length.

of 4.5mm (Figs. 5.8 and 5.9).

Next, we consider another heating method which has been used by some
researchers®0: 931, During the heating process, the cavity length is fixed while the
input power is increased to heat the material to a higher temperature. This heating
process could be stable if the cavity length is selected so that the cavity is not at a
highly tuned state, as illustrated in Fig. 8.6. In the figure, Ej, is the incident electric
field with units kV/m, which is a measure of the output power from the generator. As
the incident field increases 9 fold from the initial electric field, the rod can be heated
to 500°C. Normally, in the experiments, the cavity is set to be at a tuned state. Under
such condition, the heating process could become unstable, as illustrated in Fig. 8.7.
In this figure, the rod can be heated to temperatures higher than 500°C when E, is
around 4. However, with the increasing power level, the thermal excursion occurs.

In Fig. 8.8, we show the effects of the rod size on the electric field in the cavity.
Compared with the results shown in Fig. 8.3, the maximum electric field inside the
rod is much lower. This make it difficult to heat a thick rod, as we observed in the

experiment.

120



1200

1000

o]

o

o
T

6001

Temperature(C)

400

2001 E =

Electric Field (kv/m)

Figure 8.6: A stable heating process achieved by increasing the output power of the
generator.

The equivalent circuit model can explain most phenomena occuring in the
experiments. However, it cannot demonstrate that if the output power of the gener-
ator is set too high, a thermal excursion cannot be avoided even by decreasing the
cavity length, as observed in the experiment. Davis developed a model to explain
this phenomenon[m]. This model was developed by also simulating the cavity by an
equivalent circuit, as shown in Fig. 8.9.

The electric field at the sample is written as:

kI, Ey

E = =
Gs + Gx + ][Bm - }/E) cot (kIOLZ)] 1 + 9z + ][bm — Yo cot (kl()LZ)]

(8.1)

where Ej represents the peak electric field in the cavity without a sample. Since g,

and b, represent the sample properties, they can be defined by
9z + jbs = weo(ey + €;.). (8.2)

Thus

Eo

E—
1 + wege!” + jlwepe!l, — yo cot (ko Ls)]

(8.3)

where kg is the wavenumber of the TE;y mode in the waveguide.

121



1200

1000

o]

o

o
T

6001

Temperature(C)

400

2001

50

Electric Field (kv/m)

Figure 8.7: An unstable heating process by increasing the output power of the
generator.

The two unknown numbers ¢y and y, represent the properties of the sample
and waveguide. By correctly selecting the values of ¢y and g, this model can explain
all phenomena occuring in the experiment. For example, if the incident power level
is too high, the process around critical point a is unstable even when decreasing the
cavity length, as shown in Fig. 8.10.

The inclusion of the loss is the major difference between this model and the
model we are currently using. However, the loss effects cannot be easily incorporated
into the equivalent circuit model because some sources are difficult to evaluate, such
as the loss on the iris plane.

Although the equivalent circuit model does not perfectly explain the experi-
mental results, it is an easy and useful tool. It can provide a guideline for microwave

heating in a resonant cavity.
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8.2 Numerical Model

In this section, we show the results obtained from a coupled heat transfer and elec-

tromagnetic field model. The governing equations of the heat transfer model arel29)

or 10 oT 0, 0T

= (pr—) + —(k— abs 8.4

with the boundary conditions
T=T, at y=0, (8.5)
T'=T., at y=1L, (8.6)
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—ﬁg—f =0 at p=0, (8.7)
—ﬁg—f =oe(T*~T2,) +h(T—Ty) at p=r, (8.8)

and the initial condition
T'=T, a t=0. (8.9)

In the above equations, pg, Cp, K, and € are the density, specific heat, thermal con-
ductivity and emissivity of the material, respectively. T, and T,,.; are ambient
temperature and the temperature of the cavity wall. In the calculations, two temper-
atures are selected to be the same. ¢ is the Stefan-Boltzmann constant and A is the
convective heat transfer coefficient. The definition of g, is given by Eq. (2.2). L is
the length of the rod. The coordinate system is the same as that used in Chapter 7
when we solved the electric field in the rod.

Goodson[29}

incorporated all temperature-dependent properties into this two-
dimensional model. He used a finite volume method to discretize these equations.
The detailed description of this model can be found in his thesis. Our task is to

incorporate the value of gu,, into his model.
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We use the varying line source model to calculate the electric field in the rod;
thus these two models do not match very well because the electromagnetic model is
indeed one dimensional. However, as we discussed in Chapter 7, the variation of the
electric field along the p direction is small. Therefore, we expect the results to be

reasonably accurate.

8.2.1 S-shaped curve

Figs. 8.11 and 8.12 show the numerical results for heating of a mullite rod by decreas-
ing the cavity length. The amplitude of the incident TE;q mode is set to 10kV/m,
which corresponds to 172 W output power of the generator. Fig. 8.11 shows a portion
of an S-shaped curve which includes the lower and middle branches, which is similar
to the experimental result shown in Fig. 5.3. By comparing Fig. 8.12 with Figs. 5.1
and 5.2, we see that reverse thermal runaway around the critical point b is successfully

predicted by the numerical model.
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Figure 8.11: Numerical results for heating of a mullite rod by decreasing the cavity
length : Electric field versus temperature.

However, several differences exist between the numerical and experimental re-

sults. First, the critical point a in the numerical results is at 700°C, which is a much
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Figure 8.12: Numerical results for heating of a mullite rod by decreasing the cavity
length : (a) Cavity length versus temperature. (b) Cavity length versus electric field.

higher temperature than that at the experimental critical point a, which is around
400°C. Secondly, it appears that the numerical model overestimates the required
electric field to heat the rod to a specified temperature. Since all the points on the
S-shaped curve represent equilibrium states, the S-shaped curve is mainly determined
by the energy balance; thus we have solid reason to believe that the numerical value
should be correct. Although an uncertain factor, emissivity, can affect both the nu-
merical and experimental results, the effects are in the same direction. We attribute
this difference to the inaccuracy of the electric field measurement. In the experiment,
we cannot measure the electric field in the rod directly, thus we measure the electric
field at a point one half wavelength away from the rod. As we discussed in Chapter
7, with the introduction of the rod in the cavity, the field is distorted. This can
introduce large errors.

Figs. 8.13 and 8.14 show the numerical results for heating of a mullite rod by
increasing the cavity length. The numerical results successfully predict the thermal
excursion around the critical point c.

Fig. 8.15 shows the numerical results for heating of an alumina rod by de-
creasing the cavity length. The numerical results successfully predict a full S-shaped

curve, as observed in the experiment.
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Figure 8.13: Numerical results for heating of a mullite rod by increasing the cavity
length : Electric field versus temperature.

8.2.2 Temperature and electric field distribution in the rod

Fig. 8.16 shows the numerical prediction of the temperature distribution in an alumina
rod with a radius of 2.25 mm. Along the p direction, the temperature varies less than
5% while along the y direction, the variation is more than 30%. Since we have selected
the highest average temperature, the nonuniformity during the heating process will
not exceed these two numbers.

Fig. 8.17 shows the corresponding electric field along the y direction. Although
the temperature variation exceeds 30%, the variation of the electric field is less than
3%. The two humps in the electric field near the center of the figure may be due to
numerical effects.

For comparison, we also show the temperature and electric field distribution in
a rod with a diameter of 9mm in Figs. 8.18 and 8.19. It appears that the variations
of both the temperature and electric field along the y direction are similar to those
of the thinner rod, while the temperature variation along the p direction increases to
9%.

Finally, the temperature along the whole rod is shown in Fig. 8.20.
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Chapter 9

Summary, Conclusions and

Recommendations

This dissertation has presented an experimental and numerical study of microwave
heating of thermal runaway materials in a resonant cavity. Both experimental and
numerical results show that thermal runaway materials can be successfully processed
in the resonant cavity. This is mainly due to an intrinsic control system inherent to
a resonant cavity. In this chapter, we will summarize our work and then give the

conclusion and recommendations.

9.1 Summary

In Chapter 3, we discussed the factors which may affect the power absorption by
materials. In microwave heating processes, the dielectric constant may change dra-
matically, thus our discussion is mainly focused on the variation effects of €. and €.
There are two mechanisms which can induce thermal runaway. First, the material
could be in the resonant state due to the variation of €. Once in a resonant state,
the fields in the material can be dramatically increased, thus the power absorption

increases. The resonant states are determined by the combination of the dielectric
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constant and the size of the material’. Since a finite size material has discrete eigen-
values, resonance may occur with the variation of .. When using microwaves to
process small size ceramic materials, the size and the dielectric constant of the ce-
ramic material assure that the material is far away from the first resonant state,
thus thermal runaway is induced by a totally different mechanism. When materials
with positive temperature dependence of dielectric loss are heated by microwaves,
the absorbed power will increase if the electric field in the material does not change.
Therefore, to avoid thermal runaway, the only choice is to control the electric field in
the material.

In Chapter 5, we use experimental results to show a successful method to con-
trol thermal runaway in a resonant cavity. By decreasing the cavity length, we can
make the heated rod be stabilized at any desired temperature, even in the middle
branch of the S-curve, where the system is believed to be unstable. 4l Our experi-

mental results can be explained by Figs. 9.1 and 9.2.
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Figure 9.1: Stability analysis using both S-shaped curve and cavity effects

In Fig. 9.1, the whole E-T plane is divided by the S-shaped curve into two

"When kd is the eigenvalue of the system governed by Maxwell’s equations, resonance occurs,
where k and d are the wavenumber and the characteristic length of the material, respectively. When
we discuss wave problems, it is the value of kd rather than the individual value k or d that determine
the state of the material.
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Figure 9.2: Different heating process

regions. In region 1, power absorbed is less than heat loss, thus the temperature
tends to decrease while in region 2, power absorbed is larger than heat loss, and
the temperature tends to increase. Every point on the S-shaped curve represents a
thermally balanced state.

If we intend to heat the materials starting from any thermally balanced state,
we must increase the electric field so that the material is in region 2. From Fig. 9.2,
we see that we have two choices to increase the electric field. Supposing we choose
point u; as a starting point, which is to the left of the peak value and on the T}
curve, we must increase the cavity length to increase the electric field, thus the state
point will move to uy immediately. Now the point is in region 2 and its temperature
will increase. With increasing temperature, it is apparent that the electric field will
increase, as shown in the process illustrated in Fig. 9.2. If the starting point is on
the lower or higher branch of the S-curve, it is possible that the heating process ends
at a neighboring thermally balanced state with higher temperature and electric field.

However, if the starting point is around the critical point a, thermal runaway occurs
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because the neighboring thermally balanced state with a higher temperature has a
lower electric field.

To avoid thermal runaway, we must reach the resonance of the cavity through
decreasing the cavity length. For example, if we choose point s; as an starting point,
which is to the right of the peak value and on the T} curve, by decreasing the cav-
ity length we can increase the electric field, and the state point will move to s
immediately. Starting from point ss, the electric field will decrease with increasing
temperature. Depending on the position of the starting point, the value of the elec-
tric field at the end state might be either higher or lower than that of the starting
point. Therefore, even if the heating process starts from the critical point a, it is
still possible that the process ends at a neighboring thermally balanced state with a
higher temperature and a lower electric field.

Once the processing point reaches the S-curve, it is in a stable state. If the
processing point is in region 1 due to fluctuation, the temperature must decrease
since absorbed power is less than heat loss, so the processing point returns to the
equilibrium point on the S-shaped curve. If the processing point is in region 2, it also
must return to the equilibrium point. Since the response time of the electromagnetic
field is much smaller than that of the thermal process, the middle branch of the S-
shaped curve is stable. Viewed from this perspective, there is no difference between
the lower or middle branch of the S curve.

From the experimental results, it is clear that when investigating stability or
instability of a system, all parameters must be considered. In our system, the electric
field acts as an automatic feedback control if adjusting the short plane in the correct
way. Since the response time of the electromagnetic field is so small, we believe this
is a good control system. Fig. 9.3 shows the temperature vs time when the mullite
rod was heated from 790°C to 990°C. This temperature change was produced simply
by changing the cavity length, after which the system evolved automatically. For this
system, 990°C is on the middle branch of the S-shaped curve.

The remaining problem is that of whether the processing point can reach the

S-curve. Such a process is illustrated in Fig. 8.10, where even if the electric field
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Figure 9.3: Temperature history for heating of a mullite rod with 4.5 mm
diameter from 790°C to 990°C

decreases with increasing temperature, thermal runaway still occurs. This needs
further study.

In Chapter 6, we developed an equivalent circuit model to simulate our experi-
ment. Such a model has been widely used in microwave engineering. It can represent
the key points of the heating process in a simple form. One advantage of this model is
that the measurements can be easily incorporated into the model because all elements
in the heating system are represented by the lumped parameters. Our current model
includes only the cavity part, thus when we use this model to explain the experimen-
tal results, some unrealistic assumptions have to be made. For example, we assumed
that the incident power was a constant during the heating process. Actually, even if
the output power of the generator is set to a constant, the incident power measured
in the waveguide varies. It is expected that with the extension of the current model
to include more components in the heating system, it can predict the heating process
more accurately.

In chapter 7, we developed a numerical model to calculate the electric field in
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the cavity by dividing the cavity into the iris part and the rod part. If the shape of
the iris is regular, mode matching techniques are believed to be the most accurate
method to calculate the reflection coefficient. For a nonregular shaped iris, the finite
element method has to be used. Since we used a commercial software package, we had
to use an inefficient method to calculate the iris problem. For the scattering problem
in the electromagnetic field, it is always more efficient to convert the problem into
the integral form before discretization, thus a finite element method based on the
integral equation is recommended in future studies. When calculating the electric
field in the rod, we used the OEM and line source methods to handle the rod with
constant and varying properties in the y direction. The line source model can give
reasonable results for the electric field in the rod; however, due to its assumption that
the radius of the rod is zero, sometimes it can give incorrect results for the reflection
coefficient of the rod. An improvement of this method is expected by incorporating
the line source concept into the OEM method. As discussed in Chapter 7, by the
use of the two term approximation, the electric field along the p and ¢ directions can
be accurately predicted; thus the electric field can be assumed in a form with known
variation along p and ¢ but with unknown coefficients which is dependent on y. By
replacing the line source with this type of source, it is expected that the model can
predict the fields and reflection coefficient more precisely.

In Chapter 8, we incorporated the electric field model into the heat transfer
model. The numerical results can quantitative simulate the heating process. It suc-
cessfully predict the S-curve and the thermal instability. However, the difference is
obvious when comparing with the experimental results. This difference comes from
both experimental measurement and numerical calculation. In the experiment, we
use two one-color pyrometers to measure the temperature in different ranges. It is
observed that the readings from two pyrometers may have a up to 200°C difference.
It is expected that a two-color pyrometer can be used to measure the temperature.
In the numerical model, the heat loss along the waveguide, on the iris and short plane
should be included. This could be done by incorporating the measured data into the

model.
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9.2 Conclusions

From this study, we can conclude that:

1. The S-curve is a real phenomenon, and not an artifact. It is a valid theory to

explain thermal runaway occuring in microwave heating.

2. The middle branch of the S-curve is stable if a resonant cavity is used as an
applicator to process thermal runaway materials. Considering both the energy
balance and the cavity effects, it is clear that unstable processes are due to
the incorrect operation and incomplete understanding of microwave heating

phenomenon in a resonant cavity.

3. In a resonant cavity, thermal runaway can be controlled without an automatic
control system. Adjusting the short plane correctly can avoid thermal runaway,

at least for mullite and alumina heated in a resonant cavity.

4. Most important phenomena of microwave heating in a resonant cavity can be

explained by an equivalent circuit model in a simple form.

5. A coupled heat transfer and electromagnetic field model can quantitatively pre-

dict microwave heating processes in a resonant cavity.

9.3 Recommendations

Based on this study, we recommend that:

1. To efficiently heat materials with different sizes and properties, an iris whose

dimensions can be varied during the experiment is necessary.

2. The temperature measurement accuracy must be improved. A two-color py-

rometer is a good solution.

3. The numerical model used to calculate the electric field in the rod should be

improved to include the electric field variation along both p and y direction.
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