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ABSTRACT

The dominant problems of travelling wave and resonant
microwave heating applicators are uneven heating and reflected bow-
er respectively, although both prob1gms.pccur with either type.

It is shown that a travelling wave aﬁp]icator using the TEM
rather than the more common TE]0 mode gives, in principle, jmproved
uniformity of heating for a wide range of web materials. Wave imped-
ance and attenuation funqtions for the TEM rectangular structure are
derived using the method of moments. The results show that a ten-to-
one range of attenuation control is possible by varying the gaps be-
tween the sides and the centre conductor. This also permits control
of reflected power and leakage. Efficiency and uniformity of heating
in a batch-heated web in a traveiling wave applicator are analyzed,
using the initial equilibrium temperature of the web as an independ-
ent variable. Vapor pressure, standing wave effects and changes in
wave velocity are jncluded. It is shown that batch heating theory can
be used to give bounds of inhomogeneity in moving wet webs. This per-
mits the choice of an attenuation factor.

Reactive coupling of energy into resonant structures is ana-
1yzed. Reflections result when waves in the coupling element and the
cavity travel in or near synchronism. This type of reflections, as
well as the heating inhomogeneity, are reduced by a new slow wave coup-
ler design. A cavity applicator providing multimode operation in a
small volume and utilizing a system of interconnected TEmOn resonators
js designed. Tests with the slow wave coupler indicate that the

frequency pulling effect can be minimized.
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CHAPTER ONE

MICROWAVE POWER APPLICATORS

1.1. Introduction

Efficient, high power magnetrons were developed for World
War II radar technology. The power carried by a radar beam could
be felt as heat and it was patural to wonder if this effect could
not be useq, One of the first practical heating applications was
a microwave oven(sg). In the intervening years between the first
oven and the present, further applications and methods have been
developed, and a small jndustry based on the heating effect of
microwaves has been established.

In its production, microwave energy is far removed from
that stored in the original fuel, particularly in terms of the
capital expenditure jnvolve . The usual production cycle starts
with conventional electric power which is rectified, giving a high
voltage pulsating direct current and then converted to microwave
power by a device such as a magnetron. Magnetron depreciation,
at one to five cents per kwh(sgz jis presently the largest cost
factor. Although efficiencies are high, over 75% for many power
sources, some power is lost at each conversion step. For these
reasons microwave power is expensive and its use must be justified
by factors such as improved product quality, increased capacity of
a manufacturing process, or elimination of a difficu]t heat
transfer problem. The cost of microwave power is steadily

decreasing as the technology in the industry improves.



The uses of microwave power are now quite diverse(34). For

example, the food industry has employed it in drying potato chips,
proofing doughnuté, cooking chickens and roasting nuts. Institutional
outlets can use microwave ovens for quick reheating of almost any food,
usually with better flavor than can be produced by any other method.
The forest products industry has employed microwave power in drying
wood, veneer, paper and special products such'as baseball bats. Other
uses by the plastics, photographic, auto, drug and other industries
are listed in books(sl) and review articles(3)’(69) on the subject.
There is now enough experience with microwave power that it is
becoming evident thét some standard techniques should be refined.
Industry has concentrated a major part of its development
effort on power sources. Radar magnetrons were designed to produce
large but brief pulses of power. The original task was to produce
devices wh1ch generated a waveform carrying more average energy.
The resulting rugged magnetrons have served we11(]2) (]6) but there
are still two problems associated with these power sources. The
most important is the cost, and secondly, their sensitivity to
loading conditions. The sensitivity to loading conditions can be
jmproved by using devices such as klystrons and triodes in lieu
of magnetrons. Efficiencies of 70% are quoted for klyétrons, at
power levels competitive with magnetrons(53)’(29). Triodes do
not operate well at frequencies comparable to the inverse of the
electron transit time. Nevertheless they have been advocated,

at efficiencies of about 25%,to overcome the loading prob]em(zg).



At the present time there is public concern about the
effect on the environment of still another form of escaping maﬁ-
made energy. Government agencies now control designs for leakage
of microwave_radiation(4)’(49)’(58). Work on biological effects
of microwaves(zz) should help in setting exposure standards. This
concern is timely for the industry becauge the heaviest usage of
microane power is yet to come.

The communication industry is a far more advanced user of
microwave technology than the microwave power industfy. From
standard methods in radar and communicatioh engineering, the micro-
wave power designer can obtain the underlying electromagnetic
theory and the technology to transport power from place to place(z)’
(]4)’(56). ‘ However, he wf]l find problems which are not encountered
in communication systems. For example, most antenna techniques
concentrate on the far fi21ds, while the entire task of heating a
load is usually done by the near fields, which in the absence of a
load are mainly inductive and store energy, rather than radiating it.*
Microwave power also involves other disciplines such as thermodynamics
which are not treated in communications texts. Publications now exist
which deal with unique aspects of microwave power(37)’(5])’(54).

Maghétrons are susceptible to damage from reflected power.

Inside a magnetrdn there is a slow wave structure, around which the

forward travelling wave propagates in the same direction as a

* The electromagnetic field of a dipole can be broken into
components proportional to 1/r0, where r is the distance from the
centre of the device. Far fields may be defined as those for which
n =1. These fields carry energy away, while the near fields, for
which n > 1, contain stored energy. Alternative usage defines the
far field region as distant enough that variations in r affect the
relative phase, but not the amplitude, of fields originating from
different parts of the antenna. In this usage the near fields would
contain some radiating energy.
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revolving electron cloud, which acts as an intermediate energy
carrier. With the normal type of coupling between the slow wave
structure and the external transmission line, the reflected power

is divided equally into waves which travel both forward and back-
ward around the internal structure. The backward travelling wave
accelerates some of the electrons rather than absorbing their kinetic
energy as the forward wave does. Back-bombardment of the cathode
results, overheating it and causing sputtering of its active surface,
thus shortening tube life. Most devices also fail to oscillate

at some loading conditions(37).

To 1imit the effects of reflected power on magnetrons,
either the magnetron must be made rugged or the rest of the system
must be designed carefully. Magnetron manufacturers have not
always been able to assume that the VSWR (voltage standing wave
ratio) will be low. The higher the power level of a magnetron,
the more difficult it is to design for high VSWR. In present
microwave ovens the unpredictable VSWR necessitates a sacrifice
in magnetron efficiency to extend its life(64). One low power
(750 Watt) magnetron has been designed this way to tolerate 80%
reflected power(]1). At 18 kW a directionally coupled output
has been used.* Automatic matching devices are available, but
do not have the response speed to handle sudden faults if the
magnetron power level is sufficient to cause it to arc interna]]y(SS).
These attempts have not yet solved the problem satisfactorily.

Applicator design can degrade product quality as well

as the magnetron 1ife. In most processes in which microwave

* See JMP 4(2) p85 (June 1969).
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energy is used, the final product should be evenly heated. Standing
waves are inherent in almost all reflections*, and hot épots occur
in a load at places where the electric field components are in

phase and add, while cooler spots occur where they cancel. Another
problem, skiﬁ.effect, occurs in loads which absorb energy too
rapidly, as the heating is concentrated near fhe surface of such a
load. Both effects are treated in more detail in electromagnetic

-(65) (54)

theory texts , and must be

and microwave power texts
controlled in most applications. One of the advantages of micro-
wave heating is that energy is absorbed by dielectric losses,
becoming thermal energy inside the load. This js commonly called
bulk heating and with care, it can be used to produce a rapidly
and uniformly heated product.

In travelling wave applicators, heating is performed by
a wave propagating in a waveguide structure. The load is a thin
dielectric sheet, or web, which is inserted into the waveguide.
Part of the energy propagates inside the web, givina bulk heating.
However, as the energy travels, some of it is lost as heat in the
load and the wave diminishes in amplitude, giving uneven heating
as in skin effect. Only part of the energy is carried in the diel-
ectric and the attenuation depends on the ratio between it and that
carried in the rest of the applicator. Conventional design of these
applicators does not allow for much control of attenuation**;

some loads may be heated nonuniformly while other 1ighter loads

may give low efficiency. Reflected power is not usually severe.

* An exception could occur if cross-polarization should result.

** Fringing field applicators, which heat the load outside the
waveguide, provide good attenuation control but may be dangerously
leaky. See Chapter 2.



In Chapters 2, 3 and 4, a technique is found for obtaining
attenuation control.

In resonant applicators the energy is injected into a cavity
_ and stored until the load (or the walls) absorb it. Standing wave
effects in such an applicator are unavoidable, but there are ways to
prevent them from producing unacceptable product quality, scorched
spots, for example. Multimode cavities are commonly used, large
cavities with many modes which are resonant néar the same frequency
and which have differing field patterns. If energy can be coupled
into the fields of several modes, rather than only one, the result
is a more'uniform electric field distribution(44)’(38). An additional
device fdr obtaining uniformity is the mode stirrer, which rotates or
oscillates at a rate that is slow compared to the frequency of the
power, but {s fast compared to the heating rate. It can change the
modal patterns throughout the cavity and as it moves, the electric
field inhomogeneities are moved pseudorandomly over the Toad.

‘ Conventional resonant structures have been designed to improve
heating uniformity, to prevent leakage of energy(46), and to provide
many resonant frequencies in the band in which the magnetrons must
operate. It is_not a simple problem to avoid reflected power when
dealing with an applicator which is literally full of multiple reflec-
tions and which carries many different modal patterns. Some work has
been reported(7)’(23)’(32)’(38)’(52)’(75)but the basic theoretical freat-
ment of this coupling problem has not been published. In Chapters 5 and
6 of this thesis, cavity coupling theory and a working coupling structure
are described. Both reflection coefficient and heating uniformity are

improved in an operating system.



1.2 Applicator Parameters

In this thesis the dielectric constant is given by ¢ = :
eo(e; - je;), where ¢ is the usual relative dielectric constant‘ss).
Then Maxwell's equations, in phasor form, have no explicit conduction
term. Both conduction effects and dipole effects are contained in e;.
Poynting's theorem can be derived by integrating the diverg-

(14)

ence of the vector ExH over a volume This aives

fvv'éxﬁ* dv = { Exit*.n ds = -ju/ (B - E-D) dv (1.1)
S v

where E is'the RMS electric field vector, D = ¢E is the electric flux
vector and the asterisk indicates the complex conjugate of a quantityg.
Similarly ﬁ and B = uﬁ are the magnetic field vector and flux vector
respectively, where u is the permeability. V is the volume, S is its
surface, n is a unit vector normal to S, and » is the radian frequency.

Taking real and imaginary parts,

Re [ ExH-(-n) dS = e uf et E-E* dV (1.2a)
s v
Im [ Ext-(-n) dS = j2uf (Wbt E-E¥eqey) dV (1.2b)
2 2

The left-hand side of Eq. 1.2a is the power flowing into the volume
and the right-hand side is the dielectric loss, or heating effect, in
Watts. The right-hand of Eq. 1.2b is the difference between the two
types of energy stored in the volume, multiplied by 2u. From Eq. 1.2b

sMany texts also use E and H as the magnitude of E exp(jwt) etc. Here
they are the (time) RMS values, the magnitudes multiplied by 1/v2,

with the factor exp(jwt) understood.



8

it can be shown that the energy stored in a Tossless cavity is equally
divided between the electric and magnetic fields. u is assumed to be
real and equal to its free space value, which is true for the lossy
dielectrics usually used as loads.

The bulk heating effect occurs inside any lossy dielectric
object, that is, one for which e: # 0. The power absorbed is given by
Eq. 1.2a for the whole volume or any part of it. If the applicator
is a resonant structure and is lossless the integration may be perform-
ed over the whole structure. The Q of the structure is defined as the
ratio betweén the energy stored in it and the enerqy dissipated per
radian. If the energy is equally divided between field comﬁonents and

e: is constant,

f " ~A A " I ~ A*
el E-E* dV € E-E*dV
Q= V'r - _rAv — (1.3a)
J ey E-E* dV [ EEXV + [ elE-E*dV
v V-av AY

and if AVe; << (V - av),

e f é-é* dv
Q- ' AV (1.3b)

Iv E-E"dv
where AV is the volume of the dielectric and V is that of the entire
applicator. V - AV represents the empty volume.
The three factors which determine the absorbed power are e:,
the volume of the load and the electric field strength inside the load.
If e; is constant, the latter two factors can be conveniently expressed

in terms of the filling factor F and the field concentration factor &.

F is normally defined by



T g

T3 [T ST R Qe i

o s TR N BT VALY

F= ay A (1.4)

and the field concentration factor will be defined here by

2 e.c
£ = v JyyE-Erdv (1.5)
AV ] vE'E*dv : ,

This definition makes £ equal to the ratio between the RMS (spatially
averaged) electric field in the load and that averaged over the entire
structure. '

This pair of definitions simplifies Q:

Q= el Fe? (1.6)
if the applicator is lossless*. In Chapter 5 Eq. 1.6 will be extended
to include the losses which occur in all practical applicators.

Travelling wave applicators are waveguide structures loaded
by dielectric sheets. In this case Q is not a very meaningful quantity.
What is more important is the ratio between the power absorbed in a

section of waveguide and that transported through it. From Eq. ].Za.

the power transported through S by a forward travelling wave is
=Ly Eixas - (1.7)
where n= E/H and is the characteristic impedance of the applicator.

Tbé power absorbed in an infinitesimal length dz of a load with

cross-sectional area AS is
ﬂ - " f A A
(az)dz = weEy ( ASE.E* ds) dz (1.8)

where AV= AS dz and E is nearly constant in dz. Dividing Eq. 1.8 by

Eq. 1.7 and using Equations 1.4 and 1.5 we obtain

*
e; contains the frequency dependence.
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]F-g-:— = -meoe;',nFEZ (1.9a)

P= Po exp(-meoernFE 2) (1.9b)

where Po is the incident power at z = 0. The attenuation coefficient

- o (nepers per meter) in

P= Po exp(-2az) (1.9¢c)
is given by
a = (1/2)ue el Fe2. ' (1.10)

Thus heating uniformity and efficiency can be changed by varying the
size and e: of the load or by varying gz.

In all previous cases £ has beén evaluated from electric
fields existing in the loaded applicator. This presents a difficult
computation problem if the loading conditions are variable. The field
patterns of the unloaded applicator are usually easier to obtain and
perturbation equations may be derived by taking vector products of
these fields and the fields which would exist after the load is in
p1ace(2). If F is small the effect is localized. Only the fields near
the 1oad will change, and they may be found, by using the local
boundary conditions. Appendix I gives further information.

The load in frave]ling wave applicators is usually a thin
sheet or web. If F is small and the web edges are parallel to the
electric fields of the unloaded applicator, the fields will be almost
unchanged by the loa&, while the flux D is multiplied by . The mode
js called an LSE mode (longitudinal section electric) in this case
while if the magnetic fields are parallel to the load the mode is
called LSM (longitudinal section magnetic). LSE modes give higher

attenuation than LSM modes, where £ is reduced to g/, by the load.
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In Figure 1.1 two common waveguides are shown. Thin webs
inserted as shown will result in LSE modes with the same field patterns
as the dominant modes. Let B be the total length (meters) exposed to
the microwave energy in a cross-section and let t be the web thickness.
Then for nearly flat webs S = Bt/2. The field concentration is nearly
éonstant over the thickness and as long as the perturbation is small
(See Abpendix I) £ is independent of t. Then for any length

2_ lim S IASE-E* ds

E =
t-0 — -]—————————
AS E-E* dS

(1.11)
S .

This is the form used in the perturbation analyses in the next three

chapters.

_§>

Eigure 1.1 Cross-Section of Web in Applicators
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CHAPTER TWO

ATTENUATION CONTROL IN TRAVELLING WAVE APPLICATORS

This and the next two chapters form a section dealing with
web applicators. In this chapter conventional applicators are examined
for attenuation control. Some new travelling wave applicators are then
described and the réctangular TEM structure is singled out as the most

promising, a detailed analysis of which will be given in Chapter Three.

2.1. Conventional Techniques

The use of rectangular TE]0 waveguide is still very common
for microwave heating of webs. The web passes through slots in the
center of the broad side of the waveguide, as shown in Figure 2.1.
Each time the guide passes across the web, part of the energy is deposited
jn the dielectric. 'To' use the remaining energy, the wave must make
several passes, as shown in Figure 2.2. This is a crosscurrent appli-
cator, i.e. the web moves forward slowly while the microwave energy

crosses it(35). (See Chapter 4.)

= — - - S—
Air Air

Figure 2.1. Cross-section of TEI 0 Applicator
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Usually such heating is used for moisture removal. Bulk
heating of a dielectric delivers the latent heat of evaporation to
‘the water without conventional heat transfer through an insulating
surface layer. The air supply shown in the figures is used for moisture
transport; it need not be heated if it is dry and moving rapidly.
Furthermore, the walls are cold and will condense the water from
overly moist air. Small turbulent jets impinge upon the web at right
angles and large holes are provided for easy air escape. Any liquid
on the walls must be blown out or fall out of the bottom exits. The

guide must not drip, since this could cause arcs. Further detail is

provided by Okress(SI).

Figure 2.2 Bottom Half of TE]0 Applicator
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As the wave crosses the web, it loses energy. Altman(z)

uses perturbation theory (See Appendix I) to obtain:

meoe: fAS(Eo. E) ds (2.1)

ZIS(EO* H)en ds

o=

-

where o is.the attenuation coefficient in nepers per meter, E0 is the
unperturbed electric field vector, E is the perturbed field, and nis
a unit vector perpendicular to the cross-section. If the web does not’

change the fields Eq. 2.1 gives the same expression as before,
2

2

o = (%)eoe:Fg n. This is a general description; it shows that reducing

either F or £~ will improve uniformity at the expense of efficiency.

(/e

\

N\

\
~
/

b ;Qbm .
_1_ 7Y X
a— X >
a >

Figure 2.3 Currents and Dimensions for TE]0 Applicator

Applying Eq. 2.1 to the standard TE]0 applicator,

' A
- " 420y csa2 (TX
aq = WEGE, ano(xo) Sin ('39 (2.2)

where the subscript g refers to the waveguide and where the filling
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factorlFg is given by f/a of Figure 2.3. The guide wavelength xg is
greater than the free space wavelength Mg AN effect which gives increased
o near cutoff.

In a line along the centre of the broad wall of the guide the
wall currents flow only in the z direction. At other x locations in the
broad wall ihey wil]icross the slot, producing displacement current, and
from it, radiation or leakage. This fixes x/a io 1/2 and gz to 2.

There is no acceptable way of controlling gz unless other structures.
are introduced into the applicator to change the basic mode(4]).

The width a can Be changed to contfol F but cutoff results
if it is less than 10/2.. It should not exceed 310/2 because other modes
can be generated in wide guides. Changing b deposits more power in
less web, leaving o unchanged. Thus simple TE]0 applicators do not
permit good attenuation contro1(4°).

Another type of applicator is the fringing field applicator,
where a field component exterior to the structure intercepts the
load(lg)"(42). Very little power is carried in such fields énd they
die away rapidly with distance from the applicator. By using multiple
resonator sections, very high fringing field strengths may be
obtained and since the bulk of the power is not applfed to the load,
the attenuation may be gradual. Fringing field applicators are

distributed structures, so they will accept a wide variety of loading

conditions with 1ittle reflected power.* When operated unloaded,

* This effect is discussed in greater detail in Chapter 5 where
slow wave structures are adapted to cavity coupling. The structures
used in that chapter are fringing field applicators applying power to
an intermediate structure, a multimode resonant cavity. Phase control
is also important to that probiem, while it is nearly irrelevant here.
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power is radiated away and the reflection coefficient can be controlled.

IR

/ h )
/ —7 y \\\\\\\\\\\\\\\\\

Figure 2.4 TEM Fringing -Field Applicator

Some sample structures are shown in Figures 2.4 and 2.5.
In the first case, a stripline has been formed into meandgring
transmission line and the load above it absorbs power from the fields
emanating from the top of the conductor. Before terminating on the
ground plane, these flux lines are intercepted by the load, and the
further the load is from the conductor, the fewer flux lines reach
it. Most of the power is carried below the stripline. In the second
example, one side has been removed from a meandering TE10 waveguide
and the fields inside spill out. Air may be blown from below for

flotation and moisture transport. .
F' " Load

Figure 2.5 TEso Fringing-Field Applicator
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The fact that fringing fields die away rapidly implies
that only the surface of a thick material will be heated. Therefore
fringing field applicators have been considered for drying the péint
strips on pavement(24)’ although this has'not proved feasable. Radia-
tion of unused powver has the advantage that ft can protect the magnetron
from reflections, but the result can be accidents. There are also hot
spots in almost all of the fringing field structures, but this problem
may be overcome by adjusting the dimensions of the applicator*.

Because of their insensitivity to loading conditions these
structures are replacing the TE]0 applicator in practice. However,
many of their advantgges can be more safely attained in a closed

applicator, as will be shown in the rest of the chapter.

2.2 Circular Coaxial Applicator

-

Figure 2.6 Circular Coaxial Applicator

*

Pat. pending in 1971, Genesy's Systems.
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A simple TEM alternative to TE,, waveguide is the circu-
lar coaxial structure of Figure 2;6*. Its electric fields obey the

well known relationship:

Er = W; (2.3)
where E,. is the radial electric field, a, b and t are as in
Figure 2.6, r is a radial unit vector and r is the distance from
the centre(ss). If { is small,

E, = E, (2.4)
Substituting in 2.1, we obtain

€ e b 2 2

4n b .
2 1
a3, i) 2

- Sofro™ (1 + b¥/ab + a/ab)
3 {(a +b)
or
@, = (%Jgoe:noch.(l + b/a + a/b) (2.6a)

where the subscript c refers to coaxial lines, and
\

Fo —2 (2t+ . (2.6b)
“7wla

The filling factor Fc is defined as in the previods chapter. If we
separate out the field concentraction factor, we obtain

£°=(1/3)(1 + b/a + a/b) (2.7)

* Another alternative is the twinline, in Appendix II.
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This becomes unity as the characteristic impedance becomes very small.
In all TEM structures the currents are parallel to the
direction of propagation. Therefore, a.longitudinal slot may be

located anywhere with no problem of radiation from displacement current

/

crossing it.

00 MHz 1GH: 10GH:

Figure 2.7 Attenuation of Simple Structures (From 40)

Comparing the TE]0 rectangular waveguides to 50 ohm coaxial

1ine, we obtain

o F.
< - 0.623 (:9(Y (2.8)
% Fo' g

In Figure 2.7, computed results for attenuation in a 0.24 kg/m2

web at about 25% water content are shown. It has no cutoff frequency,
so the TEM structure can give higher attenuation because Fc can be
made large by making the structure small. Cutoff effects prevent
this in'the rectangular waveguide, since f and a determine Fg.
Circular coaxial 1line provides some attenuation control, and the
centre conductor forms an obvious air conduit. However, it is not

simple to build. gz is a constant if the characteristic impedance
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is kept constant, and it is close to unity.

A section of 50 ohm, 1 5/8" circular coaxial line with a
1/8% slot was constructed. Its walls were 0.08" thick. Using sfrips
of very wet'paper, the attenuation factor in Figure 2.7 was confirmed.
For comparison a TE]0 WR284 waveguide section with the same wall
thickness and slot width was prepared. This too gave the'predicted
attenuation.

If a wet web is used, energy propagates out of the
applicator in a dielectric wave(sg). To check the leakage of the
two applicators, they were loaded very heavily with wet paper. A
laboratory generator applied 100 mW of forward power to each
applicator. With a Narda 8110 leakage detector it was found that
leakage was proportional to the ratio of a. and aész This means
that leakage depends on the electric field intensity in the web
region, énd not on the mode. When metal dipoies were used, which
is an unusual practice, the coaxial line gave significantly more
leakage, since the dipoles were capacitively coupled to the centre
conductor. This effect was not observed for even the wettest paper.
Thus for reflectionless dielectric loading, the escaping power is
proportional to (gsz)/S where P js the forward travelling power.

A TEM applicator has been found which does what a TE]0

one will. It also permits control of Fc’ but £ is nearly conistant.

2.3 Variable Cross-Section TEM Applicators

In addition to control of F, by scaling the dimensions,
we may control 52 by placing the web in a region where electric
fields are reduced(40). To do this, non-circular cross-sections

must be used. Because the currents are not transverse, virtually
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any structure comprised of two or more insulated pieces of metal
may be slotted longitudinally and used as an app]icator; provided
that it bears no higher order modes; Many possible systems provide
the reduced gz, giving reduced attenuation, 1eakage, and even
reflections, since low £ implies that most of the energy does not

jmpinge upon the edge of the web.

Figure 2.8 E1liptical TEM Applicator

The simple circular structure can be distorted and made
elliptical as in Figure 2.8. The region of high power transport
js the narrow gap between the major and minor axes of the inner
and outer conductors respectively. The web passes through the low
field region between the other axes of the conductors. However, -
Fc is increased in the process and a is not reduced as rapidly as 52.
A much easier structure to construct is shown in Figure 2.9.

A rectangular centre conductor * is used with an elongated rectangular

* In the rest of this thesis it is a§suhed to be square, but
if its shape is adjusted, added control of £¢ is possible.
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¢ [upper gap
| web " t
gap : > ‘
.-‘ —
- side gap {
d
Figure 2.9 Rectangular TEM Applicator

outer conductor. The effect on 52 js the same as in the elliptical
applicator. The corners must, of course, be rounded to prevent
arcing.

_ A first order analysis may be made by treating the upper
and side gaps as parallel plate capacitors and ignoring curvature of
the fields. This is valid for any frequency, since there is no cutoff
frequency and therefore no dispersion in TEM structures. If we assume
that w>>c, we can assume that the voltage gives the electric fields
direct]y,.or'¢ = (Ed)d = (Ec)c. For small perturbations and square

centre conductors, we may expand 2.1 as follows:

d ,v,2
nwe.er [ () tdy
= —0“%r Jo d (2.9)

Cv2 dvz 2
2 =) wdx + 2 =) wdy +
Io () wix J'o (g) Wiy cgrgelgl a5

If d>>c the first O6f the lower three integrals dominates and the

power is carried mainly above and below the centre conductor. The
attenuation is then proportional to c/d.

This result is for the asyptotic case: Tlow characteristic
impedance and very small c/d. When the gaps ¢ and d become large the

electric field is no longer constant and the upper integral becomes
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a constant beCaﬁse the fields diyerge at the side of the centre
.cdnductor. It is expected that the resulting minimum o may be
reduced'by making the centre conductor higher than it is wide, or
by making the face of the centre conductor concave.

The leakage of such a structure is'dependent on gz

2

whi]e,'
attenuation depends on both £ and F. Leakage is then proportional

to (c/d)z, and this applicator can give reduced leakage while

providing the same attéhuation as a given circular coaxial or
rectangular TE]o applicator.

If the characteristic impedance of an applicator undergoes
sharp changes, as when a heavy load passes through a high field region
or 52 is changed, these discontinuities will reflect power toward the
magnetron. If there is an absorbing web between the reflection and
the power source, the problem is reduced, but this cannot be guaranteed.
The characteristic impedance change is proportional to £ , so reduction
of £ also controls the problem of reflections from the web edges.
Similar results have been demonstrated in waveguides(a)’(4])
by reducing the fields in the centre of the TE]0 rectangular structure
bj providing two constricted regions on either side of centre. The
power was conveyed in these regions, reducing gz by the same principle
as in the TEM structures of Figure 2.8 and Figure 2.9. The biggest
difficulty in either mode will be arcing, but with rectangular TEM

structures arcing will be easier to control since wider regions are

provided for power transport*.

* A simple TE]O waveguide can carry more power than either
structure. See the example at the end of Chapter 3.



24

CHAPTER THREE
- NUMERICAL 'ANALYSIS OF ‘THE 'RECTANGULAR TEM APPLICATOR

In the previous chapter it was shown that control of the
parameter 52 is possible in TEM structures. Approximate behavior
of attenuation for the rectangular version was derived from

2 will be evaluated more

simplifying assumptions. In this chapter £
accurately and the previous expression will be verified. The
perturbation technique will be retained, a]lbwing the fields to
be calculated for the empty applicator. .The loaded applicator is

assumed to have the same fields, which is approxfmate]y true for
the electric field if the web is thin and is parallel to the
electric fields‘calculated for the empty applicator.

The assumption of parallel plate capacitor behavior will

be replaced by the method of moments. In this method it is assumed
that the charges existing on the conductors can be accurately
represented by a screen of infinitely long line charges. When these
charges are obtained, it will be possible to present the designer
with charts, from which he can select rectangular TEM shapes to give

desired 52, F and characteristic impedance 20(47)’(48).

3.1 Characteristics of the Rectangular Structure

52 can either be derived from the area integration in
Chapter 1, or from a volume integration over some length of applicator.
Let AS be the cross-sectional area of the empty structure which will
later be occupied by the web. Expressed in terms of volumes, if the

fields in AS are constant over the thickness of the web,
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Iow E.E*
e = yin L /AV_E-E* dv (3.1)

tho av IV .E!E* dv
where AV is the volume 2'AS. AS can only be changed in magnitude
by changes in thickness t'. V is the volume z'S and z' is the
active length of applicator, measured along the propagation path

? can be treated as a power transport

of the wave. Similarly g
parameter. The power carried in the total cross-section S at

unity VSWR is given by

Pe = [(Ex R)as= (1) J(E - E¥) ds (3.2)
fs n"s

from Poynting's theorem. The power carried in the web region AS

of the empty structure is given by .

Prw =+ Js(E - Ex)as. (3.3)
Then
2 ..
e? = in (5/25) (Pe,/Py) (3.4)

For LSE mddes, if thé web is found to be a minor perturbation by a
check such as that given in Appendix I and if the fields are nearly
constant in its vicinity, the total mean-squared electric fields in

2 is known, the

it can be found by multiplying gz by PfF/n. If ¢
heating rate and attenuation constant can be found from the powef
level and web properties.

The electric fields shown in Figure 3.1 may be éalcu]ated
by the method of relaxation (]8)’(27)’(47)’(60)or the method of

(33). It was decided to use an extension of Harrington's moment

moments
method for economy of computer time as well as for accuracy. The

relaxation method is iterative, involving a very large number of
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calculations. In addition, it results in a grid of voltages
whose gradiént must be evaluated and squared. Numerical
differentiation can produce very large errors. The method of

moments produces a set of charges, from which all the other parameters

may be obtained directly.

PO WD U L V. T . B N "N N W Y
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Figure 3.1 Rectangular TEM Applicator

For matching the applicator to the power source as well
as for minimizing internal standing waves, the characteristic
impedance must be known. This is given by Zo = 1/cC where ¢ is the
velocity of the wave which in empty TEM structures travels at the
spéed of light. C is the capacitance per meter, given by

C = (la,| + layl Y2 s, (3.5)
qQ, and q, being the charge per meter on the inner and outer conductors
respectively. ¢ is the voltage difference between conductors, and

the average voltage of the system is set to give equallqa| and |qb|.

3.2 A Mathematical Technique for TEM Structures

(a) The Moment Method

The method of moments can be used for electrostatic systems.

TEM applicators have the same electrical properties at any frequency
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if they are reflectionless. Thus we can start from thé‘fact that
the voltages on the conductors are constant on the metal surfaces
and find the zero frequency charge distribution which generates
them.

To avoid solving integral equations, which involve an
infinite number of charges, the moment method approximates the
charge distribution by elementary charged areas. These elements
have an assumed internal charge distribution or weighting function,
which is fixed in form but multiplied by a scalar. The scalars have
the dimensions of charge and convert the relationship into a matrix
equation for which they form the vector of independent variables.

In fact, though, it is the voltages which are known; This'means
that a matrix inversion is needed to change this simple relationship
between charges and voltages into dne in which voltage is the
independent variable.

The method: of moments is an approximation. It is based on
the fact that the voltage at a distant Tocation* is sensitive not to

the arrangement of charge in an element, but to the magnitude.

The approximation can be improved by increasing the number of elements,

and by selecting the weighting function to better approximate the
actual distribution or to produce errors which cancel.

Let a charge density o Coulombs per square meter be
distributed over the conductors of Figure 3.1. Assume that it
generates a voltage ¢ * 1 volt on the inner conductor. These

voltages, at any desired location, (x,y,z) can be obtained from ¢

* Further from the nearest charge than the width of the
elementary areas. .
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by electrostatics:

o(x,y) = flfa(xf,y;,z') dx dy dz , (3.6)

Ter

where r = /fx - x‘)2 + (y - y')2 + (z - 2')° and the durmy
coordinates (x', y', z') are the location of the iﬁfinitesima]

charge element of the integration. However, the charge distribution
o must be found. To do this, we use line charge weighting functions
(Dirac delta functions), &(x - x')s(y - y'). The charge sheets o on
the conductors are then approximated by a screen of line charges

ay §(x - x')s(y - y*), infinitely long in the z direction. Then

in matrix tensor form, Equation 3.6 may be approximated by

¢i(xl'i"y"i) = Lij Qj(x'jsy J) (3.7a)
and in inverted form,
! ' = L'] ! 1
95(x'55¥"5) = Liz 05(xsy"s) (3.7b)

where primes indicate a charge location, and where repeated indices
indicate summation . Lij is given by a¢i/aqj,

If x'j = x'i and y'j = y'i, or in other words if we try to
evaluate the self-potential of a line charge, a discontinuity
results. To avoid this, a strip charge is assumed in evaluating Lii'

The weighting functions must be changed in this case, and we may use

. . ' ' 2
strips of width %flfx'j+]-x'j_])2 + (y 417 j-I) centered at
] !
(X j:y j)' |
It is now possible to evaluate the Lij directly from

electrostatic theory and invert the matrix by digital computer*,

* There are inversion routines in the IBM standard routines
based on Gauss Jor?ay reduction. One of these was used. However,
it has been shown that the moment method can give rise to i11-
conditioned matrices, for which inversion gives escalation of round-
off errors. This will be discussed later.
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Figure 3.2 Line Charges

Let p be a measurement point, a distance r away from a

line charge of q Coulombs per meter. Then the voltage at p is

1 [ qdz
% 47e I-m &

- r

where r' = /r2 + 22 . For a single charge the voltage is

. q_ [nn (z + /2% + ¢°) ]: (3.8)

¢p = &lm 2re
The infinity may be removed by evaluating the potential for

equal and opposite pairs as in Figure 3.2*. Then,

o e o
QP = qj n z + r'a + 2 o
o 2me z+ /2 +27°
q; r
= - a
e AN (r,b ) . (3.9)

In 3.7, if p represents the location of another charge,

Lp,j must be expressed in terms of charge j and its image charge, i.e.

*It may also be removed by using a reference point at a finite

distance from the applicator.
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L _...-.I . ‘ '
R abJ = (EEE) an (raj /raj). (3.10)

The errors in_using line charges are evaluated in Appendix III.

The electric field near a line charge is given by

~ q ~ .
E=-v = srer I (3.11)
.3
wW — Z
e
Figure 3.3 Strip Charge

To evaluate the voltage in the centre of a strip where
i = J, we use the geometry of Figure 3.3. At the centre, Eq. 3.1

gives
b g dz dx
|

il L

/22 + a2+ a

= .2 fb n ((——=—°<
e b 22+ aZ-a

Making appropriate substitutions and integrating by parts, we obtain

) dz (3.12)

655(wsb) = 52 [sinn™! (22) + (2 sinh7 My ] (3.13)
where w is the width of the strip and b is-its extent in the +z
direction. This gives the self-voltage of one of the strips in the

applicator. Here too, the voltage increases without limit as b

approaches infinity,* and, a strip of equal and opposite charge must

* When 2b = w we obtain Harrington's solution for a square area.
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always be present on the other conductor.

We may aﬁproximate the image charge as we have done for
the other cases where 1 # j. A 1ine charge of magnitude q = -ow
is assumed'to be Tocated at its centre. .If the matching éharge is

located a distance r away, its voltage for a lenéth 2b is, from 3.8,

= %%g.[ zn (b + AZ + %) -y ] (3.14)

$ ,n+1-i

The self voltage of this system of charges is

- ¢'i1. = _CZI?Vei F] (",W) (3-15).

~ where

Fy(raw) = 5™ isinn™ (2 + (22) sinh (%)

- + o0 (e )} (3.16)
b+pZe 2. -
Taking Timits, gim en (—L o) = an (5); 2im x Sinh™! L= 15
b b+ JE +r X
and £im Sinh'](x) = gn x + 2n 2.
X->0
This gives
F](r,w) = ﬁjﬂ'{zn (%9) + 2n (%b) + 1+ 2n 2}
= gn (59 +1+2n2 (3.17)
and
_ oW r
¢ = 5= (an =+ 1.693147). (3.18)

Eq. 3.18 gives the self voltage at the centre of a strip, and must
of course be used again with a different w when obtaining the self

voltage of the image charge.
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(b) Use of Image Charges

For the fectangular TEM applicator, each charge occurs
in the presence of an equal and opposite charge ori the other
conductor. In addition, three more identical charge pairs are
located symmetrically as in Figure 3.4. Assume that (omyh)oo
js at (yh,xm) while (°m“h)01 is at (yh,-xm); (cx'I|v4r||)]0 is at
(-yh,xm) and (°m"h) 5 is at (-ym,-xm). The matching charges
where n is the total number of charges, m is the

are (0“+] -m)f.,k

index of the charge considered, and 2,k are 0 for the positive half
plane and 1 for the negative half plane. (°n+1-m "n+1-m)= o
and is located at (yn +1 - m(-1)2, Xp ¢ 1 - m(-l)k), for a

total of four images. Then if i # j using Eq. 3.5, a = m,
b=n+1-mand _ (3.19)

1] K, 12 P2 "
1 /y-- (-1)7y:)° + (x5 - (-1)°x;)
Li = 70 Ko pko |0 — : ——

k, 12 P 2
(yg = (-10795)7 + (x - (1) %p4q5)
*Y
«9q \J
i -9 -9 I
O rl N\
P
——
X
L —
w9 9

Figure 3.4 Image Charges
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When i = j, the self yoltage of this pair must be added
to those of fhe image pairs. Using Equations 3.5 and 3.8

—
[ //kyi'yn+1-i) + (X5-%p4q_4)
W

i

>

_

i ”
+ 2n 1
pd pd
AY;-Ypa1-4) * (¥ 47-7)
2.
+ an L
Ayt ar <)+ ( )’
(YY1 -i X Xn41-i/ |
/x. +y.
PR A B l'} (3.20)
¢/ 2 2J *
| MYitaai) (%0 5)

It is now possible to invert the matrix Lij’ providing that
the proper distribution of the opposite images is known. This must
be determined iteratively. As a first approximation, we can assign
images in a location close to the correct one by simply distributing
them equidistant from each other. For a magnitude of o;W; in 3.7a
we may use that of either the charge i or its image n+1-i, whichever
is closer. The accuracy of this is improved by the fact that the log

function is quite insensitive to errors in faraway charges. We then

Tet
- __]__ ri’n+]' . -
Lij = Zne (o (_———irij AT e g, L= 0
ifr..>r or alternatively we may average the two charges,

ij i,n+1-j
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ing L. =X Ly gn (Llantl=d
letting Lij 5 (Zﬂe) { an ( g ) + f..}Afor each. Both

methods give accurate capacitance results, but to reposition the

charges later it is desirable simply to use the nearest charge.

(c) cCalculation of the Average Voltage.

If the charges are not paired properly, the capacitance
and electric fie]ds will be slightly incorrect. This error will
arise in practice because the average voltage is not usually zero
when the charges are paired, but shielding results in some average
voltage other than zero for the structure. An infinitesfma]
unbalance in these infinitely long charges is sufficient to give a
finite average voltage to the structure, as is shown by Eq. 3.8.
This possibility has been eliminated in the final expressions for
Lij’ EQ.3.19 and Eq. 3.20. Thus the error has no useful physical
significance, since it results from violating the charge pairing
assumption. |

Let us assume a 1 volt potential difference between
conductors and evaluate the resulting avefage voltage. To obtain
the capacitance, let

-1

q; = LiJ ¢j‘ (3.21)

- 1 - 1
Then ¢j = dave - i—volt for the outer conductor and 9j dave * z-volt

for the inner conductor, where ¢ is the average voltage to be

ave
calculated for the structure. Then

9% 7 "a1-i

and

c=|} qf|f | (3.22)
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Since 3.21 is a system of linear equations,
= ]! . +¢ L3 o |
% = M3 %o, T Fave "1 Ty (3.23)

where 9. and uj are vectors; ¢o_ = %-for i > n/2 and dg. = -%
J

J J
for i < n/2. uj = 1 for all j. Let

-1
q. =L::¢_ . (3.24)
o; ij Vo4
Then
-1
g: =q. +¢ L:: U, (3.25)
i~ Yoy~ ‘ave "ij 7J |
n
We know that ) q; = 0 from charge pairing. Then
i=1
) i
0= q. +¢ -1
=1 % ave 4oy Lijuy
and we may solve for Pave’

n n -l
bave = " (izl qoi) (121 Lij u5)- (3.26)

The capacitance is then given directly by

n/2 -1

from which Zo follows.

These facts can be shown to be reasonable by examining the
individual elements and their interactions. As expected, it is
also possible to show that the average voltage is proportional to

the potential difference. If 95 = -Gp41-4 the average voltage for
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a matched pair, neglecting other charges in the vicinity, is

i n+l-i "ntl- i,1
bss ) {g¢n (——3-———9 2n (——-—-——-0} (3.28)
‘1ave 2"5 i “nt1-i

The potential difference is

- (2,,6) { 2n (ML) + an (RH=Ta) )

bss
Nyiff Wnt1-i

+2+ 2023, (3.29)

Solving for (qi/2we),

w .
n+l-j (3.30)
e (-5
Taifr. ( ¥
biz = :
Mave 2 en( ""+] 1) + 2n (_ﬂil_l_lg + 2+ 2en 2
¥ Yne1-i

A1l quantities except ¢ave and $qiff e fixed by tﬁe given
geometry, and unless Wotl-4 ave # 0. The voltages of this pair on

elements j and nt1-j in the vicinity are

q; . Ts j :
bis = 5= { on (—L1) 4+ ...} (3.31)
Ji ‘21re rj,nﬂ-i

and the average voltage on pair j, n+l-j due to i, n+l-i is

(3.32)
Pave.. = %'(zne) { £n (——-J-—--O ( Tnt1-,1
Ji J,n+1-J r+1-J,n+1-J

Again, if the pair of positive charges is spaced differently to the
pair of negative charges, this contribution to the average voltage is
not zero, and it is proportional to the potential difference ¢iidiff.
If the charge distribution were chosen correctly, the
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resu]tant'average‘voltages would all be the same*. For correctly

spaced charges,

n/2

= X ¢
ave j=1 384y

n
21¢ave.-’ (3.33a)
= i .

¢.
1 i

1
"7
and these averages would all be equal to that given by Eq. 3.26.
The average voltage in 3.26 for incorrectly placed charges is

n (3.33b)

.1 T
Yave” ?ﬁ'izl jZ] ¢avei

j-
It was found when a computer program was developed both to
locate and to solve for the charges, that the average voltage for a
pair of parallel charge arrays was zero. This is predicted by
Equations 3.28 to 3.32, since the spacing of the positive strips was
the same as for the negative strips. When a closed coaxial system
was used, the outer conductor shielded the inner one and the
applicator had an average potential very nearly equal to half the

potential difference.

(d) Correction of Charge Placement

If the charges are not correctly placed, some error
remains in the values computed for C and ¢. Experimental results
showed the capacitance error to be about 1%% for simple evenly spaced
charge distributions on square 47 ohm coaxial line. However,
after equalizfng the magnitudes of the two.charges on each pair
(which makes the situation worse), errors in voltage of up to 20%

remained. .Since.the electric field is the gradient of voltage

* For spacings chosen incorrectly, the potential difference
is still the same for each pair, if the method of moments is used to
obtain q; as in Equations 3.21 to 3.26.
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and since the potential difference between image charges is correct,
its error is less; However, the percentage error in 52 is double
that in the fields themselves, and gz is also sensitive to local
charge errors. '

To remgdy the error in charge placement, we must examine
the physical meaning of the line chgrges. The L1.j matrix has been
set up so that a; is assumed to be paired by a charge -4 at
location n#]-j. We: then set Li,n+]-j=9 if i and n+1-j are on the
same conductor. The Tine charges computed represent a strip with
magnitude 9; equal to °j"j° The location of the image charge is
nearly, but not exactly, correct and the log dependence of the
Lij makes them insensitive to shifting of remote charges. Thus one
may reduce the width of'qj to compensate for deviations in qj from
%(qj - qn+]-j)' It has been found practical to leave the distribution
on the centre conductor fixed, since the corners affect the field
strengths strongly. One may then make double the indicated
correction in widths of the strips on the outside conductor.

[}
Letting aj represent the average charge for the pair R

1
=1 (q. -
Qj =3 (qJ qn+1—j)' (3.34)
Then the new width w; is given by
) ] [}
. = .= 0.)/9:) Wss .35
wy = (14 Bla; qJ)/qJ) W5 (3.35)

where g is a multiplication factor; which is different from 2 because
dave will change slightly. The pairing changes as wj is adjusted
and the total width must be equal to the distance around the outer

boundary.
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When each iteration, consisting of calculation of Wy followed
]
by calculation of a3 has been performed, the matrix Lij may be used

]
with qj to give the voltages on the conductors. In other words,

= l. ' '
¢iave 2 (Lijqj ¥ 'Li,n+1-jqn+1-j) (3.36)

The ervor e (¢i - ¢ave) may be used to check for ill-condi-

2 ave

tioned matrices and/or inaccurate charge distribution. The voltage
difference is always correct if the matrix is well-conditioned*, and
this may be used to pin-point the source of the error. When the
charges are used to calculate the fields, the tangential electric
field will be zero. Since this 1mp11es'that adjacent strips are at
the same potential, the two facts are equivalent. If the charges
are not equal and opposite, the product q; = cjwj must be changed.
This was the criterion used in the program, since gz is sensitive
to local errors. |

To use the program to calculate its own 8, we first
determine a charge error for each strip pair. Let the error be given
by

e; = (ay - 9;)/a; (3.37)

* See for example, McCalla, Introduction to Numerical '
Methods and Fort;ag Programming, J. Wiley 1967, p.176. Bostian's
word of warning is even more valid for infinitely long 1ine
charges than for point charges. Serious errors aroseé from 11
conditioned matrices using single precision arithmetic.v.However,
the voltage difference check showed that typical accuracies of
six figures could be obtained by using double precision arith-
metic on the IBM 360/67 system during matrix inversion. Longer
jterative procedures such as the Gauss Siedel method were not

necessary.
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where q; is the charge calculated during an iteration, including

[}
the effect of the average voltage as in the previous section. 9
is this charge averaged with its image charge. The optimum

acceleration for an iteration occurs when
n/2

= Lereo (3.38)

1 if e; was previously positive
where Y = '

0 if e; was previously negative (3.39)

The g satisfying this criterion would give all e; = 0 if the

aL .
swfj-—- were constant with respect to 9y and W To correct g from

By to By in two successive iterations, we use By to correct 94

to qiz. Then we examine the magnitude of the correction. If we

use B, we obtain an error e; . Summing
2

. n/2 |

e = 121 ei] 1 (3.40)
and

— n/2

€ = 1§1 %1, 2

The actual correction for each strip is equal to (e]y1-ezyzi) and

if this is proportional to Bys We have that

(e1yl - ezyz)/s] = const. (3.41)
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The desired correction gives no averaged error, or '

(e1y1)/82 = const. (3.42)

Then by summing over i and dividing Eq. 3.41 by Eq. 3.42,
n/2

7] es |
o =g AL (3.43)
2 1 *

"l )
e - @,
LR F R P

Eq. 3.43 givés a new acceleration factor for the next
jteration, or alternatively for correction of the previous adjust-
ment of w,. If the error Eé is less than E} and 8 is nearly
constant, convergence is most rapid when Bp is used in iteration
p+1. As expected, g is about 2, typically 1.7. When there were
large errors, the corrections were scaled down until the largest
adjustment to a strip was about 66.7%. |

Using the methods of this section, small errors converged
rapidly, i.e. a voltage error of 6% converged to 0.3% in two
jterations, starting with a g of 2 and recalculating it once.
Simultaneously, charge errors of 32% converged to 1.8%. The
method loses speed of convergence rapidly for errors over 50%
and for abp]icator cross-sections where the width was very much
greater than the height. In addition to 1imiting the corrections
it was necessary to siart from a nearly square structure and
progressively make the structures wider. Increments of 20%
were used, which was also a good interval for plotting the

results, and each corrected distribution was used for the
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initial strips on the outside conductor of the next cross-section.

Theoretical]y; Newton's method could be adapted in matrix
form, using first derivatives of either ¢1 or tangential electric
field. When this was tried, it was found that very ill-conditioned
derivative matrices resulted and the errors were drastic. The
method based on adjusting total strip charge was much more

successful.

(e) Calculation of Applicator Parameters

When the charges have been calculated and the error
criterion met, we may calculate éz from Equations 3.1, 3.2, 3.3,
and 3.11 by placing a grid of points in the interior. The total
|E|2 from all charge pairs is obtained for each point and multi-
plied by the cross-sectional area around the point, and a summation
is used instead of the integrals in Equations 3;1 and 3.2. For

a true TEM structure,

- ek O 42 )2
oL s Gtz 2t } (3.44)
i i 21e r4 fz- (no summation)

where x = (xp - xo), y= (yp - yo) and r = V& +y "as shown in

Figure 3.4. The total squared field at point pj is then giVen by
2 2 132 8 Xy 12 L 2
(E - )5 = ()" (0 o (;z')ij) * L q,-(ff)ij) },
(3.45)

If k points are evenly spread over the main area S and £ points

over the web area,aS and Aa, is the area around point i,

2 ky % @l G
g” = (ia(izl (E-E )iAai)/(jZ1 (E - E)j0a;).  (3.46)
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The power carried in the guide for a voltage difference

Sdiff is then

k .
=Ly . £ |
P = . () Z (E-E )4 23 }, (3.47)
Alternatively,
P = (ogiee)’ / 2 (3.48)

which can be combared to the results of 3.47 to check the computer
program. To check a particular design for breakdown problems, we
may use the square root of Eq. 3.45, scaled to some forward power,
j.e. 1.0 kW using Eq. 3.47. The maximum E in the interior will be
somewhat less than that at the corners if they are not rounded. This
means that the value given by a grid is an approximate value only,
applying to rounding radii of the order of the grid and inter-

charge spacing.
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3.3 ‘Results

Two computer programs were used to produce_desigh maps for
the rectangular TEM structure; The first was an implementation of
the mathematics of the previous five sections. This main program
accepted as 1nput parameters the dimensions of the structure and
several control commands, and was run for a wide variety of appli-
cator cross-sections, producing a deck of output cards carrying Zo
and 52 data. A second program was written to interpoiate Tinearly
between the members of this set of cross-sections. This program
was capable of rearranging the data for presentatioh on various sets
of axes.

The main program a156 printed sheets of data, giving the
applicator dimensions, Zo, the number of sampling pbints above and

to the side of the centre conddctor. the error in Poynting's vector

2

(obtained by comparing Equations 3.47 and 3.48), the factor £~ for a

web above as well as to the side of the centre conductor, and the
fi1ling factor. This information could be used to calculate attenu-
ation and to predict its accuracy. In addition, the maximum electric
field was printed for a forward power of 1 kiW. This was simply the
largest field found on the grid of measurement points. It is about
the same as for a structure in which the corners are rounded with a
radius equal to the spacing of the charges on the centre conductor
if the grid of measurement points has the same spac1ng The spacing
could be checked by referring to the printed output, and adjusted
accordingly. To obtain better accuracy, the charges may be placed

closer together on a quarter circle at the corners.
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It 1s 1ikely that the present method is accurate to
about 50% when calculating breakdown power levels.

For the interpolation step, a matrix of applicator
cross-sections was obtained by varying the upper and lower gaps
by 20% steps. Including images, 80 charges were assumed per
cross-section. The inner conductor was square and was assumed
to be 1 meter on a side, but the dimensions may be taken to be
any convenient units. The spacing is 1/20 of the inner conductor,
so fringing fields to the side of it are fairly accurately

determined. In the computer program, ¢ .was set to 1/2 n. This

0
means that the charges were not expressed in Coulombs but may be
converted by dividing by 18 x 109.
Figure 3.5 shows the charges distributed over one
quadrant of a typical applicator and the voltages induced in the
interior at the sampling points. Figure 3.6 shows the same
applicator with. the magnitudes of the electric fields that the
main program calculated. The charges on the outer conductor have
been iteratively relocated and the outer corners have very little
charge. The corners of the inner conductor have about twice the
charge density that the centres have. The measurement mesh
chosen was too coarse to determine the maximum electric field, but
the corner has a high gradient. Also apparent is the field
concentratibn near the centre conductor, indicating that the
faces of the conductors are not acting like a parallel plate
capacitor, as they do for smaller gaps. If the applicator is

scaled in size, 52, Z0 and the voltages are unchanged. The
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electric fields are inversely proportional to the scaling factor
and directly proportfona] to the applied voltage. For convenieﬁce
in computation, the dimensions shown are doubled, while the fields
are calculated for a normal-sized structure, including all four
quadrants.

Figures 3.7 to 3.12 are maps produced by the interpolation
program. The first four charts are contours of various parameters
plotted against the dimensions of the structure. With the exception
of Figure 3.10 for Zo’ these maps are not in a convenient form for
design but they show how the various parameters change as the
designer changes the vertical and horizontal gaps, corresponding
to c, and d respectively of Figure 2.9. The third gap, through
which the web passes, is assumed to be very small.

A deck of 136 input cards was converted to a set of 6
matrices of size 16 by 16 whose elements were input or calculated
data from the main program. The interpolation program searched for
contours between these points. Each input card was accompanied by
a card bearing the error calculated in the main program which was
used to correct £. Since most of the power is carried in the narrow
gap, it was assumed that the same percentage error occurs in 52 as
in Poynting's vector. For almost all the cross-sections the
uncorrected error was iess than 10% and only for very small gaps,
or Zo of about 12 ohms, was the error even visible on the graphs.

Figure 3.7 shows the filling factor; A1l the other para-
meters have been normalized to the dimensions of the centre conductor,

so for F, the web is assumed to be as thick as the centre conductor
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hatched area to the side.
- w taken to be 1 unit, C anc d follow.
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is high. This does not imply that a large gap occurs in the

centre conductor, but that the computed values of F and ng must

be multiplied by t/w where t is the web thickness and w is the centre
conductor height. Thus the plots show the variable F(¥0;’ These
contours tend to become constént for very wide webs. The scatter

is due to the interpolation program. |

In Figure 3.8 the quantity gz is plotted. For very narrow
applicators the web is in the high field region. The interior area
can be very large if the vertical gap c is large. Thus gz can
increase without 1imit. The contours tend to go upward at 45°
except for very large horizqnta1 gaps, where the concentration of
fields at the side of the centre conductor causes them to level out.
Some scatter is visible on the gz = 0.125 contour.

The attenuation is proportional to the product of 52 and
F(%Q so this is plotted in Figure 3.9. There aré some dramatic
changes in direction of these contours, and the product is less
than unity. (If F(%bgz were unity, it would imply that all the
power is carried beside the centre conductor.) This plot, while it
tells the designer how to make an applicator with a desired loss,
does not indicate how to choose among the infinite number of
possible combinatiohs on one of the contours.

In Figure 3.10 the contouré of constant characteristic
impedance (Zo) are mapped; Along one of these contours are various
applicators which can be cascaded without reflections. These
contours cut at a large angle across the contours of Figure 3.9,

and thus permit a more intelligent choice of gap widths. In the
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region to the right of the diagonal through the plot, the upper
gap dominates the characteristic impedance and the designer can
choose the horizontal gap for attenuation without affecting the
characteristic impedance sTgnificantly:

Since the applicator should be reflectionless, the
interpolating program also prepared data for 52 and the F(%&gz
product along the Zo contours. In the next two figures, it is
plotted. The independent variable is taken to be the horizontal
gap and the vertical gap may be determined from Figure 3.10.

2

In Figure 3.11 the ordinate is £ and in Figure 3.12 it is the

F(%bgz product.

2 2

Again, £ can increase without 1imit while the Fg

contours are limited to unity. In their middle regions the 52

2

curves behave as I/d2 while the FE® curves behave as 1/d. For

2 curves from 1/d behavior is due

small d the departure of the Fg
to the departure of the Zo contours from constant upper gap c. For
large d, the fringing fields near the side of the centre conductor
carry more power than the rest of the web region and the side wall
of the outer conductor does not appreciably affect these fields.
Thus there is a minimum attenuation which decreases as the upper gap
is decreased, giving reduced Zo' In Chapter 2, it was shown that
the rectangular hyperbola region gives this applicator its advantage.
These graphs show that the low impedance contours give the designer
the widest range of attenuation controi.

To use Figure 3.12 with constant upper gap c, a dotted line

has been drawn across the chart showing the 1imit of the low

reflection region. This 1ine corresponds to the diagonal in
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- The dotted 1ine is the boundary below which the upper gap may
be made relatively constant.
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Figure 3.10 and aiqng it the characteristic impedance will be
48% too low, giving =9 db reflected power. The chart errors are
minimal\except in extremely wide app]Tcators; where the matrices
were i]l-conditioned; This error fs visible along the 14 ohm
contour. At the departures from hyperbolic behavior at low
attenuation the errors are very small and the useable ranges are
accurately given.

To test the accuracy of the main program, a short
section of rectangular coaxial line was constructed. Using an L-C
meter and a time domain reflectometer, its characteristic
impedance was found to be 46.6 ohms + 0.5%, wheén the side and
upper gaps were equal. The main program predicted 46.5 ohms, '
which agrees with Metcalf(48). As the side gap was adjusted |
from 1 to 4 times the upper gap, 2 to 1 attenuation control was
observed, which agrees very closely with Figure 3.12.

The upper and lower gaps are normally used to control
the structure, but if the web gap is large, the electric fields
to the side are reduced. To checkvfor this, the upper gap was
fixed while a variety of web gaps were used in the main program.
This results in applicators which do not follow a Z  contour
over the entire adjustment range, but do so if this range is
kept below the 1imit shown in Figure 3.12. In Figure 3.13 the
upper gap was set to 0.2 of the centre conductor and the web gap
was 0, 1/10, 1/4, 1/3, and 9/10 of the centre conductor. The
ordinate is the F(%’:)g2 product. Five to one attenuation control
‘can be attained with very small web gaps but the presence of even

moderately wide web gaps seriously degrades this control. The
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lower attenuation limit is also reduced by very wide gaps, a fact that

can be used to further reduce the attenuation.

3.4 Design Example

To construct a simple applicator which will accept a wide.
variety of loads, several passes should be made over the web at
increasing attenuation. This will permit uniform heating at first,
with gradual increase of attenuation when the energy is partly
absorbed. The efficiency will be kept high by the increased attenu-
ation.

If a 3/16" gap is used for web transport, Figure 3.13
shows that the centre conductor should be at least 2" wide. From
Figure 3.10, the 20 ohm structure has a normalized gap of about
0;17 above a unit centre conductor, or 0.33" spacing to the upper
ground plane. Checking Figure 3.12, 1ittle is gained from side
spacings greater than 2 units or 4".. By staying below the dashed
Tine in this figure, we may avoid varying the upper spacing, which
would otherwise be needed to maintain a constant Zo‘ However, we
lose a factor of 2 in attenuatiqn control, and a pass will be
included with.a smaller side gap than the vertical gap. To gain
a further factor of 2 in the first pass, we may add one section
with a very large gap for the web. This also reduces the leakage.

The resulting applicator is shown in Figure 3.14. The
centre conductor is 2" square and, except for the last pass of the
coaxial Tine, the upper gap is 1/3". On the first pass, the side
gaps are 4" and the web gap is 1 1/2". On the second pass the web
gap is reduced to 3/16", doubling the attenuation. On the third
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pass the side gap is reduced to 1" and on the fourth.and fifth pass
to 1/3"; On the fifth pass the upper gap s increased to 1"*;

The applicator designed here is only 26" Tong and 4" high. Its
width need only be about 4" wider than the web to be dried.

The rest of the design consists of choosing the water
load, matching transformer and the lips to prevent leakage. Air
must be provided and it is probably advisable to run 1/2" poly-
ethylene tubing inside the centre conductor rather than simply
blowing in air. This tubing has the advantage of supplying air
more evenly along the length of the web, and holes in the tubing
will provide jets which impinge vertically on the web rather than
flowing over it in a laminar pattern. This could also provide for
air suspension of the web.

| In the low attenuation passes of this design, the main
program predicts 2000 volts RMS per cm at 10kW. Since the mesh
used was as coarse as that shown in Figures 3.5 and 3.6, this
figure is optimistic, and applies to a rad1us.of curvature of about
1/4" on the corners. Allowing for double the predicted field,
i.e. 1/8" radius of curvature, the structure could probéb1y carry
2 1/2kW with 2000 V/cm RMS field strength. Circular 50 ohm
1 5/8" coaxial 1ine can also carry 2 1/2kW at 2000 V/cm RMS field
strength. S-band waveguide can carry over 100 kW of power at the

same RMS field strength and L-band waveguide can carry over 1 MW.

* There are two reflections at the ends of the square pass
which will cause up to -6 db of reflected power, depending on
frequency. This has been tolerated to simp1ify the design. Also;
in the next chapter it will be shown that using two passes at each
attenuation sharply reduces inhomogeneity of heating, and more than
one mode can exist at 2450 MHz.
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CHAPTER FOUR
INHOMOGENEITIES AND ATTENUATION IN TRAVELLING WAVE APPLICATORS

In Chapter 2 it was shown that attenuation could be control-
led in TEM structures and in Chapter 3 detailed de51gn data were pro-
duced for this purpose. In this chapter information will be given
to select the optimum attenuation.

An electromagnetic field can give uniform heating of homog-
eneous webs if there is no reflected wave to cause interference patterns
and if the energy in the incident wave does not become absorbed too
near the edge of the web. 1In addition, if a web has wet spots they
absorb more power than the rest of the web. This fact permits levelling
of the moisture content of sheets such as paper(73). Again the field
must be kept uniform; When Tlarge reflection coefficients occur in a
travelling wave applicator, or when the web attenuates the wave too
rapidly, the result will be Poor product quality and possibly fires.
A more accurate technique is needed to predict inhomogeneous heating
in wet webs.

Heenan(35) treated the situation where the evaporating web
moves in the same direction (concurrent) or in the opposite direction
(countercurrent) that the microwave power travels. He did not go
into detail about temperature, vapor pressure and air flow; or about
reflections. To include the latter causes of inhomogeneities, it
will be desirable that the web be stationary. This is batch heating,
which is not used in practice, but which gives a worst-case inhomog-
eneity prediction since the motion of the web will even out the heat-
ing. If the predicted inhomogeneity is low, Heenan's theory can be

adapted to crosscurent motion by considering slow waves.
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4.1 Drying of Wet Webs

vIn conventional hot air drying there are two stages of
moisture removal, called constant rate drying and falling rate drying.
The moisture is removed first from the surface of the web, and capil-
lary action keeps the surface supplied with moisture even though the
density of the web is falling. During this constant rate phase, heat
is supplied directly to the wet ﬁurface and it is usually carried by
the same air which carries away the water vapor. Later, the evapor-
ation is carried out inside the material and heat is supplied more
slowly to the water. This is because the heat must penetrate a dry
thermally insulating layer. This is called the falling rate stage.

Because energy is absorbed from the e1ectromagnet1c fields,
mainly by the water itself, migration of the water in the material
has Tittle effect on the power absorbed. If the power is travelling
forward only in a travelling wave dryer, the evaporation rate begins
falling as soon as drying begins*. However, the rate of diffusion of
water vapor inside the web will limit the transport of vapor, result-
ing in a higher temperature. Thus a wet surface is advantageous,
but not as much so as in hot air drying.

The moisture content above'which free 1iquid water is mobile
in a web is called the fibre saturation point 5 Above this point
e: of the water component of a web is approximately the same as for
free water, while below it the large percentage of bound water causes

increased e: (e;)(45)’(62). For wet webs, high temperatures reduce

*After transient conditions disappear: see later.

sFor Douglas fir, below about 50% dry weight or 0.2 gm water per mil.
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e; while for drier webs high temperatures can increase 1t(6]). This
means that there is the danger of thermal runaway and fires if dry
spots develop, and the applicator should be designed to prevent in-
homogeneities. '

While the constant rate drying stage is not present in trav-
elling wave microwave driers, the same range of moisture content. per-
mits the use of two simp]ifjing assumptions; namely that the required
vapor pressure (and_therefore temperature) is determined by surface
conditions and that the Tossiness of the web is determined by free
water*. Below fibre saturation these assumptions break down, and the
required vapor pressure rises significantly at about the same time as
e; does. The analysis of this chapter will predict inhomogeneities
in this range, thus determining whether there are spots whfch have
dangerously low moisture content while other parts of the web need
additional drying.

Another analysis of inhomogeneity§ assumes that the web is
uniform, that there are no changes in temperatbré, that no reflections
occur and particularly that no evaporation takes place. This analysis
will be derived in:Section 4.3 by using simplifications of the more

compliete treatment.

*If a multimode cavity is used, the electric field can be increased

sufficiently to give constant rate drying(3]). This occurs automat-
ically, even below the fibre saturation point, if the efficiency is

kept high and the mégnetron power output is constant.

Williams and Warner's second figure(73).
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It would be possible to relate vapor pressure(l), power
absorption per unit length, dielectric properties of water(zs)’(57)’
(68), and other parameters of a specific system to predict its com-
plete behavior while heating a wet, moving web. However, in the fol-
Towing section it is assumed that the web is batch heated, and to
further reduce the complexity, the remaining variables can be normal-
jzed to give only two independent variables; the initial equilib-
rium temperature and a product of filling factor, moisture content
and field concentration factors. The result is a moisture contour
which is initially level, becomes uneven as the edge of the web near-

est to the magnetron is dried, and is eventually levelled out when

the ehergy passes further over dried parts of the web.

4.2 Energy Deposition and Drying for Very Wet Webs

(a) Power Applied

The power dissipated in the web per unit length is

eopely o J,(E-E)dS (4.1)

2 2 p

eope; w&Yy n F (4.2)

f

where Pf is the forward power at the position z,

Pe= [g(Etxiic)n ds (4.3)

and
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. ,‘(Ef * Fr)\ (4.4)

Ee

2
which gives the field concentration due to reflections. £ 1is

related to fields and power as in Chapter 3. The wave jmpedance is

/e
n = Ef/He = z?%%ﬁgor%hg1-mgmf (4.5)
e

for TE and TM modes respectively, assuming that very little power
js carried in the web. The complex dielectric constant of the water
in the web is

€ = eo(e& - jmea)
and p is the volume fraction of the web which is filled with water.
The e; of the web as a whole is pe;.* we js the radian cutoff frequen-

cy and w is that of the power source.

(b) Drying Rate
when the web surface is kept soaked by capillary action

the mass lost through drying js given by the empirical relation

M - ks(R)()Y Calogy) Py B - (4.6)

*In this analysis it is assumed that the power absorption is caused
only by free water in the web. Thus Fp is the cross-sectional area
occupied by water with dielectric constant eoe& - Jegey Alternat-
jvely F is the filling factor of the web and its dielectric constant
is eo(e;- je:). The latter interpretation may permit easier under-
standing of the problem at low moisture content, where e is higher

than predicted by this model, since e; is not constant(62 .
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where m is the mass of water per unit length, K. js the mass trans-
fer coefficient, R is the modified Reynolds number, 5 is the Schmitt
number, B is the boundary exposed to air, u and v are experimentally
determined constants, Pa is the total pressure of air in the (dry)
air stream, p,, is the partial pressure of water at the web boundary
and Psm is the logarithmic mean partial pressure of dry air in the

boundary layer(]). The variable Pm is given by

- (pgs - Pry) (4.7)
an (pfS/pft)

Pfm

where Pss is the partial pressure of dry air at the surface. Pt is
the partial pressure of dry air at the upper edge of the boundary

1ayer.(]). Simplifying and combining drying pafameters,

gp____'kdr B Pa Py (4.8)
ot ASgw Pfm

where kdry = KG(R)“(S)V, which varies with air duct design and flow
rate, 9, js the density of water (kg/m), AS is the cross-sectional

area and B/AS is the surface to volume ratio of the web.

(c) Temperature Changes

The rate bf temperature rise is given by

1 a0 1 >

= 9
pASgwcw at pASgwcw * AwgwAS at) (4.9)

20
ot web

where 6 is the average temperature (°C), Co js the specific heat of
water (Joules/°C kg), Q is the heat in the web (Joules/m), A, s the

latent heat of evaporation (Joules/kg), where MKS units have been
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used for consistency with the electromagnetic units. It is assumed

that no heat is lost to radiation and that none is supplied by

(1)

the air'stream: is nearly independent of temperature

kdry
Let the equilibrium temperature be 0o If o is below Bas
9p/3t is low and p changes slowly while 6 rises. If Pweb is constant

and a6 = (o - ee) << 8,5 @ change in 3p/3t will occur, i.e.,
_ © 13 )
pagc, = A [ {58 - 53} dt. (4.10)
Differentiating with respect to time,

=2 1 (22 -(38y ) (4.1
at Cy P ot ‘ot’e

" Thus the timé constant of temperature equilibration is 539.5 times

less than that of drying of the web. It can therefore be assumed
that the web is very close to thermal equilibrium while it dries.
The vapor pressure of water and e; are known functions of

(26),(57),(68),(71)

temperature Since the surface is assumed to be

wet, Py is the vapor pressure, and from a curve fitting program,

p, 2.0805x10°8 o5 + 2.007x1076 o% + 1.942 107% o2
+ 0.017084 62 + 0.32593 6 + 4.6249. (4.12)

For the dielectric losses, at the 2450 MHz ISM frequency,

-7

e; + 3.6949x107" e" + 0.0001084 03 +

0.01222 o2 - 0.70285 o + 21.331 . (4.13)

The dimensions are, of course kept correct by the numerical

constants.
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(d) Normalized Drying Rate

Substituting 3e/at = 0 and using Equations 4.2, 4.8 aﬁd 4.9,

€ Penuv2E2 1 PL F = A ky . B (Pa/pg,) b, (4.14)
If the web has a thickness t'and two sides are exposed to air,

B/AS = 2/t : (4.15)

and we may define

Xo (Upe;;(ee))/( Pa

s—toy) Pulee) (4.76)

where

up 1 Torr (4.17)

which keeps the dimensions correct. Then solving Equation 4.14,

oo 2l Ky S (4.18)
e t'eonw ﬁf VEPES

The variable xeis dimensionless and depends only on 8- Solving for
xeat Pes = (760 - pw) and Pea = 760 Torr, and changing dependent

to independent variable with the curve fitting computer program,

= -0.01800261 x* -0.08522502 x3 +.4938560 x2

) -10.37308 x  +15.19636 (4.19)
where
x = an{x /oE22(Pe/Po)) (4.20)
and where
Xo = xe(eo). (4.21)

This gives two new variables, P_, a reference power, and 84> the

(]
reference equilibrium temperature at this power for p = 2 = 1.
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The other independent variable is kdry’ which can be adjusted by
changing the air flow. While it does not appear in the following
analysis, it will be assumed that the air flow gives an equilibrium

temperature 8 at the forward power Po‘ From Eq, 4.14, at equilibrium,

- " 2 2
3p - g, P E, W | Pf F

T3 v | (4.22)
AwgwAS
Let
T X (4.23)
= . .23
To
where
T = 19,48
0 Wi/ eonpomeaﬂeo)ng . (4.24)
Then (6)
P, e"(e
Tydpy = _ 42 £ W €
QG = - ¥ 5y 2y .29
% Pf *
To represents the boil-dry time constant at (5—) = y2 =p = 1.
0 0

Returning to the temperature rise equation, 4.9, we can

normalize it also:

30 Ty |F 4 “w®) 2 (4.26)
T Po ¢2€& 0 dT
where "
() g2 (4.27)
T, = (— :
;] Cw ew 60

This can be used for the transient problem, if needed, and again

shows that change in e is much more rapid than change in o.

* The substrate is assumed to be lossless.
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(e) Propagation Constant

A1tman(2) gives a perturbation solution for the propagation
constant. Assume that all the web in a cross-section is at the same
tempefature and moisture content (batch processing). Then for a
single forward or reverse component Er or Ef, the components of

the propagation constant are

eo(e&-])mp ffAs(ég'E) ds

= & 0 (4.28)
0 2 [[(ExxH) n ds

B -8

and ff (. A)
e e wp E*-E) dS
o = QW A (4.29)

2 [fs(ExxH)-n ds

-~

where n is a unit normal vector. Eo is the unperturbed electric

field while E is the perturbed field. For 1ightly loaded LSE modes

~

E0 is approximately equal to E. Also, E = nﬁxﬁ and By = m/vp

V%o“o / VT - (mC/m)‘ . The propagation constant is then

Yy=at+jg= eoeunwgﬁzpwz + j(%-'+ eo(eé-l)nmgﬁzpwz)
P (4.30)

where vp is the phase velocity in the waveguide.

(f) Capacitance and Characteristic Impedance

The capacitance of a transmission 1ine can be evaluated

by using energy storage, 0r(30)
2 N
= 5= 5 [[s(v6-74) dS (4.31)
v

where v is the total voltage between conductors, Ne is the stored
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electric energy per unit length and C is the cabacitance per unit

length. For a perturbed TEM line

i C-C, [],g(E*-E) ds
o clw e
20 0 ij(E ‘E ) ds
= (ev.] =1 )52 Fo (4.32)

This can be used to calculate the characteristic impedance change,

Z, =L JC, and Z) = VL J(C, ¥ &C (4.33)

In complex form the normalized characteristic impedance is

N z_= 1//1 + Fe2ole) - 1 - Je"} (4.34)

(g)  Distributed Reflections

It'can be shown(]4) that a TEM 1line or waveguide with
a characteristic impedance discontinuity and a Toad mismatch (Fig.
4.1) gives a voltage reflection coefficient

Ry +raexp(-2v2)
TiTaexpl -2y%)

Iy + Tz exp(-2ys) (4.35)

For a transmission 1ine with gradually changing Zo, we may assume

step increments at the ends of infinitesimal lengths dz, or

dr = d en Zo (4.36)

Nj—



or at the input of the line or waveguide,

N —+

T

L )
IO exp(-2yz) (52-2n Zo) dz
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(4.37)

Using Z, Eq. 4.37 may be approximated by two fiﬁite difference

equations in Er and Ef.

oL,
o=

Figure 4.1

Double Discontinuity

(h)

Finite Difference Equations for Reflections

Assume that the applicator is matched except for the effect

of the web, ie once the power passes the load it is absorbed.

The

web may be divided into N segments, h units in length, in the propag-

ation direction, and numbering will begin at the end opposite to

the power source.

LAY
EF“ Ef,\ ‘a\ n-l Efa. r; E;. E=0
—2 e o — —— — —— - E. é 1
€
Eru r'" o r I'L g Zc . 1
[im ~
— ~ M- 2 1

Figure 4.2

Distributed Reflections
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At each segment, assume the reflection to occur at the load

end and measure Ef and Er at the beginning. Using Eq. 4.34,

r. = (Z . (4.38)

-7 )
i i-1 =4/
(li_] + Li)
Starting at n = 1 we assign Ef some value temporarily and calc-
1

ulate all the E; and E. by recursion. (Finally, all values can be
n n
reset to correspond to the actual input power.) Then

Er] = Ef]r] exp(-2y]h) (4.39)

For any element n, fromn = 1 to n = N-2.

E
= faexelyph) g g (4.40)

E
f r. nt2
n+1 (-I + rn) n

and

Ey

Efn+]rn+]exp(-27nh) + E”n(] - Tppp)exp(-y h)

nt+l
(4.41)

For the last element, Equations 4.40 and 4.41 give the correct res-

ults if nt1 = N and = 0. N, of course gives the web width,zm,

n+2
i.e. N= zm/h, to the nearest integer. Then

Eo, E. )% (Eq, E
= fn+ rn] . fn+ rnl

E E
Wl L

(i) Finite Difference Time Response of the System

Vi (4.42)

Eq. 4.25 can now be converted to a finite difference equation

*

by setting Ef . Ef = 1 for normalization of power. A small inter-
N N

val of normalized time t can be chosen. Then
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w
- - ksn 2
(ore1 = Pkdp = Pk,n ‘“1—)ew N ¥“ik.n (4.43)
At

where the subscript k refers to the time index and n refers to the
z index. |
At k = 0, eo’ and some desired Py are assigned as initial
conditions. The web-applicator-magnetron system design is described
by the constants 5§, F, Po® Zys Wos Ws P0 and the air flow. The
web reaches an initial equilibrium temperature of 8, atn=N, or
where the power is first inc¢ident. The air flow and P0 are
assumed to be correctly re]ated to give 8- Then the edge nearest
to the magngtron will dry at a rate such that (pON + (%%OONTO) =0
where the subscripts o and N indicate initial conditions at the edge.
The air flow is assumed to be uniform and initially dry,
the web to be thin enough that it is at nearly the same temperature
throughout, which gives the vapor pressure of the surface water, and
kdry is assumed to nearly constant. Only the range above fibre
saturation is treated and diffusion of liquid water from location
tc location is ignored. Perturbation analysis of waveguide behavior

has been used with LSE modes.

4.3 Exponential Heating Model and Meanderline Applicators

There are important cases where evaporation is minimal or

irrelevant. Then Eq. 4.9 reduces to

38 . __1
ot ASgdcd Pweb ? (4.44)

where 94 and cq are the mass density and specific heat of the web.



76

Expanding

é‘U

90 = or wg Fl]) Pf . (4.45)

In this section eoe (e) is that of the web as a whole, and must be

obtained from sources such as T1nga(6]). Integrating Eq. 4.45,
2 2

€ mE

ASg Y I : (e(t))dt (4.46)

a(t) =
Should e be nearly constant,

€ e'w (¢ wzF)

o(t) = oY P (
M4Cd f

t-to) (4.47)
where my is the mass in the applicator per meter.

The wave is attenuated in propagating along the applicator
according to Eq.4.32. Assume wz = 1; i.e. there are no reflections.
Then, as in Chapter 1,

Pf = P, exp (-2az)

= P, exp (e emo (FE29))z (4.48)
where P0 is the power produced by the magnetron. The temperature

profile as a function of time and distance is

POG(t)
o(t,z) = acd {t-ty} exp {G(t)nz} (4.49)
where G(t) = eos;(t)mng, (4.50)

The variable G is the conductance per unit length and is the conduc-
tance of the web multiplied by ng. Gn is the ratio between power
absorbed per unit length and the transmitted power for the system

under consideration.
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When many. passes are made, for a web z, meters wide and

for a residence time t, at location z on pass k,

8(t,z) = e { exp[-Gynz] + exp[Rz -2)6,n]
+ exp [-(sz+z)G3n] + exp[-(4zm-z)G4n] + ...} (4.51)

The temperature inhoﬁogeneity is less than that caused by a single
pass, which‘is also true for moisture content inhomogeneities. If
the series Gk (G],Gz etc.) is gradually increasing, the range of
loads which may be heated uniformly is increased.

In a Taylor series expansion for ¢ the first order term

" may be cancelled. When all the G's are equal this can be accomplished

(73), and the decrease in inhomo-

by using an éven number of passes
geneity is dramatic if the total inhomogeneity per pass is small.

For instance, 20% inhomogeneity can be reduced to 5%, 30% to 10%,
and 40% to 26%. For such an applicator, the designer should check
for excessive reflection by using Eq. 4.34, check for excessive
inhomogeneity by using Eq. 4.49 or the drying profile of Section 4.2,
and if these do not exceed about 30%, add a final pass whose attenu-
ation is sufficient to cancel the linear term of a Taylor expansion
of Eq. 4.51. Alternatively he may use an even number of passes at
each attenuation rate. If the inhomogeneity is excessive for any

2

pass, it may be reduced by reducing the product of F and £~ for the

particular applicator chosen.
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Figure 4.3 shows the percentage temperature inhomogeneity
(Tower three curves) and the percentage efficiency (upper three

curves) for three applicators. The inhomogeniety is given by

/e (4.52)

Ia = 100 (o max

max ~ °min
and is plotted on a 1log scale The abscissa is Gnz, also on a

log scale. Numbering from the top, curve number 3 gives both
efficiency and inhomogeneity for applicator A], a single pass of
waveguide, TEM or any other mode. The user is given the choice of

bad inhomogeneity or bad efficiency which is not surprising.

curve 1 is the efficiency and curve 4 the inhomogeneity for applicator
A2 consisting of five passes of the same waveguide as in curve 3.

This applicator gives improved uniformity since it returns the wave

to the far side of the web, and improved efficiency due to the
increased number of passes over the web. Curve 2 gives the effi-
ciency and curve 5 the jnhomogeneity for the graded attenuation
applicator, A3, designed in Chapter 3. The abscissa is Gsnz, where
G1, G2’ G3, G4, and G5 are increasing in the order of 1/16, 1/8, 1/4,
1/2, and 1. There is some loss in efficiency because of the low
attenuation on some passes, but there is a more than proportional
improvement in homogeneity. The final pass to cancel the first-
order Taylor series term has been omitted. It would produce better
cancellation in the graded applicator A3 than in the constant

attenuation applicator Az.

4.4, Experimental Results

A length of WR284 waveguide (1.34" by 2.84" inside dimensions)

was constructed with %’ wide slots in the broad walls and tapering at
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the ends, with a useable length of 45 cm. A water load, matched to
provide less than -20dB return 1oss§ and a Philips DXZéO 1 kW 2450 MHZz
magnetron were connected to either end of this TE]O applicator. An
air duct was provided with an openfng into one slot %ﬂ high by 18"
long. Five vanes were mounted internally to redirect an air stream
incident on the 1%” by T%ﬂ end evenly over the web. This was checked
with a simple flowmeter. The web was placed on a 0.01" mylar strip
to expose only one side to the air stream. A Fortran IV program*
was used to predfct the attenuation and temperature profiles given
the initial temperature, which was measured after 5 seconds (r=0.2).
Three strips of blotting paper were soaked to 185% water
content (dry basis) and placed on the mylar strip. One kW of power
was applied giving an initial temperature of 45°C where the power
was first incident on the load. The experimental reflection coeffi-
cient, measured at low power, was 3.2 +0.2 dB, or 45% reflected power.
The program predicted 5 dB, or 32%. This is probably due to higher
order modes being generated in the vicinity of the interface, since
the load was a large perturbation. The predicted To was 17.8 sec at
1 kW and the observed value was between 18%-to 21%-seconds. In
Table 4.1 the weights of samples from the partially dry web are
compared to the theoretical values. These results check very well.
Due to the drying rate and the available balance used, the webs were
heavy and measurement times in the vicinity of t = 0.75 were used.
The moisture content is expressed as the percentage of the moisture
.content measured in an identically prepared control sample. This is
of the same form as the output of the program, which assumed that

the web started at p = 100%.
* See the following section.
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Table 4.1 Experimental Check on Attenuation Inhomogeneity

Moisture Content

Time Temggraturé* Location Experimental Theoretical '
15 sec  35.0° - 2 cm 42:5% 39.3% 0.8
9 cm 86% 91.9%
o 18 cm 97% - 100%
15 sec 35.6 1 cm 45% 44 .8% 0.7
250 5 cm 73% 76.1%
9.90 9 cm 843 93.2%
50 14 cm 97% 99.9%
50 30 cm 94% 100%
50 39 cm 104% 100%
* Measured temperature was 35° at ¢ = 0.
4.5 Computer Results for Very Wet Webs

Fortran IV programs were written to solve the system of
difference equations, developed in Section 4.2, for TEM and WR284
applicators. The input variables were e; (eo), Xqs F, the number
of wavelengths of web, the time and distance intervals, and printing
instructions. The output for each time interval was maximum
reflection coefficient and, at several locations, the temperature,
water remaining, and deviation from an exponential which was fitted
to the curve of moisture content.

Figure 4.4 shows the moisture content curves for one wave-
length of}wet web at several instants in normalized time. ng was
0.03416, giving ngs; = 0.1 at 80°C. T, starting at the top, is
0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2.0 for the solid curves
representing 80°C. The x's are for t = 1.0 at 35°C. The frequency

was 2450 MHz and the applicator was a TEM structure. Waveguides

give more attenuation in the TE modes.
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Fig 4.4 Moisture Content at Time 0.25, 0.5, 0.75, 1.0, etc.

The moisture content starts at 1.00 throughout the web and
evaporates. Plots are shown at the instants indicated, and
the hot spots are lower in moisture content. The wet spot
at 1 meter has been shielded by reflections and appears in

all plots.
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One rather bad wet spot remains at the far edge. Since.a wet'
spot is a region of low electric field, it is shielded by reflections.
The fact that the guide wavelength increases as the water evaporates
prevents standing waves from increasing the shielding effect as evapor-

ation progresses. The maxima move, drying the wet spots previously

left by minima. This effect would not be present in moving webs.
Other results for webs wider than 1 wavelength show that at
2450 MHz, inhomogeneity is introduced mainly by attenuation. This
shows that at least in the 2450 MHz ISM (Industrial, Scientific and
Medical) band, prob]ems with standing waves are likely to originate
in the design of the unloaded applicator, not in the reflections
from web discontinuities, as had been suspected. The reflection for
the edge of the web in Figure 4.4 is only -11.6 dB, which is not
difficult to create by designing a bend in a waveguide. -11.6 dB
is not a severe reflection, but its effect is quite substantial due
to the fact that the VSWR is twice the magnitude of the reflected
electric field and the power absorbed is proportional to the square

(73). The upper gap

. of the sum of the reflected and incident fields
controls the characteristic impedance in the TEM applicator, which
should help reduce reflections.

The least-squares fit of an exponential through the moisture
content curve of the web showed that the heating can deviate markedly
from an exponential due to high temperature depression of e;. As a
result, the drying is more uniform than the heating predicted (Section
4.3). 1If the air flow is increased to keep 8 low, levelling is
improved, but an uneven electric field will then create more

inhomogeneity.
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In Figure 4.5 some results are shown for inhomogeneity vs.
norma1ized time. The curves are: curve 1, Fg e (e) 0. 03416 or
F g €y (e ) = 0.1; curve 4, with x'es ng 0.01113 or Fg € ( )
0.03333, where the waveguide version of the prodram was used;
curve 2, also F52=0.01113 etc. but for TEM waveguide; curve 3,

3, Fg2 = 0.003416 or Fe% (s.) = 0.01. In curves 1, 3 and 4

a TEM version of the program was used and in curve 2, the wavéguide
version for WR284 guide at 2450 MHz was used. The initial temper-
ature was 80°C, and 3.33 free-space wavelengths of web were assumed.
The ordinate is the difference between the wettest and driest spot
in the web, referred to the original moisture content, or

P - P
I= (—"‘E-x—]—o'“"—'l) x 100% (4.53)

where p was initially 1.0.

To use this chart for conditions not exactly as programmed,
we note that in all but very short webs it was found tiat the slow-
wave effect smoothed out the wet spots. When wider webs, in this
case 10 free space wavelengths,were assumed the inhomogeneity was
proportional to the web width. When different temperatures were
assumed, the inhomogeneity was proportional to e;(eo). Due to the
higher n of the TE10 waveguide, attenuation is approximately doubled
for this particular guide at this frequency. Inhomogeneity is
proportional to n/no . Then for curves 1, 2 and 3, the factor nge;zm
is 0.333, 0.1, and 0.0333 respectively. The wet spot is not the same
magnitude because the reflection coefficient is Tower for wider
lighter webs and some deviation will occur from scaling to narrow webs.

We may even change the frequency, remembering that reflections may be
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much worse in the 915 MHz ISM band, where s; is lower. The TEM
plots represent G = 2.1, 0.70, and 0.21 respectively. For curve

3 of Figure 4.3 the respective temperature inhomogeneities for the
other model would be 85%, 40% and 17%. Thus there is considerable
gain in homogeneity from evaporation and the depression of s; at
high temperature. However, the latter effect tends to work against
levelling of moisture.

Figure 4.5 differs from Figure 4.3 in that the web will
eventually dry and the power is assumed to go to the water load
when it does. The unused power goes on to dry the remaining wet
areas in this batch processing scheme. Batch processing is not
often used in practice, but this assumption gives a conservative
design plot. The average inhomogeneity in one pass will be
slightly better for a moving web, since it will be partly wet and
partly dried, i.e. different parts of the web represent different
jnstants in normalized time. Therefore a bound for I in a moving
web may be obtained by finding the appropriate curve in Figure 5.4
and adding a term Ir; The latter term is needed because in moving
webs the standing wave nulls remain stationary after equilibrium

js established. The extra term is given by

I, = a|r| - ‘ (4.54)

where T is calculated from p = 1 and p = 0 in Eq. 4.38.
If the air flow is increased, the initial equilibrium
temperature is reduced. This means that the effect of high temper-

ature depression of €u is less, and I is increased. The effect of

mass transfer still exists, though, and a graph such as Figure 4.5
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for the new temperature would be neéded. An even more conservative
bound could be obtained by using the Ialin Figure 4.3, which does
not allow for evaporation.

In moving web systems one cannot always rely on eventual
drying of heavy webs. Should the material be susceptible to ‘thermal
runaway, it is very undesirable that one part of the web be much
drier than the rest. If the graduafed multiple pasé applicator is
used, the web is forced to accept power by the very high gz in the
last pass. If the power is too high and the material is susceptible
to thermal runaway, fires may result. The web must not stop and it
may be disirable to use Timited attenuation. Increasing the air
flow rate gives lower temperatures and may keep the web in a range
where there is no danger of thermal runaway. This does not effect
the drying time, except for an increase e; for the free water in the
web. It is desirable that az be kept low, however, so that these
effects do not occur.

It is now possible to refate the evaporation analysis to
Heenan's treatment(35). Several passes of waveguide form a slow
wave structure. Let the distance measured along the wave path be
z and that along the slow wave path be z'. The slow wave travels
at a velocity which is reduced by z'p/zp, where z'p and zp are the
periods of the path of the fast and slow wave respectively, in
other words the total length of the waveguide per pass and the spacing
between passes. The wave travels in the +z and +z' directions.
These coordinates are at right angles to each other. Heenan refers

to any web motion which is perpendicular to z as crosscurrent flow.
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For the slow wave, the material ard energy flows are concurrent if
the web material moves in the +z' direction and they are countercurrent
if the web moves in the -z' direction.

Assume that the predicted inhomogeneity for batch heating
islless than 30% (or some other accuracy criterion). Then an even
number of identical passes will give a uniform evaporation profile in
z. If the web is moving this profile will vary across the waveguide
in the z' direction. Heenan's treatments of concurrent and counter-
current flow are then approximately valid if z' is substituted for
his z and all the attenuation factors are multiplied by zp/zﬁ. The
applied power is a step function in z' and the moisture content is
constant between passes and decreases across the waveguide portions
of z'. The equations would predict an approximation to this profile,
a continuous function equivalent to distributing the power uniformly
over the entire web.

In summary, the evaporation analysis has resulted in inhomo-
geneity plots which differ by about a factor of 2 from the simple
exponential. The observed hot spot formation at 2450 MHz has been
traced to the applicator design, not loading, but at 915 MHz e: is
significantly lower, and web reflections may be a much greater
problem. The analysis can show whether this is so for any loading
condition. It is not a complete description of drying below the

fibre saturation point, where €u of water is not constant and the
surface is not kept wet. It was shown that Figure 4.3 is a worst-case
plot except in the range where ae: /36 is positive, and that the
inhomogeneity of drying can be conservatively predicted by calculating

that in the initial heating profile.
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CHAPTER FIVE
"CONTROL OF ‘REFLECTIONS FROM RESONANT: APPLICATORS

The problems éssociated with resonant applicators will be
considered in this and the next chapter. In travelling wave appli-
cators, the techniques which were used for reducing heating nonuni-
fprmity reduced reflections as well. In resonant applicators,
however, the energy is reflected many times inside the cavity until
it is dissipated. Conventional coupling techniques often permit
some of the internally reflected waves to be coupled back out of
the applicator. The resulting high VSWR shortens the 1ife of the
magnetron and is the most troublesome aspect of resonant applicator
design. A coupling technique to reduce this difficulty will be

treated, both theoretically and experimentally, in this chapter.

5.1 Microwave Heating in Resonant Cavities

When a load is relatively predictable, specialized appli-
cators may be designed for it. However, experience has shown that
for loads of various sizes and shapes multimode cavities often give
the most satisfactory performance(74). In a well designed multimode
cavity many resonant frequencies are available in the operating
ISM band(38). The electric field nulls of these modes do not in
general coincide, and heating will occur at almost any location if
all the modes can be excited. Further, if a dielectric is placed
in such a cavity, alternative modes are pulled downward into the
frequency band of the magnetron, and the VSWR is better than for a

single mode structure, which would simply be detuned.
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The most common use of multimode cavities is in microwave
ovens. Since these appliances are used by the general public,
the system must be insensitive to moderate abuse(15). Figure 5.1
shows a typical loop coupled microwave oven cavity, and alternate
coupling structures are shown in Figure 5.2. The filling factor is
usually less than 10%.

The loops and probes are usually less than A/2 in size
and do not extend over more than one field maximum. Therefore they
are termed small element couplers here. The long strap coupler
acts as a stripline transmission line with distributed electric
and magnetic coupling. Because of its size it couples strongly to

(75) and gives reduced

more modes than the small element couplers
VSWR. However, experiments show that the reflections are not

reduced as much as might be expected and that stub matching in the
transmission line is not uniformly effective over the entire band.

For all the couplers shown reactive components of the input impedance
vary widely with frequencys each change in load or-operating .frequency

necessitates a change in the stub. This type of behavior can be

traced to the fact that the cavity fields change sign nearly in

synchronism with the reflections travelling in the coupler.
Energy coupled from the cavity thus tends to add to the reflected
wave rather than cancel it.

To avoid the synchronism between cavity and coupler waves,
slow wave structures have been tested as coupling elements. The sim-
plest slow wave structure, shown in Figure 5.3, is derived from the

long strap coupler by zig-zagging it. If this structure is coupled
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Figure 5.1 Microwave Qven Cavity
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at the end, its characteristic impedance should be equal to that
of the input transmission line, while if it is coupled at the
centre, the characteristic impedance may be doubled. Experiments
show that the slow wave structure gives jmproved VSWR, heating
uniformity and matching between modes. The single stub tuner
also provides an optimum match over the whole ISM band at one
particular setting. This indicates that with this structure the
residual reflections consist of the power that is not coupled
into the cavity and is reflected from the ends of the coupling

structure.

%

/\7 SN S S ‘—‘a P = ~

Figure 5.3 Stripline Slow-Wave Coupler
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5.2 Reactahce Coupling Theory
(a) Coupling Capacitance Model

The standard method for modelling and analyzing caVities
employs a resonant circuit for each mode of the cavity(]4). A
“capacitor and induétor represent stored electric and magnetic
energy respectively, while the losses in the walls and dielectric
may be represented by a resistor in series with the capacitor.
With a 1oop as thg coupling element, mutual inductance for each
mode may be calculated between the loop and the inductor of the
model. For a coupling element which is small compared to a
wavelength and couplés with the electric fields in the cavity,
we may use the capacitive coupling model of Figure 5.4. D is

the capacitance between the cavity and the coupling element.

D¢
I\ I\

¢in L R

&

Figure 5.4 Lumped Circuit Model for a Sinale Mode

The resonant radian frequency of the mode n is given by

w = Y TJL(CHD ' (5.1)

E* dv (5.2)

=
1]
N m
lo
<=
(3]
- -
m»>
L ]
m
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Analogously, let the voltage on C be ¢ = <E> /d where d is the

distance between the wall with the coupling element and the
opposite wall, as shown in Figure 5.1. <E> is a spatially

averaged RMS electric field;

- 1 c ¥
<E>= /1) & (E-E) dV (5.3)
where a, b, and d are shown in Figure 5.2. D is given by
D = (<E24 _ 1)/4uz (5.4)
¢ ¢

Where Z is the impedance between the coupling element and ground,

‘and dc is given by

_ <E>d
¢ "I+ ju ZD) (5.5)

and represents the voltage induced in the coupling element by a
standing field corresponding to ¢' on C. Then C + D is given by
solving

N = ;—(c+|))¢'2 (5.6)

The value of L may be determined from the resonant frequency and the

value of C; the latter calculated from the geometry of the cavity.
Ignoring cavity losses other than dielectric heating the Q of the
cavity in a particular mode is given by
1 A A
[e E-E av
Q. =~ - (5.7)
[epnEE dV
AV

where V is the cavity volume abd and pV is the volume of the load.

P, the absorbed power is given by

" ~ ~x
P=we, [ E+E dVv (5.8)
nr AV
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R may be obtained from the energy definition of Q:

Qr = anNe/P = 1/wn(C+D)R (5.9) -

Losses other than the load are present, for example, the
metal walls have a finite conductivity and may be deliberately
coated with a 1lossy enamel for a base Toad. The wall losses should
be represented by a resistor in series with L and the enamel load
by a resistor in series with R and C. The Q of the model is given
by

Q= (5.10)

%Y,

2wN

where Qr’ Qe and Qw are —5 € for the load, enamel (or other protective

load) and the wall losses respectively. For high Q and D«C, the

dielectric losses may also be represented by a resistance Rp in

parallel with C giveh by,

%=<b%¥P=m* (5.11)

The results of the analysis for capacitive coupling are very
similar to Collin's resu]ts(]4) for mutual inductance. Most apb]ica-
tors have both capacitive and mutual inductance coupling.

For multimode applicators, each mode should be represented
by similar L,C,R equivalent circuits; the required number of these

being equal to the number of significant modes.

(b) Results of Model

Solving for the input admittance of the mbde],



_ sD(1+sRC+s°Le)

Y
N (14sRe+s2LC ' +5OLCOR)
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(5.12)

where C' = C+D. Rationalizing, the conductance is

- -(o%6%%)/0%R)
G, = (5.13)
™ (14p%)%-(p/)%(1-pe%2)
and the susceptance is
_ s0014p2(1+e- 1/Q2)+ pH(8-0/02)) (5.14)

R (0P (1-pt%?)

2

where w n = 1/LC', Q = 1/(mnRC'), p = S/wn,a = D/(C+D) and g= 1-a

s is the laplace transform variable and for steady state is equal to

Jjw, which means that at resonance p = j.

letting u, = g/bn, we obtain

65, (Ju) .
1 B 20hy oR

and,

By (u) = JuD3ey Q(u, A1)

At resonance, these reduce to

2

Y = 2=+ juD
1nn R

If p=j, Q>>1 and a<<1; and

(5.15)

(5.16)

(5.17)

Eq. 5.15 shows that if the voltage were kept constant (which is not

the case for probes on transmission lines) the power absorbed is

reduced by 3 dB at frequencies where (uz-l) Q=1. At the same

frequencies the input susceptance is equal to the conductance if D

is small. On the slope of the function, the power absorbed decreases
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twice as fast as the admittance.

The reflection coefficient has a wider bandwidth*than the
input admittance due to the fact that both the incident voltage and
the reflected voltage are applied to the load. Solving for the
reflection coefficient,

Gip * 3Bip - Gy

r = : T
Gin + 38 Go

in
1430(6-1) - (2 W2-1IR/ 2,
= > %o

- _ (5.18)
1+Q(u?-1) + (]+Q2(u2-1)2)R/a220

where juD is assumed to be negligible and Zo = 1/Go is the charac-
teristic impedance of the inlet transmission line. The behavior of
the reflection coefficient for loop coupling is very similar.
The voltage transfer function will be used in section
5.2c. The tank voltage generated by the input voltage is
Z tank

s%—+ z tank

o' /o, =

sD(sL+sLC 'R (5.19)
sD(sL+52LC‘R)+1+sRC+szLC

Reducing this to the normalized quantities, and assuming a<<1<<Q,

' ap? (5.20)

~

6 __ .
bin  1+p/Q+pl

At resonance this gives

$' = jeQ (5.21)
¢
in

* Spacing between -3dB points and frequencies where G = B respectively.
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. when the other modes are included we may consider all
the resulting circuits to be in parailel. The total input admit-

tance is given by

o oy Saeg (utnm’)
Y. = 1 {sD*

(5.22)
L= ( un2+Qn2(]-un2)2)Rn

Co]]in(]4) uses the same model to analyze the case where

a loop terminates the transmission line. The result is
3 2, ,2
L W azn Ln/m n
Z. = juL + 7} (5.23)
n 0 n=1 ]_(9_)2+.w/ Q
wn 3 /00y

where azn is M/L, and M is the magnetic flux of the n' th mode

which thrgads the loop at unit current from the transmission line.
This expression may be rationalized to give a reflection coefficient
similar to that obtained for the ;apacitive]y coupled cavity. Lo is
the self inductance of the coupling loop and, if it is small, a

single mode at its resonant frequency gives a resistance of

7. =a 2R, | (5.24)

(c) Distributed Coupling

The model of Figure 5.4 can be extended to deal with long
strap couplers aﬁd slow wave structures. The coupling capacitance
and mutual inductance become distributed as shown in Figure 5.5
and the coupling structure is equivalent to an infinite number of
such sections of infinitesimal length. Let z be the distance from
the inlet port of the transmission 1ine measured along the path

taken by a wave in the coupling structure. Let the coupling
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capacitance per unit length be given by D k.(z) and the mutual
inductance by M kz(z). D and M are the averaged magnitudes over
the coupling structure such that kz(z) and kc(z) average to zero
and bear the z dependence of the coupling. L,C' and R are
_ defined in Section 5.2. C and L are, respectively, the self-
capacitance and self-inductance per unit length of the coupling
element. The coupling element itself is assumed to be reflec-

tionless except at its ends.

I
Cc
__|ssDke L
C ST, ST L
ax b R
o P —{— T — P - - -
LT T T

Figure 5.5 Distributed Coupling

The current iaz through the distributed coupling capaci-
tance gives rise to two equal voltage waves travelling in the *z

directions and with magnitudes given by op = ¢ = iAz Zo/2 where

r

Zo is the characteristic impedance of the coupler. Mutual

inductance generates equal but opposite voltage waves in the
coupler having a magnitude |mILAZ g-kz(z)l. The stored magnetic

energy in the cavity is almost equal to the stored electric energy

and is given by %-12

LL’ which defines IL. Excitation of the cavity
is modelled by current flow through ch(z) and voltage induced in L

by the coupler current and Mkz(z). The phase reference for the
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resonant circuit is the phase between its voltage and that at the
input port of the coupling structure. If the Q of the cavity is
high, the fields collapse almost simultaneously throughout the

volume of the cavity.

Capacitive and inductive coupling generates a voltage in

the equivalent:tank circuit given by

%3;'= Ky ke(2)(8(2)-0") + Kok, (2)i(2)Z (5.25)

where ¢(z) = ¢c(z) + ¢,(2) and i(2) = (o£(2) - ¢.(2))/Z,

The constants K1 and K2 are given by

2

K = & (—2—)) (5.26a)
T+p/Q+p
and
K2 - ;_M_ ( 1+p/ ) (5.26b)
o T1+p/Q+p

The coupling also induces waves in the coupling structure given by

3¢
o = Kak (2) (6" =6(2)) + Kgk (2)6' (5.27)
3¢
a7 = Kako(2)(0'-0(2)) - Kgk, (2) o (5.28)

The constants K3 and K4 are given by

K3 = sDZOIZ H (5.29)

M
K4 T . (5.29b)
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Equations 5.25, 5.27 and 5.28 form a set of three

equations in three unknowns which define the voltages resulting

from a specific excitation of the coupling structure. Integrating

this set over z and including the excitation and a reflection

I't of 1 at the end, zys we obtain:
4 » Z ¥4
l= %: - t t -
¢ Io Y dz fo (Klkc+K2kz)¢fdz * fo (K1kc szz) ¢rdz
Zt .
-f | Kqket'dz (5.30)

44(2') = ¢g(0) exply(z'-2))* IZ' ;;f,exp( v(z-2'))y,
(5.31)

'

bp(2') = Tyoglzy) exp(v(Z'-zt)Hzt ggﬁ-eXp(v(z-Z'))dz

(5.32)

where z indicates a generation location, z' a measurement location
and vy is the propagation constant of the coupling element.
Obviously, these equations are coupled and cannot. be easily solved
except by difference equation methods. The values of D, M, kc and
kz must be obtained either from a boundary value solution of the
geometry chosen,'or experimentally. |

In Eq. 5.32, the phase angie of all terms changes rapidly
with z. The integral is much smaller than that of the absolute
value of the integrand, unless the k's change sign nearly in
synchronism with the real part of exp(v(z'-z)). In other words,
phase differences of backward travelling waves in the coupler

cause cancellation of reflected power unless some of the waves in

the cavity are nearly synchronized with those in the coupler.
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For a lossless cavity (R=0), ¢' increases until the unattenuated
forward wave is reflected back toward the coupler. If R £0, ¢ is
Jower and the forward wave is attenuated with distance. This may
be verified by examining the effect of o5 in Equaiions 5.30 and 5.31.
Its phase is synchronous with exp(y(z - z')). 3¢’ will be reduced

3z
]
if ¢' is large and %g- is increased by b¢ and p

Alternatively we may examine the energy transfer. If the

k's are slowly changing, voltages of néar]y equal magnitude and
phase are induced in a long (but not necessarily straight) section
of the coupling structure. Because of distributed arrival times at
the inlet port, the reflected waves cancel and energy does not
readily escape from the cavity once it has been distributed inside
the high;Q structure. However, there is a gradient in the forward
wave propagating in the coupling structure and energy can be coupled
into the fields unless ¢' is large. The energy is randomized and
cannot be recovered unless the integral of Eq. 5.32 is made non-zero.
The alternative to slow wave coupling is fast wave coupling,
where the phase velocity is made very high. This means that the k's
change sign much more rapidly than cos(y(z-z')) and the reflected
power integral is small. It is thus possible to use a long straight
section of waveguide very near cutoff as a coupling structure. It
would be simply an extension of the transmission structure and would
have an array of slots to couple power into the cavity. This would
demand precision construction, but would require fewer parts and

would take less room than a waveguide slow wave coupling structure.
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5.3 Results of Slow Wave Coup]ing_'

The basic TEM slow wavé coup]1n§ structure of Figure 5.3
ha; been built and teéted. Preliminary measurementsvof Zo of a
straight’strap'sHOWS that a 50 ohm characteristic 1mpedancé would .
give'11tt1e coupi1ng. Several 100.ohm structures tested gave
much more (but not excessive) coupling in most cavities. The
presence of capacitance between sectiohs of the structure permitted
1ncfeased.spac1ng to the ground plane at 100 ohms but resulted in
pass .band behavior. In the pass bands, the structure matched well
to a cavity and to free space; and'over half of the 1 to 4 GHz
range there was less than -6 dB reflected power in free space
operation. 'The;centre,freqUencies of the pass bands occur at
roughly even intervals and are Jisted in Table 5.1 for several
experimental structures. The symbols are defined in Figure 5.3.

Table 5.1 . Optimum Coupling Frequencies

W W P f optimum

10.5cm.  1.23 cm 5.1 cm 2.7 GHz, etc. .

8.7 cm 1.23 cm 6.4 cm 2.0 GHz, 3.0 GHz, etc.
13.2cm 1.00cm  4.0cm  0.92 GHz, 2.5 GHz, etc.
12.6 cm  1.23 cm 6.7 cm 2.45 GHz, etc.

h=11/2 cm, thickness = 0.2 cm

Figure 5.6 §hoWs a prototype 80 litre cavity which was used
for thawing deep frozen, f1u6rocarbon-DMSO perfused Canine kidneys(ss).
The organ was held 1n'tef10n and immersed in 1 litre of FC47 flouro-
carbon, and placed on a 1" thick nylon iurntabIe. The wa11§ were

covered with perforated iron sheeting, which increased the losses in



et a8 A g 7 8 A o s

| %

3
3
i
a
A
2
bl
X
K
A
wik
e

4
3
;
i

Figure 5.7 Reflections from Experimental Cavity




Figure 5.6 Experimental Cavity for Thawing Live Organs

Figure 5.7 Reflections from Experimental Cavity
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the metal and in combination with the nylon gave a Timited Qo'
This base loading guaranteed good VSWR and limited the maximum'
field concentration in the cavity.

When the small element and Tong strap coupling structures
were used, the reflections from the cavity were unacceptably high.
With the last slow wave coupling structurevof Table 5.1, the maximum -
reflection was reduced from -1dB to -6dB and typical reflections
were about -10dB. The efficiency of heating was about 55% for a 500
ml water load while for 3 Titres of water it was over 85%. The
system waS made useable by the new matching technique; organ heating
rates of from 2° C to 4°C/sec were achieved in the ranges -79°C to
+30°c and +4°C to +30°C(55). Uniformity of heating was also improved,
partly by simultaneously rotating and oscillating the nylon
disc(44).

In Figure 5.7, the reflection coefficient of this cavity is
shown for a multiplicity of loading conditions as the turntable
rotates. This and the next two photos were obtained by a frequency
domain reflectometer and the vertical axis is reflected power, in dB.
Zero dB means that the energy is totally reflected, and a 0dB tface
was included by removing the cavity completely from the instrument.
The ~10dB 1ine 2 major divisions lower, for example, represents 10%
reflected power. Similarly, -3dB is 50%, -6dB is 75% and -20dB is
1% reflected power. The lower a trace is on the photographs, the
better the cavity is matched. The horizontal axis is the frequency,
and Figure 5.7 displays the 2.05 to 3.05 GHz band.

A shield was placed over the coupler in the cavity shown in
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an attempt to obtain improved matching by reducing the rate of
coupling to the cavity. As stated, the horizontal and vertical
scales are 100 MHz and 5 dB per division respectively. The single
line indicates 0dB, with a marker at 2450 MHz. The shield covered
- 40% of the area of the coupling structure and increased the maximum
reflected power in the 2450 +50 MHz ISM band from -6dB to -4dB. This
is roughly proportional to the area covered. The load was only 200
ml and larger Toads gave a better match. The bandwidth has been
narrowed by the single stub tuner but it is still very wide compared
to the useable bandwidth given by small element couplers. The
failure of the shield to improve the match indicates that the cavity
is not too heavily coupled, and that the reflections seen are from
the ends of the coupling structure.

In Figure 5.8 the slow wave technique and a capacitive
probe are compared in a 1100 litre empty aluminum cavity. The
first structure of Table 1 has been used, so the frequency chosen
was 2.6 GHz +50 MHz. The vertical scale is sfill 5 dB/division,
while the horizontal scale is now 10 MHz/division. The capacitive
probe produced the bottom trace and the slow wave structure'the
upper trace. The 0 dB lines follow the graticule lines with a
levelling error of about +1 dB. This is a difficult cavity to
couple to becauﬁe of its very high Q (and therefore high ¢'
according to the theory), but there are bands where the slow wave
structure couples quite well.

In Figure 5.9 the frequency has been dropped to 1.8 GHz
where a long strap radiator was optimized. The slow wave structure

was not quite optimum, but it coupled well. The scale factors are
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Figure 5.9 Reflections; Probe, Strap and Slow Wave Coupler
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the same. From top to bottom are the reflection coefficients
of the capacitive probe, long strap and slow wave structure
respectively, in the same large cavity with a 1 litre water load.
The improvement from the top to bottom trace is typical of the
behavior of these three structures.

In this too-large cavity the slow wave structure was
able to match 11 litres of water to the magnetron with about
-10 dB average reflected power. The previous cavity was superior
at the operating frequency and had sufficient base load to match
well when used with the slow wave coupling structure to heat
any load. A well designed cavity and the new coupler give a good
system; if either is poor, the reflections are more severe.

Striplines are smaller than waveguides, which is physically
convenient. However, this means that waveguides can héve a much
higher power handling capacity. Several waveguide slow wave
structures meet the theoretical requirements derived in Section
5.3. A WR284 slow wave structure was constructed as shown in
Figure 5.10, with lengths 1] =10 1/2 cm, 12 = 3 1/2 cm and the
slots gradually increasing to 0.6 cm in 2 1/2 periods. The free
space reflected power was less than -20 db of the incident power
at 2450MHz.. When tested in the large 1100 1itre cubic cavity it
gave good matching similar to the stripline structure, although
the guide wavelength was almost double the free space wavelength.
The path 11 was large compared to a wavelength.

It was noted that if the reactance coupling could be
suppressed, far field effects would give constant radiation

resistance. With cavities of the size normally found in
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microwave systems, experiments with small elements always
revealed the mutual reactance (near field) behavior predicted
in Section 5.2. It is possible to obtain good YSWR and heating
uniformity in lossy enclosures by using standard high gain
antennas, but the unused power is not returned to the load,

and efficiency is uéua11y poor. Other special antennas are

(64),(72) and are not treated here.

used for concentrated heating
When the slow wave structure was used to excite a
single mode in small cavities, it was possible to obtain a good
match over a wide range of loading conditions. The problem of
frequency pulling by the load is still present, however, and the
cavity should either be tuned or be designed for multimode

operation. This will be treated in the next chapter.



110

5.4 Conclusions and Practical Design Considerations

The simple small element gives a surprisingly tolerant
match, and may be used in many situations where the load is quite
predictable. For example, from Eq. 5.18, a loading range of from
0.333 to 3 times the optimum R gives a maximum of -6 dB reflected
power. The 3 dB points for a matched load are about 2.4 times
as far apart as fn/Q. However, k. (or kz) varies and the match is
very dependent on locations of both coupler and load. This is
overcome by the long strap coupler, giving more useable modes and
an even wider range of acceptable load variations. The slow wave
couplers have been shown here to suppress the remaining problems
of strong reflection for some modes and random matching by the
stub tuner.

The slow wave structures used are still rather large,
approximately a full wavelength in width. The optimization of
these structures has only been carried as far as selecting geo-
metries that give pass bands at the desired frequencies. It is
likely that structures of other dimensions would give further
improvement in a cavity, although the best match was obtained at
the frequency corresponding to the optimum free space radiation.
To check for this, a difference equation computer program for
Equations 5.30, to 5.32 could be developed. The coupling could be
increased, since the shielding test indicated that reflections were
increased somewhat by reducing the effective area of the coupler,
However, in very high Q cavities, it may be an advantage to shield

the coupling structure to spread the gradient of the incident wave
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in the coupling structure over its length. It may be possible to
parallel more than two sections of coupling structure to obtain
increased coupling.

There are no resonances near some frequencies, and
coupling is poor with any structure. Energy is then reflected
from the end of the coupling element. It may be that the
magnetron locks to these frequencies, as indicated by Huang(36).
As he shows, it is desirabie that the frequency parameter of the
load locus of the magnetron Rieke diagram increase while the
operating frequency of the magnetron decreases. This decreases
the freguency drift of the magnetron-cavity system as detuning
occurs. Similarly, by choosing the correct line length from the
magnetron to the end of the coupling element, the end reflections
may be placed in a stable operating region on the Rieke diagram,
or possibly placed so that the magnetron does not operate at this
frequency.

From energy considerations, ¢' ina completely lossless
cavity will rise until total reflection occurs. In low loss
structures, there is some power absorption, but not enough to
protect all magnetrons. Then it is necessary to use a permanent
minimum load. This base load broadens the modes and aiso reduces
the ref1e§ted power at the centre frequencies.+ The efficiency of

the cavity is given by QO/(Q°+Q) where Q= QeQ ¥ and is due to
ew

the various base loads. The use of the slow wave structure permits

higher unloaded Q and can thus improve efficiency while permitting
a system which can be operated unloaded. It should be noted that

as the Q is raised and coupling improved the fields in the interior
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are increased and there will be more leakage of energy from the
cavity unless the door seal is well designed(46).

A further improvement in heating effic1ency has been
obtained by sevéral workers(sz)’(43) by placing the load at the
focus of an elliptical structure. An alternative is the apex of

2 increases as the focus

a pyramid. In this type of cavity, ¢
region is approached. The same effect will be obtained in the

next chapter by adjusting F.
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CHAPTER SIX

. A_SMALL MULTIMODE CAVITY FOR RODLIKE LOADS

In this chapter it is shown that vanes inserted into a small
rectangular cavity make multimode operation possible. Tests on
a pre1iminafy design are given and again the slow wave coupler

is shown to reduce the effect of load variations.

6.1 Microwave Heating of Rodlike Loads

Many presently used microwave threadline driers use a
single resonant mode which is tuned to the operating frequency of
the magnetron. This has the advantage that the applicator is small,
resulting in high efficiency and a wider bandwidth. However, the
load pulls the resonant frequency downward,and this problem is
aggravated by small size. A typical cavity is shown in Figure 6.1(36).
In this mode the electric field is bara]]el to the surface of the
load and the standard small element coupler is shown. The cavity
‘may be tuned by adjusting its volume or shape. In this type of

system low loss, physically small filaments can be heated, prbvided

that the loading does not vary.

foAD

a—CAVlTY

W’

WAVEQUIDE

Figure 6.1 Moo _Threadline Applicator
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A load may be considered heavy if it results in a loaded Q
considerably less than half of the unloaded Q, Q- Altmian(2)
gives a perturbation analysis for Q and detuning of loaded cavities,
jncluding cases where the load may not be parallel to the electric

vectors. The effect of a load on losses is given by

Q £V (6.1)
0 2 jv(e EX. E + uoH* H)

O'—'

The subscript o is used for unperturbed variables while the perturbed
variables are unsubscripted. The denominator is equal to the stored
energy if the perturbation is small. If the load is parallel to the

electric field vectors,

1
I—l

s (6.2)
o ¢ FE&

Oo]—
O

The efficiency of heating is given approximately by Q(]/Q-]/Qo).
If the volume is decreased, the stored energy decreases and the wall
losses decrease also, but more slowly. Therefore the efficiency
increases even though Qo is reduced.

This analysis also gives the detuning of the resonant

frequency &, due to a perturbation:

W =-W- ~dk - ~k ~
gy [(esg)Egr B O] By H av (6.3)

n fyleokor E + 1g fy - ) av
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I £p is greater than one, as in ordinary dielectrics, the cavity
resonates at a reduced frequency; while for plasmas, where the
dielectric constant is less than that of free space, the resonant
frequency is raised. A small metal object stores little energy at
high frequencies (equivalent to w0 and s;+w(2)), and it may be
shown that a metal perturbation at one of the walls results in an
increase of resonant frequency if it is located in a region of
predominantly magnetic energy and a decrease in frequency for
electric energy. This is the standard method of tuning a cavity
to compensate for detuning due to the load. The denominator in
Eq. 6.3 decreases with the cavity volume and detuning beéomes more
severe if the filling factor is increased by using a smaller
cavity.

Huang(36) showed that a magnetron can be made to pull into
the operating range of a cavity under favorable conditions. As
the anode voltage of a magnetron fluctuates due to the power supply
ripple its resonant frequency changes, often by more than the
bandwidth of the cavity. If the locus of the load reflection
coefficient and the magnetron operating point change in opposite
directions on the Rieke diagram as frequency changes, the system
becomes more stable. A circulator was used to protect the power
source, and a reflecting iris and phase shifter to rotate the locus
of the load. Such a system is expensive, but it may be needed to
heat a thin, low loss threadline effectively.

There are several other techniques in use for rodlike
Toads where e: AV is large. A travelling wave applicator can bé

made by generating an electric field component parallel to the
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axis of a waveguide and passing the filament or rod through it
axial]y(ss)’(]7). This avoids tuning problems but can Tower
efficiency. Double ridged waveguides can be used where the

load is heavy enough so that the electric field need not bé kept
parallel to the 1oad(8)’(4]). Elliptical cavities have been

2(32),(43)

designed to control ¢ Microwave ovens have been used

for tests but Bhartia et al have correctly noted that these
cavities are not designed to operate with rodlike loads because

7). They selected a single high order mode and

of their size(
tuned the cavity to compensate for loading. Using an alternate
technique given below, multimode operation in a small volume is
achieved and a high filling factor can be maintained with reduced
detuning.

Plasmas usually are rodlike and are heated in a great

variety of applicators, as evidenced by a large collection of

microwave plasma references which was published in the Journal
(39)

(20)

of Microwave Power Examples are the coaxial cavity of

Fehsenfeld and Broida and the TE]On cavity shown in Figure

(50). At present

6.2, or the same structure without an iris
microwave plasmas are mainly a research tool, although ozone
manufacture has long been carried out in other types of plasmas.
With small element coupling, the difference in Q of cavities
before and after ignition of the plasma is so great that the
magnetron must be protected by a device such as a circulator..
The applicator of this chapter or a slow wave structure(g) can

be used to overcome this problem.
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6.2 Metal Plates in a Rectangular Cavity

The modes of a rectangular cavity can be made spatially
degenerate but only two of the three orientations of a mode usually
give good coupling between the electric field and a rodlike load.
Of these modes the TEm0n modes are particularly promising because
their electric vectors are always perpendicular to one pair of walls
and their resonant frequencies are complelely independent of the
distance between these walls. In addition, if several of these
structures (or for that matter any set of resonant structures) are
coupled together the composite structure exhibits new resonant
frequencies. Thus plates may be inproduced into a rectangular
cavity perpendicular to the electric vectors of the desired pattern,

resulting in a multimode structure. A loop-coupled small multi-
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mode cavity based on this principle is shown in Figure 6.3 and its

input impedance versus frequency characteristic is sketched in

Figure 6.4,y e
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Figure 6.3 Vaned Multimode Test Cavity
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Figure 6.4 Coupling-induced Multimode Behavior

In the TEm0n mode the elementary cavities formed by the
plates carry a TEmo waveguide mode which is reflected between end
walls of the cavity(SG). Resonance occurs at the frequency where
these walls are n/2 guide wavelengths apart. In Figure 6.5 three

such cavities are shown coupled at the ends and the centres. There
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are two ways in which adjacent cavities can interact, resulting from
combinations of spatial orientation (or phase) of the same mode in the
two structures.

If the modes are in phasé, as in cavities 1 and 2, the
presence of vanes does not materially change the field pattern. .If
the orientations are opposed spatially, as in cavities 2 and 3, the
fields diffract through the coupling holes and cancel each other.

End coupling shortens the energy path length resulting in an increased
resonant frequency. In Figure 6.5 there are three resonant frequen-
cies corresponding to 0, 1 or 2 phase inversions. Since there

are two ways to produce a single phase inversion, this mode is

&oub]y degenerate, and could give two modes with stagger-tuned

cavities.
\\\ \. ’// \\ 3
. i
2
(11 N
Figure 6.5 Coupled TE]O] Cavities

A rat-race resonator is shown in Figure 6.6. In this structure

the reflection coefficient for a wave travelling around the ends is
nearly zero. Resonance occurs when the phase of the fields in

the cavity is constant. This need not require electric field nulls

at the ends, and the wave can simply propagate around the loop;
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hence the name. The opposed orientation in the two cavities which
are coupled at both ends is a rat-race mode with possible strong
reflections at the ends of the path. Many rat-race modes are
permitted in the cavity of Figure 6.3, énd resonant frequencies
Tower than the basic TEm0n resonance occur, provided that the

TEm0 waveguide mode propagates in the elementary cavities.

Figure 6.6 Rat-race Resonator

The problem of coupling to this structure is at least
as difficult as to larger multimode cavities. Small coupling
elements give the type of behavior described in Section 5.2 and
cannot adequately handle detuning problems and a wide loading
range. When a slow wave structure is employed, this problem can be
alleviated. There is a physical problem in placing the slow wave
structure in one of the elementary cavities, sinqe it competes
for space with the Toad. However, if the coupling structure is
placed in the coupling gaps as shown in Figure 6.7 there are

several frequencies at which the system becomes quite insensitive

to Toad changes.
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Figure 6.7 Vaned Cavity with Slow Wave Coupling Structure

6.3 Experimental Cavity

The cavity shown in Figures 6.3 and 6.7 was constructed
of brass plate. The inside dimensions of the outer cavity were
width b = 16 cm, depth d = 17%-cm and height a = 17 cm. The vanes
extended the full width of the cavity and were only 13%-cm deep,
leaving coupling gaps 2 cm deep at both the front and back of the
elementary cavities. Seven vanes each 1.6 mm thick, were placed
equidistant in the cavity, forming 8 elementary cavities 2 cm in
height. The vanes and two of the cavity walls had 2%—cm diameter
coaxial holes centered 5%-cm from one side of the cavity; and
3 cm long cut off waveguide chokes were used to prevent leakage.
The off centre locétion of the holes permitted good coupling to
the TE]On or TEZOn modes. However, the holes were centred front to
back and the coupling to the TEnOZ modes was very weak. Loads
consisting of 7, 14 and 19 mm internal diameter pyrex'glass tubes

filled with water were placed through the holes. To lower the Qo’

the structure was not soldered. .
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The cavity was coubiéd by a loop, a probe and a waveguide,
as well as the third slow wave coupling structure 1listed in
Table 5.1. When an electric probe was placed in the bottom cavity,
many modes were observed, including families of modes corresponding
to the resonances of the elementary cavities and various alignments
of the fields. However, these modes coupled best at certain loading
conditions and, as predicted by Section 5.2, the éavity was not yet
insensitive to loading. When probe, loop or Waveguide coupling was
used in the front face in one of the coupling gaps, the same
behavior was obsefved, with somewhat fewer modes.

The slow wave structure performed much better, however.
This structure was oriented both perpendicular to the vares, as
shown in Figure 6.7, and parallel to them. The 2 cm spacing between
vanes was the same as that between the long conductors of this
coupler, and the middle vane and transmission 1ine were both centred
in one face. Thus for the parallel orientation these conductors of
the slow wave coup]iﬁg structure were centred on the planes between
cavities.

Modes of the elementary cavity and mode density for the
composite structure are given in Tables 6.1 and 6.2 respectively.
This technique has increased the number of modes between 2 and 4 GHz
from 2 to about 50. Because of rat race modes, resonances started |
at as lTow as 850 MHz and the cavity design provided three modes near
915 MHz. The other potentially usable frequencies ére listed in
Table 6.3. There are many modes which do not result in good coupling
but for several families the cavity could be made, without tuning,

to accept a heavy dielectric load.
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Table 6.1 Single Resonator Resonances
TE]02 - 1.953 GHz TE302 - 3.292 GHz
TE201 -2.06 GHz TE303 - 3.808 GHz
TE202 - 2.53 GHz
Table 6.2 Modes per 100 MHz
f centre Modes f centre Modes
2.05 4 2.65 4
2.15 5 2.75 7
2.25 5 2.85 6
2.35 4 2.95 7
2.45 2 3.05 7
2.55 5
Table 6.3 Frequency Bands for Test Cavity
Empty
Cavity Effective
Frequency Coupling Frequency
GHz Orientation Pulling Comments
1.3 parallel - mode separation
wide
1.97 perpendicular upward
2.05 parallel none usable
2.36 perpendicular none usable
2.36 parallel down
2.53:2.65 perpendicular none usable
2.53%2.65  parallel down
3.0 parallel none usable
3.0 perpendicular spread separation wide

* Efficiency was low because load was centred in null.
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In the empty cavity the placement of the slow wave coupling
structure was designed to excite only the lowest frequency member of
a family of modes, i.e. the aligned mode*. When the loads were used,
the other members of the family had a reduced réf]ection coefficient
because the fields decayed with distance from the centre of the
cavity. This gave the effect of pulling the operating frequency
upward to compensate for the dielectric. Since a distributed coupler
was employed, the effect of the cavity Q was much 1es$ than for
small element couplers and the cavity gave a base load. As a
result there were frequencies at which the magnetron would be
protected for none or all test loads.

In the test cavity, however, good performance was difficult to
achieve and factory alignment on a reflectometer would be needed to
produce an industrial cavity. As indicated in Table 6.3, the load
still pulls all the resonant frequencies down and the effective
centre frequency very often is pulled out of the magnetron's band.
With large gaps and only seven vanes the mode separation is consid-
erably more than that for a 80 1itre rectangular cavity.

The efficiency could not be measured directly for the
trial cavity because the useable bands did not correspond to an
ISM band where high power was available. The mode density prevents
accurate Q measurements in the useable bands but at other frequencies
it was possible to isolate modes. The unloaded Q's of the cavity
were between 270 and 850. A 17 mm pyrex tube filled with water
gave Q's corresponding to efficiencies from 75% to 93% except for the

weakly coupled TE o, modes (35%) where the load was in an electric

* TT could be made to excite the other modes by adjusting a
single stub tuner at the input to the cavity.
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field null. A 7 mm water load was only slightly less efficient,
indicating that the large mass of water is reducing E well below

Eo in Equations 6.1 and 6.3.

6.4 Application of the Vaned Rectangular Cavity

The small test cavity gives multimode behaviour similar to
that shown by the cavities used in microwave ovens. A distributed
coupling structure reduces sensitivity to loadtng. The number of
plates should be increased and the coupling gaps made smaller to
decrease mode separation. (This would have made interpretation
of tests difficult.) Other configurations of the slow wave
coupling element should be tested to improve the number of we]i
coupled modes in a band and waveguidg slot array coupling may
make construction easier. Deliberate use and splitting of degen-
eracies could further help.

This cavity obviously cannot be made as small as the
TMm0 cylindrical structure, and it has a large internal surface
area which must carry current. Therefore it is not capable of as
high an efficiency. However, there is a wide range of loads between
the filaments described by Huang and the sort of loads that are
heated in 20 litre or larger microwave oven cavities. The single
mode cavities suggested for this range are very susceptible to
detuning, and the previous coupling elements are affected by Q

changes. There is now no need to use a single mode cavity if the

load gives e: gZF larger than 1/Qo in a TE]01 cavity.
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There are bands for which, in the empty cavity, the
upper member of the family is coupled best. Such a band could

be used to ignite and efficiently sustain a plasma, which would

pull all the modes up in frequency.
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CHAPTER SEVEN
Conclusijons

Microwave travelling wave web-heating systems were found
to be limited by poor control of heating rates in the applicator;
through both the filling factor F and the field concentration
factor 52. It was shown that the TEM mode facilitates the control
of both factors. Of the possible designs examined, the rectangular
coaxial structure was found to be best suited for mény purposes.
Detailed analysis of this structure was presented and charts were
prepared for the design of practical rectangular coaxial appli-
cators. The computer technique developed may be used for other
TEM applicators by simply modifying the subroutines that assign
charge and measurement locations. |

The cutoff frequencies of higher order modes have not
been calculated for the rectangular TEM structure(s). Perturb-
étioh analysis has been used throughout, and the analysis should
be extended to predict the effect of very heavy 1oads(]3)’(63)’(67).
Other TEM structures, such as those suggested in Chapter 2 could be
used to overcome the problem of energy concentration at corners of
the conductors. When the web is oriented at an angle to the
electric field, the attenuation may be greatly reduced, and a
structure to accomplish this was suggested in Appendix II.

It was shown that although the physical process is
different, the inhomogeneity in moisture content in a drying web
can be conservatively estimated by assuming that it is the same

as the inhomogeneity in the initial heating profile. Design charts
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have been prepared to assist in choosing an applicator attenuation,
and the effect of reflections from the edge of the web have been
_examined. The non-electrical variables such as temperature and
air flow have been related to the appiicator design and their
effect on homogeneity can be predicted theoretically, although it
was necessary to assume batch heating, which is not very general.

Cavity applicators were found to be Timited by the
reflection coefficient of the. coupling structure. It has been shown
that a slow wave coupling strﬁcture can reduce reflected power, but
some base load is still needed to protect the magnetron. Several
slow wave coupling structures have been constructed and tested and
one of them was found to improve the performance of a biomedical
microwave heating system.

It has been shown that it is unnecessary to use single
mode applicators for rodlike materials in many instances where this
has been done to improve efficiency. The alternative small multi-
mode cavity has only demonstrated the feasibility of such an appli-
cator, however, and must be redesigned to produce a practical model.
Enough detail has been given to guide such a design.

Three patent disclosures have been filed with Canadian Patents
and Development Corporation in the interest of the University of Alberta.
These cbver the use of the TEM mode in web applicators, the use of
slow wave structures as coupling elements for cavities and the small

multimode cavity for rodlike materials.
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APPENDIX I

LIMIT OF VALIDITY OF THE PERTURBATION ANALYSIS

In the first four chapters of this thesis it was assumed
that the electric fields existing in the empty applicator would be
the same as those in the loaded structure. This is an example of
‘the perturbation method, which Chatterjee and Chatterjee(]3) present
by eigenfunction expansions and A]tman(z) by vector products. A
perturbation term may be added to the solution of a known case,
which must differ only slightly from the actual situation. The new
term may then be obtained by using the original solution functions
with the new boundary conditions.

The variational method(]3) is an alternative approximate
method. Here the values of certain integrals are known to be
stationary. The calculus of variations is used to find solution
equations which guarantee this. In electrostatic systems one of
these stationary integrals is the potential energy, and in this
appendix the change in the potential eneray will be used to see if
a perturbation is small.

In an inhomogeneously loaded waveguide the TE, TM and TEM
modes do not propagate. For small perturbations new modes exist
which resemble these modes. Some may be classified as LSE(Tongitudinal
section electric), where the electric fields are parallel to the web
boundaries, and LSM modes where the magnetic fields are parallel to
the web boundaries(63). Mixed modes also exist. A small dielectric
perturbation will leave the electric fields nearly unchanged in the

LSE modes and the electric flux D unchariged in LSM modes(Z]).
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The energy in a wave in free space travels faster than
in the dielectric portion of a loaded applicator. As a result, the
energy is refracted at interfaces. In the dielectric, waves
approaching the interface at an angle of incidence greater than the
critical angle(sg) will be totally internally reflected, with non-
propagating fringing fields outside the dielectric decaying exponen-
tially with distance(zs). For 1ightly loaded rectanaular structures
Vartanian et a1(67) found that the electric fields of the LSE modes
were nearly the same as the sinusoidally distributed fields of the
TE modes of the empty waveguide. As the amount of dielectric increased.
the distribution in the free space portion of the structure at first
became linear and then exponential. In other words the pefturbing
element is the web in 1ightly loaded rectangular waveguides whfle
for a heévi]y énough loaded structure the web carries a dielectric
mode which is perturbed by the metal waveguide in the fringing fields.

If the empty applicator fields predict that a large fraction
of the power is carried in the web, the perturbation is too heavy(70).
However, this does not imply that the resulting energy integral is
equally far from the actual (stationary) value. For LSE modes & is
higher than predicted, but the perturbed die]ectrit mode may be quite

gimilar and the accuracy may still be good. Thus the error criterion

that follows is conservative.
Let ' e Er

2 _gin s lasfES

& % 450 &S

(A1.1)
~ ~%

IAS E.«EdS

where the electric fields are determined in the empty applicator. The

electric energy stored in the electric fields in one meter of the web is
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~ Y

_ ] ] *
Nweb = 3 EoEp {S E+«E dS (A].Za)

The energy stored in the rest of the structure, S-AS, is given by

.1 LB
Napp = 7 %o IS-AS E-E dS (A1.2b)

Let the perturbed electric fields be given by kE, where the perturbed
field distribution differs from the original fields only by a constant.
If the web is parallel to the original fields, the total energy in the

perturbed fields is given by
(A1.3a)

2 1 2 o ' 2, o
K 2, [ [E-Ease(en ) E 8 dS] .

N = k©
total 2 3

Assuming that no energy has been lost in Taunching the wave, the

original total energy is given by

N E - E dS (A1.3b)

=1 [
total ~ 2 o §

Then, for a web thin enough so that the electric field is constant
inside it, we may equate Al.3a and Al1.3b and solve for k in terms of

£. This gives

1
k = — (A1.4)
S+ g%F (e -1

In the resulting value of k is nearly unity, we may assume

that the analysis is valid. If for example, the value of k is less
than 0.707, the perturbation analysis predicts that less than half
of the power will be transported in the web fields. The actual value

will, however, be more and the error is large. In the TE10 mode in a
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rectanqular wavequide, 52 = 2. For a web consisting mainly of water,
ng should be less than 0.012. Hence for a WR284 waveguide, this
analysis is 1imited to soaked webs up to 0.018" thick.

This simple test applies if the surface of the web is

parallel to the unperturbed electric field vectors. For the perpen-

dicular case,

1 (A1.5)

k =
,/H + gZF( ET-- 1)
r

which again should be nearly unity for the perturbation analysis to
be valid. In either case, if excessive error is predicted, the

solution can be obtained by other methods(13).
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APPENDIX II
THE TWIN-LINE APPLICATOR

In Chapter 2 the circular coaxial line was examined and a
closely related rectangular structure was analyzed. This has also
been done with the familiar twin-line, and the results are given in
this appendix. In contrast to coaxial structures, twin-line structures
do not give a levelling effect; the wetter spots are heated less.

In twin-line applicators the attenuation can also be rather Tow.

? 1

‘Q

-] la—

Figure A2.1 Twin-Line Applicator
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To provide mixed boundary conditions, the web may be
placed at an angle in the applicator. This would mean that the
electric field in the web would be only.partially shielded by
the surface charge and the attenuation would increase with the

angle of the web. This has been confirmed by experiment.

Twin-line is similar to single wire waveguides(zs) in that
its fringing fields extend far from the conductors but are non-
radiating 1ike near fields. Most of the energy is carried between
the conductors, and é Tossy dielectric placed in this region will
experience heating. The boundary conditions for the electric field
in the web of Figure A2.1 placed along one plane of symmetry are
not the same as for the webs in the applicators in Chapter 2. The
electric fields are incident perpendicuiar to the web and the D

vector is continuous across the interface.

Examining Figure A2.1, the power absorbed may be determined
]
as a function of web thickness t and spacing 2a. Assuming a line
charge of magnitude q coulombs/meter, the field E at a distance r is

given by electrostatic theory;
F=29 ¢ (L
E r ()

2re

(A2.1)
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In the absence of the web, the magnitude of the transverse electric

field at this plane of symmetry is given by

- ay
IEy| = <o e (A1.2)

where r = va? + y2 . Adding the web to the system, and assuming
that it causes only a small perturbation, the normal D = eE is nearly
unchanged and is continuous across the interface. The power absorbed
“per unit length is given by:

p [ EEdv (A2.3)
= WE € * .
~web 0T Yol

wegept’ [ (D)2 gy (A2.4)

The boundary condition implies

o 2
" 2 a
=pe e, t 2f (—99 dy
or o M€ (a2+y2)2

€ "
= u(ep () @ (A2.5)

Eweb

The characteristic impedance of the unloaded twin-line is

given by
Z0 = 1/Cc (A2.6)

where C, the capacitance per unit length, is

1\'60
_C_= _—-1—2_5'_ (A2.7)
cosh (—ﬁ)
and R is the radius of the conductors. For R<<2a, cosh'](Za/R)
behaves as 2n(2a/R), and changes in a affect the values of g

negligibly for constant transmitted power. The power carried by
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the structure is

Py = %5— (A2.8)

at ¢ volts and the charges are given by
q=4¢C | | (A2.9)

Solving for power attenuation at 1 volt between the conductors,

2 = E‘;‘e" . m(€°)e - z,c8 (A2.10)
or,

0 = (50) wlgin) (D) cosh™ (22)
or, e "

o= ZE02EY cosh (2 (h2.11)

For constant Zo’ this permits attenuation control through control of

(t'/a).
The power drops away rather rapidly as one moves away from

the applicator. If Emax is the maximum obtainable power absorption

per square meter,

2 4 '

P E

5 =t = A2.12

Emax Em 2 (a2 +y )2 ( )
My

This function is plotted in Figure A2.2. The power concentration and
non-radiating geometry permit the use of this structure as a television

transmission line, but at high power, this unshielded Tine is unsafe.
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Figure A2.2 Twin-line Power Concentration Effect

The simple cylindrical twin-line gives attenuation control
which is as sensitive to (t'/a) as the rectangular coaxial structure
is to t/c. It does not have the effect of concentrating energy in
a region away from the web, and indeed all flux lines must pass
through the web. (52 and F are meaningless here where the regions
are infinite.) To control web field strengths we may use the walls
of the applicator as shown in Figure A2.3. This has the advantage
that Zo is more sensitive to be than a. To prevent much change in
Z0 we must move the walls as we adjust a, or else change w to
compensate for this effect. For w/b large, Z0 is proportional to

Y b/w
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Figure A2.3 Shielded Twin-Line Structure

A simple twin-line applicator was built as shown in
Figure A2.4. The characteristic impedance was set to 200 ohms to
facilitate matching to a 50 ohm measurement system. A tee was
connected to the input, one conductor and a section of 1ine. This
Tine was a phase inverter connecting to the other conductor. At
frequencies where it was n/2 wavelengths long the desired mode was
launched. A moving detector measured the amplitude of the electric
fields in the vicinity of the conductors. Water and ethyl alcohol
were poured into specially constructed glass tanks 1/8" and 1" wide.
No detectable attenuation was observed and indeed the water helped
to balance the 1ine and reduce radiation.

Equation A2.11 predicts this very low attenuation, and
shows that the applicator must not be used where e; is high.
Furthermore, it shows that spots with Tow e; are selectively
heated and these are the already dry areas. Due to the continuity

of 6m the wet spots dry more slowly. This is the exact opposite to

the desired levelling effect.
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Figure A2.4 'Test Setup for Twin-line Apph'catoir‘
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APPENDIX II1
CORRECTION FOR LINE CHARGE APPROXIMATION

In Chapter 3, if two strips of charge are adjacent, the
error in approximating them by line charges may be significant. A
correction term for Eq. 3.10 can be derived as follows.

The voltage for a nearby strip of charge of density o

can be evaluated for a length c, giving

6 = —2— [C {ﬁn("z2 +a§ + a,) -ﬁn(¢22+ ai +ay)iz  (A3.1)
(o]

2ne°

where the voltage is evaluated at y = 0 and ¢ + =. It can be

shown that

-C ic Z

Figure A3.1 Potential Due to a Strip of Charge

c
[ An(/xrd +a)dx = c Sinh™ (3 + clintel- 1)

+a(njc + Ja'+c | - [nfal}- 1) (A3.2)
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Then

.0 \aZ + D) -
¢ = 5—{a;enay + azzn(c +Mag + ¢ ayna,
- a1zn(c +\/a% + ¢2) - (a2 - a])

a a
rec Sinh'](a—z-) - ¢ Sinh™] (C—‘) (A3.3)

Subtracting the approximate value given by Eq. 3.8 and taking limits,

we obtain

a]zn(a]) - azzn(az)
a -

.
= {1+ ( ) + an(——)} (A3.4)

Fa
where F2 is the correction term in Eq. 3.8, i.e.

_ oW . c +Mr2 + c2, .
i gim { FZ + an( T )} (A3.5)
Croo

¢

and r = (a] + a2)/2 and w = (a2 - a]). For a set of strips of equal
width, the corrections to Eq. 3.8 are given in Table 3.1, where n =1
for adjacent strips, 2 for the next further away, etc. The correction
F2/2na must be added to Lij for adjacent strips (but not their images).

When this was done, Z0 was only changed by 0.5%.



Table A3.1 Correction for Strip Width

n 1 2 3 4

F, 0.0452287 0.0106180 0.0046687 0.0026165
n 5 6 7 8

F2 0.0016717 0.0011598 0.0008516 0.0006518
n 9 10 1 12

F, 0.0005149 0.0004170 0.0003446 0.0002895
n 13 14 15 16

F 0.0002467 0.0002127 0.0001852 0.0001628
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