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MICROWAVE RESONATOR, MODULAR PROCESS CHAIN MADE FROM ONE SUCH MICROWAVE

RESONATOR, OPERATIONAL METHOD AND OBJECTS/WORK PIECES THERMALLY PROCESSED BY MICROWAVES

ACCORDING TO SAID METHOD

(54) Bezeichnung: MIKROWELLENRESONATOR, EINE AUS EINEM SOLCHEN MIKROWELLENRESONATOR MODU-
LAR AUFGEBAUTE PROZESSSTRASSE, EIN VERFAHREN ZUM BETREIBEN UND NACH DIESEM VERFAHREN THER -
MISCH PROZESSIERTE GEGENSTANDE/WERKSTUCKE MITTELS MIKROWELLE

(57) Abstract: The invention relates to
an even-numbered polygonal resonator
wherein a high mode microwave mode
is formed and a large volume part of the
resonator volume with homogenous field
distribution i1s provided for even thermal
processing of workpieces. A pair of coupling
structures are disposed along the outside
of at least one enveloping segment pushing
edge and comprises, to the left and to
the right thereof, at least one rectangular
waveguide advancing the microwave in the
base mode. The common wall section of
the rectangular waveguide and resonator
has a coupling structure of successive
slots/coupling contours, which is disposed
along said wall section. Said microwave
resonator can be constructed in a modular
manner in order to form a process chain
enabling different thermal processes, such
as heating, maintaining the temperature and
controlled cooling, to be carried out. The pair
of coupling structures operate in an opposite,
oscillating direction in individual power
radiation by maintaining predetermined

power radiation in the resonator for precise adjustment of field homogeneity. Thermally processable workpieces are processed
faster, with little energy and in a more economical manner than conventional autoclaves.

(57) Zusammenfassung: Es wird ein geradzahlig polygonaler Resonator beschrieben, in dem sich ein hochmodiger Mikrowellen-
mode ausbildet und so ein grosser Volumenteil vom Resonatorvolumen mit homogener Feldverteilung zur gleichméssigen thermi-

schen Prozessierung von Werkstiicken

[Fortsetzung auf der ndichsten Seite]
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—  mit internationalem Recherchenbericht

zur Verfiigung steht. Entlang mindestens einer Mantelsegmentstosskanten ist aussen ein Einkoppelstrukturpaar angebracht, das links
und rechts davon aus mindetens einem die Mikrowelle im Grundmode heranfiihrenden Rechteckhohleiter besteht. Der gemeinsame,
Wandteil von Rechteckhohlleiter und Resonator hat eine ldngs dieses Wandteils angebrachte Einkoppelstruktur aus aufeinander-
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MICROWAVE RESONATOR AND METHOD OF OPERATING MICROWAV.

L]
e

ESONATCR

The 1nvention resides 1n a microwave resonator, a modular
plant/assembly line build up by such a microwave resonator a
method and workpleces thermally processed in accordance with

J—

the method by means of microwaves.

I'hne heating of food py microwaves 1s well-known. An electro-

magnetic field coupled into a resonator chamber immediately as-
sumes a statlonary distribution in the chamber which depends on
the frequency of the microwave, that is its wavelength, and the

P

geometry of the resonator chamber. The household microwave has

a

frequency of 2.45 GHz, that is, a wavelength A of about 12 cm

L—

in a space filled with air or in a vacuum. The geometry of mi-

crowave apparatus for households resides therefore in a simple

cubic configuration in those dimensions.

Fxperlence has shown, that food exposed to microwaves in the

resonator chamber 1s not uniformly heated. This depends o¢n

—

different water contents of the food components and conse-

I'-'

quently the exilistence of a locally dif

‘erent dipole density,

|

parw—

put most 1mportantly, on the distribution of the clectromag-

netic field in the resonator and consequently the excitation of

the dipoles by the electromagnetic excitation field. During

heatling particularly of similar substances/materials the field

distribution 1s of atmost importance for the uniform heating 1n

B

the whole substance/material volume. A rough but effective aid

prama
—
R—

1n avoiding large spatial field variations 1s a movable sur:

ACe

area 1n the resonator chamber, where impinging parts of the mi-
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crowave radiation are reflected so that field strength varia-

—

tions are localized but are blurred. In this case, The process

material 1s stationary in the resonator. Another or additional
measure resides in moving the process material, for example, on

a rotating plate or a table which 1s moved back and forth.

In the industrial material processing technology, 1t 1s very

important that, during the heating of the goods being processed

by microwaves, the electromagnetic field wvaries 1n the whole

~—

resconator volume or at least 1n a central part of the resonator

volume as little as possible so that 1t 1s close to an ideal
spatially uniform distribution 1n order to avoid overheating

and hot spots.

D

L

19¢ 33 245 discloses a polygonal resonator geometry 1nto

which radiation 1s coupled eccentrically from the front side

thereof with an 1nclined radiation axls. Particularly with a

g

hexagonal cross-section of the resonator geometry, -n this way

a field distribuzTion 1s obtalined, with which, at least 1n the
central resonator area, a volume area 1s provided 1n which a

usable field uniformity exists. Although an electromagnetic

field 1s present 1In the whole 1nterior of the resonator with

the in-coupling of the microwave, the central process volume 1in

which the field 1s homogeneous or 1n which the field variations
are at least tolerable, 1s relatively small. This resonator
with 1ts type o0f 1n-coupiing can only pbe used as individual

resonator and 1s not usable as a modular part of a plant.

_p—

It 1s the object of the present 1nvention to provide a resona-

tor for a microwave to be coupled 1nto the resonator, in which

—

a mixture of multiple modes are formed 1n such a way that, in

the resonator volume, an as large as possible process volure

around the longitudinal resconator axis can be utilized for the

-2
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thermal processing providing that the average fileld strength of

the mode mixture approaches an 1deal uniform distribution 1n

this space.

Such a resonator should be usable as a module that 1s 1t should

—

be usable 1n a setup of an assembly line for the thermal proc-

v .
p—

essing of workpleces by a serial arrangement of such resona-

LOors.

In addition, the resonators should each be operable with micro-

waves 1n such a way that, with a controllably predetermined

pr—

frequency, the establishment of modes 1n the resonator by the

in-coupling of microwaves osclllates 1locally or moves around

the space.

With such a resonator 1t should be possible to process work-

pleces or objects on an 1ndustrial scale by the application of
microwaves based on the volumetric heating while saving time

and enerqgy, particularly resin-soaked compound materials, CFK

and/or GFK can be uniformly cured to achieve high form stabil-

1ty and mechanical locad capacity, as well as cement components

and epoxy-resin cocated structures.

The object 1s solved by a microwave resonator with the
features of claim 1.

The microwave resonator for the thermal processing of ma-

1906 33 245 with a

L+

terial has basically a form as known from D

convex polygonal cross-—section. The cross-section 1s uniforrm.

However, 1t has been found by deliberations and calculations

pased thereon, that the even-numbered polygonality and at least

,‘-

hexagonality of the cross-section of such a microwave resonatcr

1s advantageous for a highly uniform field establishment with

the 1n-coupling of microwaves 1nto a large central volume area

2
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of the resonator. T'he resonator 1interior is simple and 1is

In addition to the two front walls, it has planar

never round.

similar wall segments and consequently, has a uniform cross-

section. Depending on the wavelength A of the microwaves cou-

pled into the resonator, 1t has such dimensions that a high-

mode electromagnetic field can be established.

A resonator 1s sald to be high-mode or over-mode if the resona-

!

tor diameter D 1s substantially larger than the wavelength 2,

for example, 5 times as large, preferably 10 times as large or

even more, 1f such a design 1s feasible, so that in accordance

with the condition:

e ) —~

L + m° + n° = (D/A)°

a large number of anodes (1, m, n) can exist between the mode

numbers L1, m, n and the diameter D, which can be excited and

which are superimposed and as a result, in an over-mode statre.

I'he homogenelty or at least small spatial variation of the

electromagnetic field 1in the large central volume area of the
resonator 1nterior 1is achlieved largely by at least one in-
coupling structure pair for the microwave. The 1n-coupling

structures are similar.

in very large applicators, such an in-coupling structure pair

—

may consist of several wave conductor trains which uncouple

axlally 1in parallel. An cuter longitudinal edge always extends
petween such an 1n-coupling structure pair, which extends at
most over the resonator length, or, respectively, the longitu-
dinal outside edge. several 1n-coupling structure pairs are
disposed 1n thils way around the resonator circumference. Al -

most N In-coupling structure pairs may be provided at the reso-
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nator cilircumference, wherein N 1s a natural number and indji-

cates the polygonality.

Fach 1n-coupling structure comprises a longitudinal arrangement

v

of openings 1n the resonator housing wall above which the rec-

tangular hollow conductor connected to the microwave source

ends. Thls 1in-coupling structure 1in the housing area segment
consists of a series of non-overlapping, equidistant in-
coupling contours or openings, alternately arranged on the left
10 and right along & straight line, that is, the guide line, which
extends parailel to the assoclated longitudinal housing edge.
The 1n-coupling contcurs or openings follow in spaced relation-
ship such that a phase constant in-coupling intc the resonator

of the microwave present 1n the rectangular hollow conductor in

15 the baslis mode TEg: 1s obtalned, and the narrowest width d of

the slots 1s determined from the condition for the diffraction

A\

angle ® with a predetermined microwave length A from

Tan ® = A/d

20
This approximation 1s good for angles ® < 5% for angle ® < 2°
the flrst member of the progression for the tangent is suffi-
cient, that 1s
G = A/d;
25

I'hne in-coupling contours have, on one hand, a width d in accor-

dance wlth the diffraction angle mentioned above, depending on
the first reflection distance L1 of the microwave in-coupled
from the 1n-coupling structure in order to ensure a widening of
30 the developlng wave front 1n such a way that it widens suffi-

ciently to be reflected at two intersecting oppositely arranged

'}

wall area segments. On the other hand, the diffraction angle

1s selected to small enough that the primary bundle in-coupled

S
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intc the resonator does not cover the opposite in-coupling

structure to avolid the back radiation. The split radiation

peams formed after the primary reflection have a sense of rota-

tion directed away from the wave conductor/in-coupling struc-

ture by which they are generated for further reflection and di-

vision and a corresponding nolse-llke but elastic and therefore

loss—-free straying.

r——

With the utilization of the symmetrical in-coupling structure

pairs, a uniform amplitude distribution via the out-couplirg

opening 1nto the resonator directly in the Fresnel short rance

field 1s realized. The further free wave propagation with cor-

current refraction wildening 1s malntained. The wave fronrt

propagating from an 1n-coupling structure 1is multiple times

elastically reflected by the flat metallic inner wall segments
while maintaining 1ts properties and while the wvarious beams
formed are continuously wilidened. The openings of the in-
coupling structure or structures are arranged at the end of the
wave conductor on the resonator wall and in-couple 1into the
resonator 1n a phase-constant manner. On the basis of these
consliderations, the line 1s obtained along which the in-
coupling slots are arranged with regard to the longitudinal
housing axils. This design distance 1s determined on the basis
of the above-mentioned microwave englneering reguirements and

1s variliable within limits.

The sub-claims 2 to 4 describe particular positions and gecme-

tries for the openings.

If, 1n accordance with claim 2, the in-coupling contours are
arranged with their longltudinal axes parallel to the straight

guide 1line, than the strongest microwave in-coupling into the

resonator 1s provided for the respective in-coupling structure.

§
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It they extend normal to the guide line, the microwave 1ir-

coupling 1s lowest. An 1ntermediliate position provides for a

wave 1n-couplilng of Intermediate strength.

In addition to the geometric position of the openings of tre
in-coupling structures of an 1n-coupling structure pair rela-
tive to one another, thelr geometric shape 1s also important

y—

for the guality of the formation of the electromagnetic field

1n the resonator.

For the manufacture, the most simple shape of the in-coupling

contour 1s a rectangle with the width d and the length L = A/2

,—‘!

of the base wave H)ps 1n the rectangular hollow conductor {(claim

3) . With this geometry, there are microwave-physically formed
lesses in the radlation supplied to the resonator, which is ap-
parent form the stronger heating, Joule heating R, by edge
currents particularly 1in the corner areas of the in-coupling

contour.

An coptimized simple 1n-coupling contour as defined in claim 4

follows cver a length L = A/2 of the base wavelength the course

of two mirror 1inverted electrical field lines, that is, the E

tines, of the base mode TEy. in the wall of the rectangular hol-

Low concductor at least approximately from knot to knot. In the

1]

anti-node, the two field lines are spaced by the above-

mentioned width for the 1nfractiorn.

Theoretically any polint-like radiation source consists of a se-

p——

ries development of multi-pole radiators of successively in-

creasing order, 1n the most simple case of a dipole radiator.

From this a complicated form of the in-coupling contour can be

derived which, remote from the radiation source approaches the

1cdeal form of a predetermined multi-pole characteristic.
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—

The loccation c¢f the cpenings of an 1n-coupling structure cf the

-

of 1n-couplling structure palr 1s also i1mportant for the forma-

tion of the field coupled 1nto the resocnator. In claim 5, the

relative arrangement 1s descrilibed. The location of the open-
1ngs relative to one another are equidistant for achieving the
phase consistency to be un-coupled and the distance of the
openings from the gulde line 1s such that an isotropic radia-

tion 1n The reflected distant field 1s obtained.

In the sup-claim b, an arrangement 1s described which achieves

two results: first, for 1mproving the field uniformity in a not

J—

1deal homogenecus field in the process volume of the resonator

2 rotating mode milixer 1s 1nstalled along the section line of
the two radiation planes of an 1n-coupling palr, which extends
at most over the length of the housing edge and which, second
strays the center of the two 1n-coupled radiation herein from

——

the 1n-coup.ing structure pailir, so that none of the two radia-

tion planes falls Into an eventually opposite in-coupling

structure. The modes stirrer should not permit any back re-

r——

flection or almost no back reflection of the primary radiation

pundle from the wave conductor back 1into the wave conductor.

In any case, any such back reflection mnmust be minimized.

Therefore, the stirrer has an elliptical cross-section or a

round cross-section with an alternate concave-convex contour
whereln 1n the convex part, the curvature is such that the fo-

cal point does not fall 1nto the 1in-coupling structure. In

g

that case, only a line-shaped part of the impinging microwave

peam would be reflected or even only a point-like part 1f the
mcde stlrrer 1s additionally torsioned in the longitudinal di-

rection.

Another soiution of the present invention resides in the provi-

sion ¢f a processing line 1n accordance with the features of
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claim 7. At least two microwave resonators according to claim

5 or 6 are arranged adjacent each other with a passage therebe-

tween such that objects to be processed can be moved from one
rescnator to the adjacent resonator wvia the abutting front
walls. The resonators may be arranged 1n a straight line cr at
an angle or even meander-like, so that certain design condi-
tions or limitations can pbe accommodated. With such a process-

—

ing line, a large number of workplieces can pe continuocusly

thermally processed, for example, heated, kept at a certain

pr—
p—
h—

frame or, respec-

temperature or cooled 1n a predetermined time

tively, 1n accordance with a desired curve. With continucus

passage of the workpieces, the workpileces could be heated in
the flrst resonatocr of the processing line, in the second resc-
nator 1t could be kept woven over a predetermined period cf

time and 1n the third 1t could be cooled 1In a time-controlled

maririe r .,

Already with one 1n-couplling palr, a resonator has a large cen-
tral process voliume 1n which at least electromagnezZic uniform
fileld conditions exist, that 1s, there is a homogeneous field

dlistribution. A workplece 1introduced 1into this process volumre

1s subjected at each location to the same field conditions and

1s therefore uniformly heated all over. With a further 1in-

coupling structure palr at the resonator, the field conditions

are further hcocmogenized with the 1n-coupling of microwaves into

Che resonator whereby operatiocnal possibilities are provided to

influence the fleld distribution 1In &a time-based oscillating

fashion.

The operating method according to claim 8 1s another soclution

of the object. The mlcrowaves are 1in-coupled via the in-

—

coupliing structure pairs of a resonator displaced with respect

Lo each other while time-oscillating about a momentary or con-
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stant average value. As a result, the mode formaticn 1n the

resonator oscillates locally or moves back and forth betweer

ﬁ

two areas comparable to a kind of walking wave or iT even cir-

-y

culates 1n the resonator volume. In this way, thermal fine ad-

justments 1n the workpliece to be processed can be made. That
1s, with this methcd, a workpiece disposed 1n the process vol-
ume can actually be homogenocusly heated or kept warm. Alsc,
extremely high heating rates at highest temperature uniformity
are possible wizth thls method, since the phase-based field

varlations have exXtremely low Temperature varlations and there-

fore prevent the formation of hot spots or the possible so-

called thermal runaway.

The type of mode movement can pbe controlled by means cof
the number 1n-coupling structure palrs at the resonator, since
at the minlmum one such pair 1s present at the resonator - up
to the maximum number that can be provided at the longitudinal
housing edges. The 1n-coupling of the whole electromagnetic
energy 1nto the resonator over N present 1n-coupling structure

palrs 1S:

plt) = Zp,(f)

[ =11

N- < N

N 1s the polygonally of the resonator cross-section and
p;(t) 1is the energy in-coupling at the im'in—coupling structure

. 1 ; ;
palr, N° and N are natural numbers.

p(t) 1s a gilven value; 1t may be timely constant or timely

varlable, that 1s, 1t may 1ncrease or decrease. p(t) 1s a sum

pr——

of several values. It 1s apparent therefrom that the p(t) com-

10



f A

10

| J
LA

CA 02531114 2005-12-30

ponents of the 1nstalled or wutilized structure pailrs must
change only oppositely 1n order to maintain the given value.
Transferred to the resonator operation, the type of in-coupling

into the resonator wherein the overall energy input value p(t)

\

1s malntalned 1s called “"mode sweeping”.

Claim 9 finally defines that the energy in-coupling p(t) via

——

the 1n-coupling structure pair I 1s predetermined, but the en-

ergy 1n-coupllng priga-(t) and piee- (1) via the two in-ccupling

structures however varles slightly in an oppositely oscillating

Jr—

manner. There 1s therefore additiconally some sort of small

mode sweeplng:

P:(t) = Prigre (L) + Dies: (L)

In this way, further fine-tuning 1n the homogeneous heat treat-

ment 1s established. HEPHAISTOS makes the complete complex con-

trol possible.

The energy can pbe 1n-coupled by pulse width control or ccentinu-

ously by contrellling the electron beam strength in the respec-

tilve microwave source which supplies the microwave via a rec-

-

tangular hollow conductor line at the end of the hollow conduc-

tor through the respective in-coupling structure.

Claim 10 refers to all objects or workpieces and unfinished

products which can be thermally processed and which can be pro-
duced or form-stabilized 1n a microwave resonator as defined in

ciaims S5 Or 6 Oor 1n a process 1line according to claim 7 or a

method as defined 1n clalm 8 and possibly additionally claim 9.

This may be resin impregnated carbon fiber compound materials,

CFK, resin-impregnated glass fiber compound materials, GFK,

| 1



[0

I
t

F A

-y

0

CA 02531114 2005-12-30

thermally curable resins as such and therefore thermally proc-

esslible polymers, ceramics.

For the objects to be processed 1n the resonator, 1t is impor-

tant for a uniform heating 1n the workpiece volume that they

are expocsed 1n the homogeneous field area or, respectively, in

the field area with the smallest local wvariations. To this
end, the resonator 1ncludes a support structure which is perma-
nently 1installed therein or which can be removed Zfor loading

priow
e
by

for the processing. It consists of a material

and 1nserted

which does not disturb the electromagnetic field and which 1s

e

heat resistant. In the process volume area, that 1s, 1n the

P

area of high field homogenelity, 1t may even be metallic. The

reason nerefor 1s that on the surface of the workplece intrc-

duced 1nto the process volume the electric field lines extend

with the given field situation normal or at least almost normal

to the surface of the support structure so that no currents cor

only negligibly small currents are induced in the surface which

have no detrimental influence on the process.

With such a microwave resonator design an axially symmetrical

—

field homogeneity of high gquality 1s obtained by superpositicn

of numerous beam bundies whilich are propagated by multiple re-

flections and uniformly distributed. As a result, 1in the resc-
nator volume, a centrally arranged large usable process volure

138 Oobtained.

Below the microwave resconator will be explained con the basis cf

an experimentally utilized embodiment shown in the accompanvina

1}

drawings. The figures show:

Fig. 1 the resonator cross-section with an in-coupling struc-

ture palrs,
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Fig. 2 the resonator cross-section with two 1n-coupling struc-
ture palirs,

Fig. 2 an exemplary mode stirrer cross-section,

-/

Fig. 4 the i1n-coupling structure,

Fig. 5 an in-coupling contour adapted to the base moce,

Fig. ©a the resonator 1In an autoclave - transverse Cross-
section,
Fig. ©6a the resonator 1n the autoclave - longitudinal cCcross-
section,

Fig. 7 mode sweeplng
Fig. 8 a time-pased cure,

Fig. 9 a metal bocdy coated with a resin to be cured.

Fcr microwave technical applilications, wilith a justifiapble tech-

pr——

nical expenditure, tThe microwave range of 10 MHz to 30 GHz,

preferably the range of 100 MHz to 25 GHz, the latter bein

pr—

equivalent to the wavelength in air/vacuum of about 33 cm to

1.2 cm 1s approprlate. In this band, many ranges are used for

the communicatlion 1n many ways so that, as a result, only the

ISM freguencies 915 MHz, 2.45 GHz (household microwaves), 5.85

GHz and 24.15 GHz can be considered for utilization. Resonator

geometrlies are adapted therefore to the associated wavelengths

32.8 cm, 12.2 cm, 5.1 cm and 1.2 cm.

In the present case, below the prismatlic resonator with a uni-

form hexagonal c¢ross-section and the process line derived

therefrom wili be described. The resonator 1s operated with

2.45 GHz. It 1ncludes such dimensions that 1n the resonator
volume, the des:ired, above-mentioned high mode operation 1s
formed with the 2.45 GHz microwave 1n-coupling. The resonator
consists of stailnless steel. In the exemplary embodiment, 1t

-

18 accessible via bozZh front sides of

the resonator which can

be ciosed by docrs vecause of the continuously oloky
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served/controlled heating of the resin 1mpregnated compound ma-

terials beling processed at the time. The heating 1s surveyed

by thermal sensors which are not atfected by the electromag-

g
P

ferent locations. In addi-

netic field and are disposed at di:

tion, the heating 1mage o©f the object being processed may be
constantly observed by a thermal camera. The heating proccess:
Heating to the desired temperature, malintaining the tCemperature
constant is controlled electronically by means of the heating

control arrangement of the system with the designation HEPHAIS-

TOS (High Electromagnetic Power Heating Autoclave InSeT Oven

System) .

Fig. 2 shows the cross-section of the resonator with an 1n-

coupling pair 1, 11 arranged parallel to the upper left housing
edge A. The undivided in-coupling structure comprilises the rec-
tangular hollow conductor which extends to the resonator at the
outside thereof and 1s 1ntegrated wlth the resonator wall. Tt
extends 1n the present case almost over the whole resonator
length (see Fi1g. 4b). In the wall part common with the resona-
tor the actual 1n-coupling structures are provided along the

center line of the common wall part (see Fig. 3).

The radiation plane of each 1n-coupling structure extends nor-
mal to the adjacent housing wall segment. In accordance with

the 1n-coupling structure, the beam volume at the maln part

thereof has an opening angle such that for the first reflecticn

it is directed toward two housing wall segments which are dis-
pcsed directly adjacent each other. In the arrangement as
shown here 1n Fig. 1, starting from the housing cover wall seg-
ment the beam i1mplnges on the opposlite parallel bottom housing
wall segment and the neighboring wall segment i1nclined thereto
at a 60“ angle. The microwave beam in-coupled into the resona-

]

tor by the in-coupling structure arranged at the top side area

| 4
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inclined at a 60° angle provides for a corresponding beam patn.

The respective divergent 1nner wave beam 1s reflected Dby the

planar wall segments and is widened. Small focus areas are

formed along the resonator - like wilth round resonator wai's.

The small arrows shown at the beam edges and at the respective

first reflection areas 1ndicate the first reflection, the

curved arrows indicate the sideways branching of the beam edges

of the beam upon first reflection.

The mode stirrer 1s disposed 1n the area of 1ntersection of the

two not vet reflected main beam lobes. It extends almost over
the whole free inner resonator length. It 1s supported for ex-

ample on the two resonator front walls and 1s driven from the

r—

pr—

outside by way of a penetration 1n one of the Ifront walls. It

it 1s suiltably electromagnetically shielded the electric drive

may alsc be arranged 1in the 1interiocr of the resonator. The
cross—-section o©of the mode stirrer 1s shown here star—-like
rounded, that 1s, 1t provides alternately for four convex and
concave contour sections. The mode stlrrer as shown has a sim-

ple, that 1s, non-contorted configuration and fulfills the con-

dition that, 1f at all, radiation 1s reflected back 1nto the

in-coupling structure only along a longitudinal line and only

for a short period - depending on the rotaticnal speed of the

a—ry

mode mixer. In any case, the central area of the two radiaticn

lobes which reach the mode stirrer are strongly wlidened at the

exposed envelope part.

Fig. 2 shown the resonator with two 1n-coupling structure pailrs
mounted to the outer resonator wall. The second in-coupling
structure pair 1s disposed at the longitudlinal resonator hous-

ing edge of the common housing wall segment. Sirce the in-

coupling structures are all of the same type, the beams extend
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in a corresponding way. And since all the microwave peam lobes
are wldening and are reflected by planar wall sections, the
electromagnetic field distribution 1n the 1nterior of the reso-
nator becomes immediately qgquite uniform. Wlith both mode mix-
ers, the relatively high density of the microwave beam part
which has Just been coupled 1nto the resonator and which 1im-
pinges on the mode stilirrer 1s widened 1n 1ts density after re-
flection at The stirrer and 1s weakened and, Dbecause of the

particular symmetry of the hexagon, 1s elastically reflected so

that the field density becomes more uniform also 1ir this way.
The mode mixer 1s disposed on the line of the i1intersection of
the two beam planes o©of the 1n-coupling palr and 1n this wavy,
additionally avoids, 1n any case, that the two radiation planes

extend to a respective opposite 1n-couplling structure.

A mode mixer 18 useful in that 1t contributes to the field ho-

™)

mogeneity. Fig. 3 shows two examples of a mode mlixer cCross-

section, a star-like rounded and a keyhole-shaped noce mixer.

In any case, the concave contour sections should not have &

A

curvature radius that the focal line - a straight 1line for a

—

longitudinal mixer, &a thread line about the axis of the mode

mixer for a torsional mixer - of this part falls onto the in-

coupling structure but 1s disposed further behind. It The mode

mixer has a coconvex cross-section, for example, lens-like or el-

lipsoild, thils reguirement does not exist.

Precondlition for achieving usable electromagnetic field condi-

tions, 1n addition tc the resonator geometry, 1s the structure
of the 1n-coupling devices for the microwave. Calculation have
shown, and experiments confirm, tThat wilith a structure as shown
in Fig. 4 fieid homogeneity or at least a spatially tolerably
small field variation can be achieved. The common wall section

cf the rectangular hollow corductor disposed ¢cn the outer wall

6
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and of the resonator wall has, at both sides of longitudinal

center axls thereof, rectangular slot-like openings which are

p—

arranged evenly spaced over the length of the resonator. Based

-

on this freguency of the microwave, 1n this case, the housenold

microwave frequency v = 2.45 GHz, the rectangular slots have a

P
P

length of L = 62.8 mm and a width d, which 1s determined by the

diffraction conditions

Tan ® = A/d, or respectively, © = A/d

The dimensioning of the 1n-coupling contour however 1s not

fixed, it 1s only exemplary. The 1n-coupling openings are

spaced from one another such that a phase-constant out-coupling

into the resonator 1s provided.

Fig. 5 shows a simple 1in-coupling contour which considers the

Jrvve

microwave physical conditions. In the area of the resonator

wall above which the rectangular hollow conductor ends, the 1n-

coupling contours of the 1in-coupling structure are sc-shaped

that the base mode TE.; 1s favored by the form of the respective

.

in-coupllng contour. The contour follows two E-field llines of

the base mode 1in the wall of the rectangular nhollow conductor

which are mlirror-reversed wlth respect to the longitudlinal axes

po—

of the 1in-coupling contour. The two nodes of the E-

A

fi1eld lines

are disposed on this longitudinal axis; they are spaced by A/2

F—-
aad

of the base wavelength and form the end of the in-coupling con-

tour. The loop of the i1n-coupling contour has the width d con-
sidering the diffraction angle of the 1n-couplling 1nto the

resonator. Along exactly this contour, the situation E, = 0

exists. This contcur 1s geometrically simple; 1t can be easilly
cut out of the rescnator wall using modern metal wWoOrking ma-

chines. )

n-coupling contours wilith more complex shapes based cn

the setup of a multi-member serially develcped radiation source

[ 7
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are basically possible but should be examined as tc whethex

they are economical for the particular technical application.

Figs. ©6a to ob show a particular application or respectively
design. The oven indicated here with a clrcular cross-section
is for example an autoclave as 1t 1s known from conventional
thermal processes. With a suitable design, 1t can be used 1n
connection with wvacuum process Or pressure processes. Since
such a conclave can be ciosed hermetically 1n such a way that
it 1s also electromagnetically tight, a radio-technically
static-free use ensured. The resonator, microwave-technically
fully equipped, 1s moved 1nto the autoclave on skids. It 1s
releasably or firmly anchored 1n the autoclave depending on the

overall process. The energy supply as well as the sensor and

-

control cables for the control and surveillance of *the process

is provided wvia =Technical.:y sultable penetrations in the auto-
clave and, as needed, also 1n the resonator. In the two fi1g-
ures ©oba, cross-section, 1g. ©6b, axial longitudinal cross-
section, the simple technical transport solution of the skids
or tracks 1is indicated. With a higher welght, the resonator 1s
provided at 1its outer wall with lugs and/or hooks pky way of
which 1t can be moved using a crane.

Fig. 7 shows the mcde sweeping for the most simple case of two
in—-coupling structure pairs. Microwaves are 1n-coupled via
poth pailirs so that the central process volume which 1s shown

here 1n cross-section, 1s formed. By the alternating oscillat-

ing in-coupling via the two 1n-coupling structure palrs for ex-
ample the outward pbendlng as 1ndlcated by the two contours ex-

tending 1n each case from one 1in-coupling structure palr move

pack and forth or clrcumferentially. In this case, the prede-

termined energy

18
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1s in-coupied.

Fig. 8 shows additionally an exemplary presentation of the

time-dependent heating of a workpilece 1n a resonator or of many
workpleces 1in a processing line. First, the workpiece 1s
heated up linearly along a ramp while the highest microwave en-
ergy 1s 1n-coupled. Then the temperature 1s maintained con-

stant over a predetermined time 1nterval that 1s the radiation

heat losses of the workplece must be compensated for by micro-

wave 1in-coupling. For this procedure, less electromagnetlic en-

ergy 1s needed than for the heatilng. At the end finally, a

predetermined linear cool-down procedure 1s followed. The ra-

diation losses are not fully compensated for. For this proce-

dure, still less energy 1s needed than for maintaining the tem-—
perature constant. The temperature and energy 1lnput curves are
shown 1n Fig. 8 1n an exemplary and only qgualitative manner.

Ry way of devices, well-known 1n control engineering, such

processes are run supported by computers (internally HEPHAIS-
TOS) . The momentary state of the workplece or the workpieces
1s determined by temperature sensors positioned at the work-

prin—

pieces or by way of a heat camera which can eventually be cali-

brated and 1s processed 1n a computer for the control proce-

dure.

e

The importance of the homogeneous fleld distribution 1n the

central process volume of the resonatcr 1s pointed out and ex-
plained on the basis of Fig. 9. Metallic objects are problem-
atic 1n a microwave apparatus for a household and the respec-
tive operating manuals point out that they should not be placed

into the resonator. The f1eld distribution based on the resc-

nator dimensions in the wavelength A 1s 12 cm wherein a micro-

[9
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wave apparatus for the household 1s 1nhomogeneous. Rotating
plates in some better apparatus or uneven heating 1rn more sim-

ple apparatus point this out 1ndlrectly.

Coating objects with a layer 1n order to protect the objects

for example from environmental influences 1s a technical fin-

ishing procedure often used. To coat for example a metallic
housing completely and without gaps wilth an epoxy resin layer
1s prcblematic as far as expendiltures are concerned. It 1s

problematic because the resin layer must be cured. in this

case, the importance of the homogeneous field distribution 1in
the central process vclume with 1n the resonator 1s apparent.
A metal housing can be subjected i1n such a process volume to

—

radiation without danger pbecause, as a result of the homogene-

ous field distributicn, there are noc field components parallel

or tangential to the metal surface which would 1nduce currents

in the metal wall of the housing, but the laver deposited on

’-‘-v-

the metal surface 1s fully 1mmersed 1n this field so that the

layver volume 1s uniformly heated. This occurs volumetrically
from within and not via the layer surface as 1t occurs with
conventional thermal heating procedures 1n autoclaves or by in-

frared 1rradiaticn.

Large metal housings such as ship podles can be provided wlth a

cured epoxy resin layer for example 1in a prismatic resonator of
hexagonal crcss-—-section.

The resonator dimensions concerning the diameter and the
length are 1in the range of many meters. The resonator 1s a
metal sheet housing along which an 1n-coupling structure part

yro——

is provided which extends along one of the housing segment lon-

gltudinal edges. Such an 1n-couplling structure palr 1s ar-

ranged symmetrically to the longiltudinal edge thereof and has
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several in-coupling structures, in this case, for example twoO,

in order to couple sufficient microwave energy 1ntc the resona-

tor. With the dimension being 1n the range of many meters,

—

with a microwave of 915 MHz, eguivalent to 31 cm wavelength, a

sufficient field homogeneity 1in the process volume can be

achieved. The stylized ship body, see a front view 1in Fig. 9,

is disposed fully within the process volume. The resin layer

applied uniformly to the whole ship body 1s cured without local
hotspots 1n a qualitative timely course about according to Fig.

3 .

The accessibility to the resonator depends on the process to Dbe

cerformed or on the installation of the resonator 1n a process-
ing line. Therefore, 1t 1s accessible at 1ieast via a front

wall or a wall segment via a door or a sluice or by removal.

It is also possible that certain workpieces must be processed

by microwave 1n a vacuum or under pressure tTo a dJgreater Or

yr——

smaller degree. So that the structure of the electromagnetic

field 1in the 1interior of the resonator remains will defined the

resonator wall 1s braced or reinforced on the outside with

stiff profile material.

The resonator setup 1s also determined by the process to

~vrey

be performedc. Tt may therefore be supported with the housing

wall and/cr the front releasably anchored. For moving, the

resonator may be disposed on a sled or a cart for example and

is therefore provided at the outside thereof with nooks and

cars for its manipulation.
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K 244

Patent Claims

1. Microwave resonator for the thermal processing of mate-
rials by means of milcrowaves, comprising a high mode resonator
with an even number convex polygonal, at least hexagonal,

"ront sides are

cross-section, whose wall are segments and both

L1

planar and the longiltudinal edge formed between two immediately

acjacent wall sections, that 1s, the longitudinal wall edge ex-

gro—

Cends parallel to the longitudinal axis of the resonator,

an 1n-coupling structure pair arranged symmetrically along
at least one longitudinal wall edge, comprising at least two
longitudinal 1in-coupling structures, wherein each in-coupling

structure 1s arranged along a straight guide line which extends

parallel to the longitudinal wall edge of the resconator wal.

q

and the straight gulide 1ine 1s disposed 1in spaced relationship
tc the assoclated longitudinal housing edge such that the mi-
crowave pbeam couvled thereby into the resonator 1is reflected
with the first reflection by two adjacent wall area segments
and divided into twce peam parts, wherein:

each 1n-coupling structure 1is connected to the end of a

rectanguiar nollow conductor which is associated with a micro-

wave source and carriles a microwave in a TEsj;-mode, and

the 1n-coupling structure into the wall area segment con-

r—‘-

sists of a series of non-overlapping equidistant openings in

the resonator wall, that 1s the in-coupling contours/-openings,

arranged alternately to the left and right c¢f the respective

guide straight 1line extending parallel to the longitudinal
housing edge,
the 1n-coupling contours/openings being disposed in spaced

relationship so as to provide for a phase-constant out-coupling

I\
D
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into the resonator of the microwave present in the rectangular

hollow conductor 1n the base mode TEqy;, and the width of the

opening (slot) 1s determined approximately from the condition

for small refractlion angles ©® with predetermined microwave
length A from

tal’l @ — )u/d

and for very small refraction angles ® from

2. A microwave resonator according to claim 1, character-
1zed 1n that the 1n-coupling contours extend with their longi-
tudinal axes parallel to the guilide straight line - strongest
microwave 1n-coupling - or normal thereto — weakest microwave

in-coupling or somewhere between these two positions.

3. A milcrowave resonator according to claim 1, character-

1zed 1n that the in-coupling contours are rectangular having a

g—

width d and at most a length L = A/2 of the base wave H.-; in the

rectangular hollow conductor.

4. A microwave resonator according to claim 2, character-

1zed 1n that the in-coupling contours follow over a length L =
A/2 of the base wavelength the course of two electrical field

iines which extend relative to each other in a mirror-reversed

fashion, that 1i1s, the E-field lines of the base mode TFE

- 1n the

v

)

_

wall of the rectangular hollow conductor, at least approxi-

mately and which are spaced apart in the lobe area by the width
d.

I\
)
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>. A microwave resonator according to one of claim 2 to 4,

characterized 1n that the Iin-coupling contours/openings are

—

ecuildlstant for obtaining phase consistency of the phase to be

pro—

in-coupled, and the distance of the openings from the guide

straight line 1s such that an i1sotropic radiation in the dis-

tant reflected field 1s obtained.

o. A microwave resonator according to claim 5, character-

ized 1n that a mode mixer 1is installed along the wall edge

' el

straight line of the two radiation planes of an in-coupling

structure palr which extends over the length wall section edge.

7. A plant/processing line for the thermal processing of
materials by microwaves, characterized in that at least two mi-
crowave resonators according to claim 5 or 6 are arranged dis-

posed rfacing each other such that through a passage between the

—

twe adjacent front faces objects being processed can be trans-

ported from one resonator to the other.

3. A method for operating a microwave resonator according

o

to claim 5 or 6, or c¢f the microwave resonators of a processing

al

line according to claim 7, comprising the following steps:

the power 1n-coupling p(t) of the microwave via +<he in-

—

coupling structure pairs of a resonator occurs corresponding to

& provision, 1ncreasing with time, constant in time, or de-
creasing with time,

whereln additionally the power in-coupling 2p: (L) via the
N 1n-couplling structure pailrs can osclllate/vary around the

predetermined value p(t) and, maintaining the sum of the prede-

termined value, can be operated displaced relative to ocne an-

other so that the stationary mode formation in the resonator
osclllates locally synchronously with the oscillation, depend-

ing on the number N of the in-coupling structure pairs provided

24
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on the resonator wall, between two locations back and forth or

moves in the resonator volume around the resonator axis.

9. A method according to claim 8, characterized in that,

the 1n-coupliing by way of the i1n-coupling pair 1 is uniform or

oscilllates around the average value p;(t) of the power in-

coupling oppositely detuned while maintaining the average value

p: (T) .

10. A thermally processible object which i1s manufactured
in 1ts end form 1n a microwave resonator according to one of
the claims 5 or © or a processing line according to claim 7 in

o

accordance with the method of one of the claims 8 and 6.

1D
‘N
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