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‘8 Claims.

This invention relates to heating apparatus,
and more particularly to a microwave heater
including a microwave-energy-filled region of
space which is of substantial size as compared to
the wavelength of the microwave energy.
< One object of this invention is to devise ap-
paratus for improving the efficiency and uni-
formity of the distribution of microwave energy
in a cooking device.

A second object is to devise apparatus for pro-
ducing a substantially uniform integrated radio-
frequency heat pattern in a cooking device.

- Another object is to devise apparatus for cook-
ing large volumes of food with the expenditure of
a minimum amount of input power.

A further object is to devise means for pro-
ducing periodic changes in the field distribution
in.a radio-frequency cavity, whereby the in-
tegrated heating effect of the field is made sub-
stantially uniform.

A still further object is to devise means for
continuously changing the mode of the waves in
a radio-frequency cavity, whereby the changing
complex modes produce a substantially uniform
overall heating effect therein.

An additional object is to provide a microwave
cooking device in which food masses, whose linear
dimensions are large compared to the wavelength
of the microwave energy used, may be cooked in
a substantially uniform manner.

Still another object is to accomplish the ahove
objects in a simple yet effectivé manner.

The foregoing and other objects of the inven-
tion will be best understood from the following
description of some exemplifications thereof,
reference being had to the accompanying draw-
ings, wherein: ’ ’

‘Fig.,'1 is a vertical sectional view through a
microwave cooker embodying the invention; '

Fig. 2 is a section taken along line 2—2 of 4

Fig. 1 and looking in the direction of the ar-
TOWS;

Fig. 3 is a view similar to Fig. 1 of a modified
coocker;

Fig. 4 is a section taken along line &—& of Fig.
3; and
© Fig. 5 is an elevation looking at the rear wall
of the oven of Figs. 3 and 4 from the inside
thereof,

In microwave cooking devices, the problem
arises of cocking foodstuffs having a rather large
total area or volume. In order to accomplish
this result, it is necessary to energize large
regions of space with microwave energy, and for
proper cooking this energization should be sub-
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stantially uniform throughout the space. Also,
it is desirable to accomplish such energization
with a minimum expenditure of power.

In such a space the wavelength of the micro-
wave energy is small in comparison to the linear
dimensions of the oven, or in comparison to the
linear dimensions of the food mass to be cooked or
heated.

At any single frequency only one mode of
oscillation can exist in such a space. In other
words, there can be only one distribution of
regions of high electriec field intensity and regions
of high magnetic intensity. Unless the walls
are made highly absorbing so that substantially
all incident radiation is absorbed, the differences
in field intensity will be very great. The problem
presented, therefore, is o minimize or eliminate
the effect that such field distribution’ may have
on the heating of the material to be cooked.

The electrical load which is presented to the
source will, in general, change if this field dis-
tribution changes. This will cccur if the fre-
quency of the source is changed or if the quantity
or nature of the food which is being heated is
changed.

Referring now to the drawings, and more par-
ticularly to Figs. 1 and 2 therect, a hollow rec-
tangular prismoidal enclosurs or cavity { is
made of a suitable metal and has rather thin
walls as shown; enclosure { is adapted to serve
as the oven of the heating or cooking apparatus.
A container 2 of food may be placed inside oven
{, said container resting on the bottom wall of
the oven or being placed in any other suitable
position therein while the food is being cooked.
In order fo allow access to the interior of the
oven for placing the food therein ang for re-
moving the food therefrom, a rectansular open-
ing 3 is provided in the front wall of the oven {,
this opening being closable by means of a hinged
metal door 4. When door 4 is closed, the en-
closure | is entirely closed, except for an opening
12 for the exciting means to be described here-
inafter. Cavity { has an internal width w, an
internal height 7, and an internal depth d.

Numeral 5 generally designates an electron-
discharge device of the magnetron type, which
includes, for example, an evacuated envelope §,
made of highly conductive material, such as
copper, and provided with a plurality of in-
wardly-directed, radially-disposed anode vanes
1. The arrangement is such that each pair of
adjacent anode vanes 7 forms, together with that
portion of the envelope lying therebetween, a
cavity resonator whose natural resonant fre-




2,618,735

3

quency is, as is well known to those skilled in the
art, a function of the geometry of the physical
elements making up the same. For the purposes
of the present invention it is desirable that the
dimensions of each such cavity resonator be such
that the wave-length of the electrical oscilla-
tions adapted to he generated therein has a pre-
determined value, for example. of the order of
ten centimeters. Wavelengths of this order lie
in the microwave region of the frequency spec-
trum. However, this invention is equally ap-
plicable to radio-frequency energy of longer or
shorter wavelengths within or without the micro-
wave region.

Centrally located in envelope § is a highly
electron-emissive cathode member 8, for ex-
ample, of the well-known alkaline-earth metal
oxide type, said cathode member being provided
with conventional means (not shown) for rais-
ing the temperature thereof to a level sufficient
for thermionic emission.

The electron-discharge device 5 is completed
by magnetic means (not shown) for establishing
a magnetic field in a direction transversely of
the electron path between the cathode and anode
members thereof.

Magnetron 5 is energized from any suitable
source (not shown). and when so energized de-
livers high-frequency electromagnetic energy
having @ predetermined wavelength to a co-
axial transmission line 9, the inner conductor
19 of which is coupled to oscillator 5 by a loop
{1 and the outer conductor of which is connect-
ed to envelope 6. The inner conductor (0 of
line 9§ extends directly into the interior of oven
{ through a suitable opening #2 provided in the
rear wall thereof, while the outer conductor of
said line is connected to the rear wall of the
oven | by a suitable fastening means 13.

By making the height h, width w, and depth
d of the oven space different from each other,
for example, by one quarter wavelength, and
feeding power into the oven at a point dis-
placed slightly from the center of one surface,

the number of different modes which will ex- 4

ist in & given range of frequencies can be made
somewhat greater than it would be if the oven
were entirely symmetrical. This will tend fo
make the operation of the oven more uniform

if the source is to operate at different frequen-- ;

cies. The dimensions w, ., and d of enclosure
or cavity | are all large compared to the wave-
length of the oscillations of oscillator 5, as stated
above, and are all different. For example, w

may be 13 inches, d may be 14 inches, and 72~

may be 15 inches.
For any given frenuency of operation, how-
ever, the unique distribution of field maxima

and minima still exists. Making the oven irreg--

ular in shape does not change this condition
and therefore some other means must be re-
sorted to. Moreover, it has been found that
great irregularities of the surfaces of the oven,
for example, deep corrugations, tend to increase
the difficulty of providing uniform heating of
food samples. For decreasing the difficulty of
providing uniform heating, it has been found
desirable to introduce the radio-freguency more
or less symmetrically into the oven, rather than
from one corner, for example.
therefore preferably centered with respect to
the vertical side walls of the oven, as shown in
Fig. 2, and is preferably somewhat above the
horizontal midplane of the oven, as shown In
Fig. 1.

Opening (2 is -
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In order to provide uniform heating in the
oven, it has been found satisfactory to move the
food about in the oven so that all parts of the
food are exposed to many different regions in
the oven and the effects of the different field
intensities are averaged out. It is within the
scope of this invention to provide uniform heat-
ing of a body in the oven by moving said body
with respect to the oven. ’

Ancther expedient which has been found sat-
isfactory is to change the boundary conditions
of the oven, thereby changing the field distribu-
tion. This can be accomplished without mov-
ing the side walls by introducing into the oven
an additional reflecting or dielectric ohject which
can then be moved about, causing a change in
field distribution within the confined space.

One possible type of reflecting object is shown
in Figs. 1 and 2. A thin metallic plate member
{4, which may have substantially square upper
and Jower faces, as shown in Fig. 2, is mount-
ed horizontally inside cavity | near the upper
end thereof. The dimensions of the faces of
this plate member are somewhat smaller than
the corresponding dimensions d and w of the
oven, but the face dimensions of the plate are
each a substantial proportion of the correspond-
ing oven dimensions, such as on the order of
three-fourths thereof, for example. Plate 1§ is
fixed to a shaft {5 which extends through the
upper wall of oven | by means of a hole in the
central area thereof. Shaft 15 is mounted, for
vertical reciprocation with respect to oven I, in
a -suitable bearing {8 fixed to the top wall of
said oven. :

Shaft 5 is adapted to be continuously re-
ciprocated vertically, thereby continuously re-
ciprocating or moving plate 14 between the up-
per and lower dotted-line positions shown in
Pig. 1. In order to reciprocate shaft 15 verti-
cally, one end of a link IT js pinned to the up-
per end of said shaft, the other end of said link
being similarly pinned to the outer end of a
crank arm {8 which is keyed to g shaft 19. A
motor 29 rotates a shaft 21 through a speed re-
ducing mechanism 22, A worm 23 is keyed to
shaft 2f and drives a worm wheel 24 keyed to
shaft 19 to rotate said latter shaft and verti-
cally reciprocate shaft 15 and plate {4 at any
desired relatively slow rate of reciprocation.
This rate may be on the order of 75 oscillations
per minute, for example.

It will be apparent that, as metallic plate 14

is vertically reciprocated, in effect the internal
height 7 of eavity { is continuously and peri-
odically varied to a predetermined extent, since
metallic plate 14 “looks” like the upper wall “f
enclosure | to the high-frequency electromag-
netic waves inside the cavity.
- Microwave energy is fed by coaxial line 9 and
exciting probe or rod 10 from magnetron oscil-
lator o to the interior of oven {. It has been
found that a large oven of the above-described
type, containing such a moving plate-like mem-
ber therein and excited by microwave energy
from source b in the above-described manner,
produces a very uniform overall or integrated
radio-frequency heat patfern throughout the en-
tire interior of enclosure I. If is not known ex-
actly how or why this result iz accomplished,
but our present understanding of the theory of
operation is substantially as follows.

Due to the relatively large dimensions of cavity
{ with respect to the wavelength of the radio-
frequency energy, such energy supplied to the
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‘interior of the cavity is reflected back and forth
in various directions by the inner walls thereof
to establish a complex-mode radio-frequency
field pattern in the cavity or enclosure. Because
of the large dimensions of the cavity with respect
to the wavelength of the energy supplied, a plu-
rality of nodes and loops appear in the standing-
wave system set up within the cavity, producing
a high-order mode or complex-mode pattern in
sald cavity, said pattern filling the entire volume
of the enclosure in a more or less uniform man-
ner. The cavify I, due to its substantial dimen-
sions with respect to the wavelength, is a high-Q
cavity, which means that there is a large amount
of circulating (reactive) power within the cavity,
setting up g high standing wave ratio in the oven
which utilizes the expended power in a very efii-
cient manner for heating purposes.

The effective dimension A is periodically varied
by the movements of plate 14, as described above.
Due fo these periodic changes of the effective
internal dimensions of cavity i, the field distri-
bution therein is changed periodically because of
the change in the distance which must be tra-
velled by the waves before reflection from plate
member 14, The radio-frequency field pattern
or fleld distribution in the cavity is therefore
changed periodically; in other words, the mode
present in the cavity is changed periodically with
the periodic reciprocation of plate member i4,
thus in effect “stirring up” the microwave energy
in the cavity. Therefore the device may be
termed a “stirrer” or ‘“mode changer.”

Since the field distribution, or the mode pat~
tern, inside the cavity is periodically changing,
and, since there is a complex mode pattern inside
the cavity, the total or integrated heat provided
in any one area of the cavity during a period of
time will be substantially the same as that pro-
vided in any other equal area of the cavity dur-
ing the same time, no matter where in the cavity
the two comparable areas are located. Due to
this heat uniformity, the oven is made very effec-
tive for cooking purposes.

It is also within the scope of this invention to
change the field distribution in the cavity { by
frequency-modulating the output of magnetron
5, thus changing the wave mode in the cavity
by effectively chaneing the dimensions of the

cavity with respect to the wavelength of the os- :

cillations supplied thereto.

Now referring to Figs. 3-5, these figures show
a modified reflecting-object type of mode changer
or stirrer or field-distribution-changer, together
with a modified feed line between the magnetron
and the cavity. In Figs. 3-5, the same reference
numerals are used for elements corresponding to
those of Figs. 1-2. _

‘In this modification, magnetron 5 when ener-
gized delivers high-frequency electromagnetic
waves to a hollow rectansular wave guide 42
through 'a coaxial transmission line 9 which is
coupled to oscillator 5§ by loop Ii. The central
conductor f@ of line 9 extends into the interior
of waveguide 42 near one end thereof, through
an opening provided in the center of the longer
side of said guide, to serve as an exciting rod or
exciting probe for said guide.

The end of guide 42 nearest this exciting rod
is closed, while the opposite end of said guide is
fastened to the rear wall of enclosure { by fas-
tening means I3 and is open. The interior of
guide 42 is placed in energy-transmitting rela-
tionship with the interior of the cavity | by
means of a rectangular aperture 12’ provided
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in the rear-wall of said cavity, this aperture being
of the same size and configuration as the interior
of guide 42 and being aligned with said guide to
place the interior of said guide in communica~
tion with the interior of cavity [. Aperture {2’
is located in a central position with respect to
the vertical side walls of oven I, and is prefer-
ably located ahbove the horizontal midplane of
oveni.

If desired, the interior of wave guide 42 may
be sealed off or masked from the interior of oven
{ by means of a plate of a material which is
transparent to microwave energy but is not
transparent to solids, liquids, or gases, such as
“Pyrex” or quartz, for example, in accordance
with the principles disclosed in the copending
application of Norman R. Wild, Serial No. 709,-
987, filed November 15, 1946, now Patent No.
2, 599 033, dated June 3, 1952. Such a plate could
be placed in a position covering and sealing the
open (oven) end of guide 42 to keep undesirable
food vapors and steam out of said guide, as ex-
plained in said Wild application.

A motor 20, through a speed reducer 41, drives
2 disk 25 by means of a friction wheel 26. Disk
25 is keyed to a shaft 21, which extends through
a suitable bearing 28, in which said shaft is jour-
naled for rotation, into the interior of oven {
through an aperture provided centrally in the top
wall of said oven. Shaft 21 is continuously ro-
tated by motor 20 through the above-descnbed
mechanism.

Fastened to the lower end of shaft 27 is a me-
tallic grid-like stirrer structure indicated gen-
erally by 29. A sleeve 30 is fastened to the lower
end of shaft 27. An upper support rod 31 is in-
tegral with sleeve 30 and the axis of said rod
extends radially from sleeve 30, so that said rod
is horizontal. Four parallel rods 32, 33, 34 and
35, of smaller diameter than rod 31, have their
parallel axes lying in the same honzontal plane
and perpendicular to the axis of rod 31. The
longest rod 32 of these four rods is integral with
sleeve 30 and represents the diameter of a semi-
circle, said diameter being on the order of ten
Inches, for example; the other rods 33—35 are
integral with rod 31 and have lengths corre-
sponding to chords of said semi-cirele; the axis
of rod 31 is colinear with a radius of said semi~
circle. The axis of rod 31, as well as the axes
of rods 32—35, is preferably spaced a distance
on the order of a quarter to a half wavelength
from the top wall of the cavity i. The axes of
rods 31—35 lie in a common horizontal plane.
The above-described rods 31—35 constitute the
upper half or upper grid of stirrer structure 29.
- The lower half or lower grid of said stirrer

structure is exactly like the upper half previously
deseribed, and consists of support rod 36 and four
chordal rods 31—46 whose axes are perpendicular
to the axis of rod 36, the axes of all the rods

3—49 being horizontal but the axes of rods
27—49 being perpendicular to the axis of rod 36.
The only difference between the upper and lower
halves of structure 29 is that the lower half 36—40
is displaced 80° in azimuth with respect to the
upper half, so that the axes of rods 3! and 3§ lie
at right angles to each other, and the axes of
rods 37—A40 lie at right angles to the axes of rods
32-—-35.

The axes of the rods 36—40 of the lIower half of
the stirrer structure 29 lie in a common horizontal
plane, this plane heing spaced approximately a
quarter-wavelength below the horlzontal plane
in which the axes of rods 3{—35 lic.
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"~ The excifing rod of guide 42 is arranged to
set up TEo,1 mode waves therein, as will be appar-
ent to those skilled in the art. 'These waves
propagate down the waveguide and emanate from
the open end thersof into the cavity {. It has
been found that a large oven of the above-de-
seribed type, containing therein such a rotating
grid-like “stirrer structure” and excited by micro-
wave energy from source 5 in the above-described
manner, produces a very uniform overall or inte-
grated radio-frequency heat pattern throughout
the entire interior of enclosure {, due to its “stir-
ring” action. It is not known exactly how or
why this result is accomplished, but our present
understanding of the theory of operation of this
modification is substantially as follows.

Cavity {, as in the previous embodiment, has
linear dimensions which are large compared to
the wavelength of the radio-frequency energy, so
that a complex-mode radio-frequency field pat-
tern is established in the enclosure or cavity, said
pattern filling the entire volume of the enclosure
in a more or less uniform manner, said cavity
utilizing the input power thereto very efficiently
because of the high @ thereof.

Considering the stirrer structure 29 in the par-
ticular momentary position of Fig. 4, in the first
quadrant (algebraically speaking) there are no
conducting rods whatever, so that in this area
both horizontal polarization components of the
radio-frequency waves pass beyond the stirrer
structure to the top wall of the oven and are re-
flected therefrom. In the second quadrant there
are the conducting rods 32—35 extending from
side to side of the oven parallel to dimension w,
which rods act as a polarizer, permitting only the
horizontal polarization component of the waves
which is perpendicular to said rods (or parallel
to dimension d) to pass through the stirrer struc-
ture in this area and reflecting from the stirrer
structure the horizontal polarization component
which is parallel to said rods (or parallel to
dimension w). In the third quadrant, there are
the conducting rods 37—40 extending from front
to rear of the oven parallel to dimension d and
also the conducting rods 32—35 extending par-
alle] to dimension w, the two sets of rods being
spaced from each other. This structure causes
both horizontal pelarization components (that is,

the one parallel to dimension w ahd the one par- !

allel to dimension d) to be reflected from the
stirrer structure in this quadrant, permitting
neither of these components to pass therethrough.
Rods .32—35 reflect the component parallel to
dimension. w, while rods 37—40 reflect the com-
ponent parallel to dimension d. In the fourth
quadrant, there are the conducting rods 37—40
extending parallel to dimension d, which act to
permit only the horizontal polarization compo-
nent of the waves which is perpendicular to said
rods (or parallel to dimension w) to pass through
the stirrer structure in this area and to reflect
from the stirrer structure the horizontal polar-
ization component which is parallel to said rods
(or parallel to dimension d).

~ From the above discussion, we see that there
is g different polarization-reflection characteristic
in each of the four quadrants of the stirrer struc-
ture; that is, in the first no waves are reflected
by or from the stirrer structure, in the second the
horizontal polarization component parallel to di-
mension w is reflected by the stirrer structure,
in the third both horizontal polarization com-
ponents are reflected by the stirrer strutcure, and
in the fourth the horizontal polarization com-

(W)

15

30

35

40

60

70

75

ponent parallel to dimension d is reflected by the
stirrer structure. Of course, those components
not refiected by or from the stirrer structure pass
on therethrough and are reflected from the top
wall of the oven. Therefore, a wave having both
horizontal components of polarization will ‘be.
differentially reflected by the stirrer structure in
each of the four quadrants

As the stirrer structure is rotated by motor 20
these different polarization-refiection character-
istics will of course be varied or interchanged ac-
cordingly. Therefore, there will be continuously-
varying polarization-reflection characteristics in
each of the four quadrants, resulting in a con-
tinuous effective changing of the wave modes
present in the enclosure, or a changing of the
field distribution which is the “stirring” action.
The integrated heat is thereby made substantially
uniform throughout the cavity. This can be ap-
preciated from the fact that waves, which travel
entirely through the stirrer structure before re-
flection, travel distances which are different from
those travelled by the waves which are reflected
from and by the stirrer structure.

Of course, it is to be understood that this in-
vention is not restricted to the particular details
as described above, as many equivalents will sug-
gest themselves to those skilled in the art. For
example, each of the grids of the grid-like stirrer
structure 29 could cover a complete circle instead
of a semi-~circle, without departing from the spirit
and scope of the invention. In this case, the same
polarization-reflection . characteristics would be
provided in all four quadrants, but by rotation of
the stirrer structure these characteristics would
be intermittently applicable to the four quad-
rants, thus giving an effective stirring action;
Also, other types of stirring devices could be
rotated or reciprocated within the oven to pro-
duce the desired effect. In addition, other types
of mechanical driving means could be utilized
for the stirring devices disclosed. Various other
variations will suggest themselves. It is accord-
ingly desired that the appended claims be given
a broad interpretation commensurate with the
scope of this invention within the art.

What is claimed is:

1. Heating apparatus, comprising means for
generating high-frequency electromagnetic ener-
gy, a high-Q metallic cavity, and means for cou-
pling the energy output of said generating means
to said cavity, said cavity inéluding means for
enabling a body to be heated to be placed inside
said cavity, and continuously movable radiating
means for varying the mode pattern in said cav-
ity. .

2. High-frequency apparatus, comprising a
metallic enclosure, means for supplying to said
enclosure high-frequency electromagnetic waves
having a predetermined wavelength, the internal
dimensions of said enclosure being large com-
pared to said wavelength, said waves setting up
in said enclosure a predetermined electric field
distribution pattern, movable means positioned
in said enclosure for producing changes in said
pattern, and means for moving said movable
means in a continuous manner, said enclosure
including means for enabling a body to be heated
to be placed inside said enclosure. -

3. High-frequency apparatus, comprising a me-
tallic enclosure, means for supplying to said en-
closure ‘high-frequency - electromagnetic waves
having a predetermined wavelength, the internal
dimensions of said enclosure being large com-
pared to said wavelength, a movable metallic
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structure positioned in said enclosure, and means
for moving said structure in a continuous man-
ner, said enclosure including means for enabling
a body to be heated to be placed inside said en-
closure.

4. Heating apparatus, comprising means for
generating high frequency electromagnetic ener-
gy, a high-Q metallic cavity, and energy radiat-
ing means for continuously variably distributing
said energy throughout said cavity, said cavity
including means for enabling & body to be heated
to be placed inside said cavity.

5. Heating apparatus, comprising a metailic
enclosure, means for generating microwave en-
ergy having a predetermined wavelength, the in-
ternal dimensicns of said enclosure being large
compared to said wavelength, and energy radiat-
Ing means for continuously variably distributing
said energy substantially uniformly throughout
said enclosure, said enclosure including means
for enabling a body to be heated to be placed
inside said enclosure.

6. Heating apparabus, comprising a metallic
enclosure, means for supplying microwaves to
said enclosure to sst up therein a predetermined
electric field distribution pattern, and energy
radiating means associated with said enclosure
for continuously producing changss in said pat-
tern, said enclosure including means for enabling
a body to e heated to he placed inside said
enclosure.

7. Heating apparatus, comprising a metallic
enclosure, means for generating microwave ener-
gy having a predetermined wavelength, the in-
ternal dimensions of said enclosure being large
compared to said wavelength, means for coupling
the energy output of said generating means to
said enclosure to set up therein a predetermined
electric fieid distribution pattern, and energy
radiating means associated with said enclosure
for continuously producing periodic changss in
sald pattern, said enclosure including means for
enabling a body to be heated to be placed inside
said enclosure.

[
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8. Heating apparatus, comprising an enclo-
sure defined by substantially entirely closed en-
ergy reflecting surfaces, means for supplying high
frequency electromagnetic waves to said enclo-
sure, a movable metallic structure positioned in
said enclosure, and means for moving said struc-
ture in & continuous manner, said enclesure in-
cluding means for enabling a body to be heated
to be placed inside said enclosure.
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