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Modeling Microwave and Hybrid Heating Processes
Including Heat Radiation Effects

Jens HaalaMember, IEEEand Werner Wiesbeclkellow, IEEE

Abstract—This paper presents an efficient simulation tool For the optimization of ovens, one needs to determine the dy-
for conventional, microwave, and combined heating. Two namic heat process. Hence, a combination of thermal and elec-
heat-transfer mechanisms are included: conductive and radiant tromagnetic simulations must be used. Both radiation and the

heat transfer. The conductive heat transfer is modeled by a . . . e
finite-difference algorithm. A modeling technique for radiant influence of increasing temperature on the electromagnetic field

heat transfer in nonuniform grids has been developed and is Must be considered.
here presented for the first time. For the radiant heat transfer The finite-difference time-domain (FDTD) method has
a finite-difference scheme is not applicable, as radiation from proven to be an excellent algorithm for the calculation of
a material surface is not bounded to the immediate vicinity, as g|ectromagnetic fields, especially in closed structures like
is conductive heat transfer. Therefore, ray optical methods are Thi thod ds f tati |
used. Rays connecting mutually visible surfaces are obtained by a ovens. _'S method needs ewer computationa resogrces as
new fast method. Necessary, but acceptable simplifications allow Methods in the frequency domain. Broad-band calculations are
fast computations. The algorithms are integrated conveniently easily performed. The FDTD modeling of thermal processes
together with an electromagnetic finite-difference time-domain s also economical in memory usage. A combination with an
program to one simulation tool. Representative simulations are electromagnetic FDTD leads to a very efficient and powerful
presented for an oven heated conventionally, by microwaves, and _. . - . .
by a combination of both. simulation tool. Self-consistent modeling is possible, as well
as analyzing a dynamic heating process.

Both the conductive thermal and electromagnetic algorithm
are of local character as the temperature and fields in one dis-
|. INTRODUCTION cretization cell are only related to their neighboring cells. This

HERMAL modeling is mandatory for the optimizationlocal,scheme applies only to conductive heat transfer. When
T of heating processes in ovens. Especially in combinatic'?n‘\ms'derlng radiant heat transfer, energy may be transported

with microwaves, the heating process has to be carefu ough the whole computational space. Mutually visible sur-
designed to achi,eve a fast and uniform heating. Various f&°€S: view factors, and material parameters have to be deter-
ports [1]-[10] reported electromagnetic-field computations ined an_d used for the calculation. This usually means high

g%)mputatlonal effort. However, the proposed method reduces

Index Terms—+DTD, heat radiation, microwave heating.

microwave ovens, but only few authors [11], [12] include & p iderabl
thermal model in their procedures. To the authors’ knowled Is effort considerably.

all models consider only heat transfer by conduction, while ' . - .
radiation is usually neglected. This simplification become@rmIne surface pairs that are mutually visible and exchanging

guestionable at higher temperatures. In fact, with increasihfbd'ar't energy. A very fast a'gf’”‘hm .has been deyeloped that
temperature, radiant heat exchange becomes more and rﬁ%l%rmmlzed_fordete_ctlng_mutuall_y visible sur_faces ina recta_n-
important since the energy emitted from a material surfagé"ar no_numform grid. This algorithm determines surface pairs
increases proportional t6*. In contrast, energy transported b>yery quickly. They.need to be allocated a_m(_:i ;Fored only once
heat conduction is only proportional T Radiant heat transfer before the calculation starts. Based on this initial step, the cal-

eventually prevails over conductive heat transfer. This pap%qlat'on of the resulting temperature at each time step is very

specifically includes radiant heat transfer and, therefore, Clogggpt‘f?ndd_easy. ina th hani d modeli fih d
the gap of neglected radiant heat exchange. er discussing the mechanism and modeling of the conduc-

Pure thermal problems are mostly simulated by finite-efive and radiant heat transfer, an efficient algorithm for the com-
ement modeling, some of which include radiation. Heati tation of view factors and transfer rays is presented. The in-

by microwaves is sometimes considered, but the variation 'ﬁ'j'on of the ellet'ctroma'gf;'netlcr:] SImu'?tlog.ll.f th??hShOWPH ghy—
the electromagnetic field with increasing temperature due ?5' oven simufation verifies the applicabiiity of the method.

changing material properties is not. Additionally, these models
normally perform only steady-state calculations. Il. THERMAL MODELING

The first sentence of thermodynamics states that if tempera-
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wherep is the density of a materiat, is the specific heat ca- !
pacity, andp’is the power density, sometimes called heat flux. /
The right-hand side of (1) is the power that is transported in or )
out of an environment and that causes a temperature change. =

When using a finite-difference algorithm for heat simulations E
[13], the structure is divided into cells that are assumed to have | =)
constant temperature within. If (1) is applied to the volurhef =
the discretization celf¢, j, &) with dimensionsAz, Ay, Az, B =
one obtains £

T T T P PR
/// PCs %—t dV & pc, %—t V = pes %—t Az AyAz (2) T{ig, k)

Vv e Ff
. . . L -1 Lk T [ir. LR
for the left-hand side of (1). The right-hand side becomes % 2

///—divﬁdV:—ﬂﬁ-d§:P (3) |-
v 5 / )

i ¥ oy ." |I
whereP is the power that is transported into the cell and finally be .I"l |
At L A=

— P 4
pcs Az Ay Az @) . o . iy .
Fig. 1. Discretization cell(z, j, k) and the position of the scalar field
is obtained if the partial derivative is replaced by component(i, j, k) and power vectors.

-
-

T4, g, k) =T (0, J, k) +

or Tt ™

at At ®) (Kl

The powerP may be transported by: 1) heat conduction; 2) heat
radiation; or 3) heat convection.

AB(K)

A. Conductive Heat Transfer

The power density, transported by heat conduction is cal-
culated by Fourier's law

Azik=1]

Pe = —0cgrad T (6)

vv.here.o—C is the thermal condu.ctlv!ty. Applying (6) to the fi- Fig. 2. Heat flux between two cells.
nite-difference scheme shown in Fig. 1, one has to calculate the

power that is transported through each of the six surfaces sepa- ) o
rately. Fig. 2 shows the power medium. It only applies to surfaces. To simplify the model, all

surfaces are assumed to be “gray,” which means their character-
P = // pe . dA @) istic is similar to a “black r_ad_iator,” except that_ they do nptemit
K K or absorb all thermal radiation, but a part of it. In addition, all
A surfaces are assumed to radiate diffuse.
that is tranpsorted between two cells via their common boundaryAs only closed structures like ovens are considered, all radi-
A = Az Ay. The powerF, .(4, j, k) that is exchanged be- ation emitted by a surface is absorbed by another surface. The
tween the two cells is calculated by power transported between the two surfaces (Figi;3nd A,
is determined by

Pc,z(ia ja k)
- _ ae(is J; k = Voo(i, J k) Ar Ay Pi_j vad = i vad Ai ity vaakpT} 9)
Az(k—1) G, j k) + Az(k) (g k—1)
2 Tt Iy g e\b whereA; is the size of the surface; rad, o, raa is the part that

(T, g, k) = T(, j, k= 1)) (8) is emitted or absorbed from;, andA;, kg is the Stefan—Boltz-

] o mann constant arit}; is the temperature ol;. F;; is called the
where each cell may have a different heat conductivity. HoWjey factor and expresses the part of energy that is transmitted
ever, the thermal conductivity is assumed to be constant OV surfaced; and actually received by surfack;, divided by
the volume of one discretization cell. the total energy emitted by surfade. The view factors;; are
B. Radiant Heat Transfer given by

1) Theory: Heat exchange by means of heat radiation is dif- 1 / / COS ; COS
A; Aj

. . F. = —————2 dA; dA; 10
ferent from heat conduction. Heat radiation does not need a 7w A, 72 J (10)
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F e B Fig. 5. Three-dimensional Bresenham algorithm in a nonuniform rectangular
e grid.
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calculation, the stored values are simply processed in a lookup
Fig. 4. Determination of the view factdt; ; for two surfacesd; andA ;. table. o ) ]
The preprocessing is divided into two steps. First, the relevant

. . . cells are determined. Only cells representing solid materials bor-
and are determined by geometrical properties, as shown Jn

Fig. 4. The factors have values between zero for infinitesimc'jcﬁ"red by agas or vacuum are relevant, as only those cells radiate
L of absorb energy.

small surfaces infinitely separated and one for two paralle 4 . .
e ; The next step is to determine surface pairs. Two surfaces are
infinitely extended planes. ThE;; are constant with respect to ;

; alled a surface pair when they exchange energy. Energy ex-
temperature, and determine the part of the power that reachigs .
changes only apply to surfaces that are mutually visible. Every

Aj;l"rlfelsn?-:‘rt]lségfvfrrlzgr?;jn?s/stir:; gggtryvggﬁ' the two surfaces pIRssibIe combination of surfaces has to be checked whether they

which the opposed radiation from; to A, is also considered are linked by a line of sight. .Def’e.”d"?g on t_h_e size and Prop-
is calculated by erties of the oven and the discretization, millions of possible

surface pairs exist. Hence, the visibility check has to be very ef-
ficient.
Here, a modified Bresenham algorithm is used, which
_ combines versatility and efficiency. Computer graphics use
with Bresenham algorithms [14], [15] to draw lines on a screen.
This algorithm determines very quickly the pixels that are
Aikiy = A;Fy (12) penetrated by a line. However, this algorithm has been devel-
and oped for two-dimensional uniform grids. Here, the algorithm is
Erad = Orad (13) extended to three-dimensional nonuniform grids. Fig. 5 shows
two surfaces that are checked and whether they are mutually
which can be proven by Kirchhoff’s law. visible. A virtual line connects the surface centers. If each cell

The final temperature distribution is determined by the eRenetrated by the connecting line is gaseous, then the surfaces
ergy exchange between all surfaces. The radiant power flowiage mutually visible.
through the surfaces of c€li, j, k) is now used to calculate the  The check starts from one surface and proceeds along the con-
variation of the temperature. When applying the conservation@gcting line. The first penetrated cell is the one directly attached

energy (1) to the radiant heat transfer, one finally obtains  to the surface. To determine which cell is penetrated next, the
distanced,, ,, andl. in Fig. 5 are calculated. These are the

T, 4, k) = T™(4, j, k) distances along the connecting line until a new cell imithey-,
or z-direction is reached. The distankeis calculated by

Pij rad = €4, rad€j, rad Ai FijkB (Tf - T;L) (11)

At
Pona.
TR Ay Areli, 5 B)pl, G K) D P

Surface
2, +12
(14) o= Ay [14 B0 = (15)

2) Implementation:For maximum versatility, the simu-
lations are based on a Cartesian, but nonuniform grid. Thidere Az is the minimum distance in the-direction to the
allows an enormous simplification for the determination afext cell. Az is normally the cell width and, therefore, is easily
view factors. An efficient calculation is obtained if the geometaccessiblel,,, /,,, andl., are the overall distances between
rical properties are checked and the view factors are calculatbd surface centers in the, y-, andz-direction, respectively,,
and stored only once before the calculation starts. During thed!. are also calculated according to (15).
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The minimum ofl,, I, andl. determines whether the next
penetrated cell is in the-, %-, or z-direction. In the example
in Fig. 5, the next cell is reached in thedirection. This cell is
tested if it is still gaseous,. is then increased by

2. +12
zx:zx+Ax,/1+% (16)

where Az is the new cell width. The square-root term on the
right-hand side is constant and is calculated only once. In comg. 6. Two parallel plates exchanging heat by radiation.
parison to the original algorithm, only one additional multipli-

cation of the term in the square root with the actual cell width i

Az is needed. This is due to the nonuniformity of the grid. : [ ‘

The determination of the penetrated cells is continued until a i
cell with solid material or the second surfadg is reached. In
the first case, the surfaces are not mutually visible.

The algorithm only determines whether there is a line of sight
or not. Partial visibility is not considered since the computa-
tional effort would be very high. However, as the discretized
surfaces are very small, only a slight error arises.

100

k]

z

Temrperaiure T, in K
=
=

&
'Y
k]
&

r
400
For each surface pair, the view factal$; are calculated. S0 r .ﬂl
Using the reciprocity [see (12)], the view factors are calculated ¥ *  Simulation

only once for each surface pair. As the surfaces are oriented ei- R L
ther parallel or perpendicular in the rectangular grid, the inte- 0 0 B0 A 400 B0 60D
grals in (10) can be simplified. Reference [16] shows a method Teme tin s

for evall_"atmg the view factor without integration, making th%ig. 7. Comparison between theoretical and simulated result.
calculation much faster.

M|::|.=:ur|:|r||:u\'_|1.\_:.L Abrnaniurm Bloek

C. Verification Flani

ML

As heat radiation is not easily separated from other -
heat-transfer mechanisms in practical experiments, two verifi- -
cations are presented in this paper.

1) Theoretical Verification: To ensure that the numerical al-
gorithm for the heat radiation produces accurate results, a the-
oretical experiment has been performed in which only heat ra- ‘ﬁi_:r‘(
diation is considered. Two parallel plates exchange heat by ra-
diation. Each plate is 108 100 mm and is 10-mm thick. They 2 KLl -
are separated by 200 mm (see Fig. 6). One plate has a constant o _
temperaturd’; of 1000 K (plate 1). The other plate (plate 2) haglg. 8. Measurement setup for the validation of the heat modeling. All

Lo ) imensions are in millimeters.
a temperaturd; of 0 K a the beginning and is heated by heat

radiation transmitted from the other plate. It is assumed that the ] ] ] ) )
plates have a very high heat conductivity so that the temperatHPS results for the theoretical solution of the differential equation

o

. -
Air gap

¥
! Mot heated

II.." Heating Plabe

within the plates is homogeneous. in comparison to the numerical simulation. The relative error
By integrating (1) over the volumig of plate 2 and assuming Tiveo — T
that only heat from plate 1 may reach plate 2, one obtains E= — [T]=K (18)
theo
ol “ 4 is smaller than 0.72%.
VQCSpW = &raatraal12Aikn (1) = 1) 17 2) MeasurementsTo show the validity of the proposed

modeling technique, a measurement setup was chosen not only
This equation determines the temperatifat timet, which is  to verify heat radiation, but the complete model. As shown in
compared to numerical simulations. One cannot explicitly sol¥@g. 8, a heating plate was used to heat up a block of aluminum.
(17), but by means of zero finding, it is possible to calculBite The heating plate has a sensor within and one is able to assure
for given timet. a constant temperature of the plate by means of a control unit.
For the simulation, a discretization width of 10 mm is usedherefore, the temperature of the plate was assumed to be
This leads to 10 000 mutual visible surface pairs. The time stepnstant. A block of aluminum was heated on the plate. In the
was chosen near the stability limit. In Fig. 7, one can see bothrofddle of the block, temperature sensitive paper was placed
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Measuremeand TABLE |
Z min 2.5 min MATERIAL PARAMETERS USED IN THE SIMULATION

parameter value 7T in K

aluminium
spec. heat capacity in J/K kg 903 300
949 400
\ density in kg/m? 2702  300-400
| L therm. conductivity in W/m K 237 300
& 240 400
emission coefficient 0.9 300-400

air

spec. heat capacity in J/K kg 1009 270
e 1005 300
3 mim 3,5 min 1007 350

[ i 1008 370
density in kg/m? 1.311 270
1.177 300
1.012 350
1.0956 370
therm. conductivity in W/m K 0.0249 270
0.0267 300
0.0300 350
0.0313 370
I1l. M ICROWAVE HEATING
The heating of materials with microwaves is determined di-

A0°C B3'C 85°C BA°C BO'C

Fig. 9. Measurement results for different heating times of the aluminuihere icc is the microwave power dissipated. As shown in
block. The shadings of the thermosensitive paper were determined using [tig. 11, there are 12 electric-field components dissipating power
temperature-controlied heating plate. within one cell. The electromagnetic power

rectly by

Paec — /» / / (2, T)p(Z, T) % (&, T)dV =0 (20)

12
Pelec = MZ"E|E71|2 (21)
to measure the heat distribution within the block. The paper 4 o
changes its color from white to black within the temperature ) ) o .
range from 80°C to 90 °C. The color of the paper dependdS detgrrnlned by the electric congiuctwﬂy of the' maFenaI.
not on the time exposed to the temperature, but only on the teffMbining (20) and (21) and setting up the finite-difference
perature itself. The shadings of the thermosensitive paper wéffeme, one obtains
determined using the temperature-controlled heating plate. T G k)
The heating plate has a constant temperature ofT,@vhile ' A 12
the aluminum block has a temperature of ZDat the beginning _mys t 2
of the measurement. In Fig. 9, the resulting temperature distri- 0 5 k) + des(i, 7, k)p(i, 4, k) Z wlBl" - (22)
butions are shown for different heating times of the aluminum
block. The computation of the electric energy dissipated in one cell
The simulations were performed using the material paranig-done by a standard FDTD scheme, and includes linear and
ters given in Table |, which were taken from [17]. To ease tHeequency-dependent materials.
comparison of measured and simulated results, a similar colo/Additionally, (4), (8), (14), and (22) are combined to update
distribution was used to print the simulation results. As shoviié temperature in only one computational step. The radiant,
in Fig. 10, there is a very good agreement between simulae@nductive, and electric power is summed up leading to

and measured results. The relative error

n=1

T, §, k)

At
=1"(i, j, k)

T Rady Bz, g, K)pli, 3s )

< Z Prad+ Z Pc+ Z Pelec)- (23)

Surface Surface Volume

_ Ttheo - Tsim

E= . [M]=K 19
CTtheo [ ] ( )

is smaller than 1%.
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Fig. 12. Hybrid oven with casket and samples inside. The samples are placed
on bars. The front, rear, top, and bottom walls are heated conventionally.
Dimensions are in millimeters.
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Fig. 10. Simulated temperature distribution within the aluminum block after — —_ £

different heating times.

-
K

Y ik 1 Fig. 13. Placement of the samples on the bars. Dimensions are in millimeters.

The walls of the oven consist of carbon. Inside the oven, an
Al O3 casket carries four samples o8 bars. The electro-
magnetic and thermal material parameters of the casket and the
E i Tk 11 samples are summarized in Table II.

E Lk 1)

L

A. Characterization of Thermal and Electromagnetic Field

wy iR Distribution

E i+ 1.0k To get more detailed information on the temperature and elec-
T tromagnetic field distribution within the samples, two statistical
values are defined. The first one is themogeneity

E[EP]
HOelec En (24)
U|E|2
E[T]
HOtherm = (25)
Fig. 11. Placement of the electric-field components within the discretization ar

cell (4, j. k).

where E[F()] is the expectation value of functiof(), and

o () Is the corresponding standard deviation. At the beginning

of a simulation, the homogeneity of the temperature distribu-
In this section, the above method is applied to the simulatidion HO¢y,...,, is infinite since the structure has thermal equi-

of a hybrid oven loaded with material samples. The oven has tif@ium, and the standard deviation is zero. Equations (24) and

dimensions of 406« 360 x 350 mnt and is sketched in Fig. 12. (25) allow to characterize both the thermal and electromagnetic

The placement of the samples is sketched in Fig. 13. field distribution. To obtain information about local maxima

IV. SIMULATION OF A HYBRID OVEN
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TABLE 1l —
MATERIAL PARAMETERS USED IN THE SIMULATION I"“’“_“:
| ] -
material parameter value Tin K 3 E]
samples spec. heat cap. ¢, 765 300
940 400
1110 600 -
©—
density p 3970 0-1000 —
thermal cond. ¢ 36 300 _
27 400 — .
16 600 0 |E] n Vim 5000
10 1000 . o . )
. Fig. 15. Electric-field strength®Z| within the oven for a view plane at =
€mission-, 0.78 400 165 mm atf = 2.45 GHz. Resulting characteristic valugdO = 1.25,
abs.-coeff. 0.69 600 HSF = 1.07.
E=a 0.61 800
0.51 1000 308 W08
rel. perm. g¢ 9.6 0-1000
el. cond. k¥ 0.05 0-1000 — s . .
casket + bars same as samples except

el. cond. & 001  0-1000 . - . . . .
30 & 00 & - . .

N B m AR
- -
300 TinK 33 3 Tink a0
H Fig. 16. Temperaturées for the microwave heating at time steps- 30 s and

t = 300 s for a view plane at = 165 mm. Resulting characteristic values:

HO(f = 30's) = 440, HO(¢ = 300's) = 67.17, HSF(# = 30 s) = 0.007,
‘ . HSF(t = 300's) = 0.29.

g ) -
: 3 : samples are not heated within the first 30 s, as the walls are not
HHd TinK HI U Tink =110

hot enough to transfer much heat radiation to the samples. As
Fig. 14. Temperature® for the conventional heating at time steps= 30 s the samples are not heated, there is still thermal equilibrium and
andz = 300 s for aview plane at = 165 mm. Resulting characteristic values: 5 very high homogeneity. After 300 s, the samples are heated
HO(t = 30s) — oo, HO(t = 300s) = 35.26, HSF(t = 30s) = 0.0 ub by 200 K. As radiation t ts the heat to th | d
HSF(t = 300) = 0.06. p by . As radiation transports the heat to the samples an
the samples shadow each other, temperature gradients arise. The

or minima that do not have significant influence on the hom(§-Cales in the figures are adjusted to the maximum temperature

geneity, an additional parameter is defined for characterizatiéﬁ?Ched' i i i
i.e., thehot-spot factor For faster heating, one has to increase the heating rate of the

walls. However, this would cause stronger temperature gradi-

Max{|E? — E[|[E*]|} ents. For a faster and more homogeneous heating at the same
HSFelec = E[E|?] (26) time, one has to use different heat sources.
Max{T — E[T]}

(27) C. Microwave Heating

In this configuration, the oven is only heated by microwaves.
detects local extrema within in the field distribution. Again, theo avoid strong temperature gradients due to the different tem-
same formulation is used for both the thermal and electromageratures of the hot samples and cold walls, a thermal insulation

HSFtherm = E [T]

netic field distribution. (see Fig. 12) is used. The microwave power is fed through a
) . waveguide with dimensions 80 40 mn? located in the middle
B. Conventional Heating of a sidewall. The generator has a frequency of 2.45 GHz and

The front and rear walls of the oven are heated with a constagamboduces 800-W microwave power. In Fig. 15, the electromag-
rate of 5 K/s. The insulation shown in Fig. 12 is not used inetic field distribution af = 2.45 GHz in the frequency domain
this configuration. Computational results are given in Fig. 1i$ given in a view plane at = 165 mm. Clearly seen are the
for ¢ = 30 s and¢t = 300 s. The homogeneity i8lO(¢ = resonances arising within the casket.
30s) — oo andHO(t = 300s) = 35.26. The hot-spot factor  In Fig. 16, the temperature distribution is given for 30 and
is HSF(t = 30s) = 0.0 andHSF(t = 300s) = 0.06. The 300 s. The samples near the microwave feed are heated faster.
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As the electromagnetic field distribution is homogeneous, the
heating of the samples is also homogeneous. The mean temper-
ature of the samples after 300 s is significantly higher than the
resulting temperature of the conventional or microwave heating
alone.

This example shows that the combination of different heat
sources offers the opportunity for a fast and homogeneous
heating. However, the electromagnetic field distribution has
a great influence on the homogeneity of the temperature.
Conventional heating via heated oven walls only influences the
temperature near the surface of the samples. The best results are
achieved if both sources are adjusted to each other so that the
Fig. 17. Electric-field strength within the oven for a view plane aPVe€N walls have nearly the same temperature as the samples.

S0000

x = 165 mm. The field is generated by two broad-band (500 MHz)
generators af = 2.45 GHz center frequency. Resulting characteristic values:
HO = 2.50, HSF = 0.66.

V. CONCLUSION

A new method was presented to simulate heating processes

30 5 00 =

i

e
e

Tin K 1560

JLK} Tink 444k 120
Fig. 18. TemperatureE for the hybrid heating at = 30 s andt = 300 s for
aview plane at = 165 mm. Resulting characteristic valuésO(t = 30 s) =
23.6, HO(t = 300s) = 26.6, HSF(t = 30s) = 0.12,HSF(¢t = 300s) =

0.11.

including thermal energy exchanges by conduction and radi-
ation. The algorithms are implemented within an electromag-
netic FDTD code, allowing the calculation of conventionally
and microwave heated ovens. For the conductive heat transfer, a
finite-difference scheme is used. Ray optical methods are intro-
duced to check visibility of surfaces and, consequently, the ra-
diant heat exchange. The resulting simulation tool is very pow-
L erful and mandatory for the design of high-quality ovens. It al-
lows the determination of temperature distribution inside ma-
terials and an optimization for any desired heat pattern. Espe-
cially for hybrid ovens where different heat sources have to be
adjusted, the developed software package has proven to offer an
excellent opportunity to simulate heating processes and to sup-
port hybrid oven designs. For the verification of the results, two

new definitions, i.e., homogeneity and hot-spot factor, are intro-

One can see that the median temperature after 300 s is o%llj)(/:e

approximately 15 K higher than at the beginning. The problem s
that not only the samples are heated by the microwaves, but also
the insulation. To increase the heating rate, one has to increasé!
the microwave power. However, in this paper, another solution
is presented that allows the increase of the heating rate by ]
combination with the conventional heating previously shown.
. . [3]

D. Hybrid Heating

To achieve a fast and uniform heating, the microwave and
conventional heating are combined. This allows removal of the[4]
thermal insulation from the oven. Simulations of a simple com-
bination of both heating sources show a fast heating. However,
due to the resonance in the electromagnetic field, the temperas]
ture distribution is not homogenous. 6]

To achieve a good homogeneity within the oven, broad-band
microwave generators are used. Fig. 17 shows the electromag-
netic field distribution with two broad-band generators, each fed
into the oven by a waveguide. The waveguides are mounted o
opposite sides of the oven and have an orthogonal polarization.
The bandwidth of the generators is 500 MHz and each one pro—[8]
duces 800-W microwave power. The field distribution shows an
excellent homogeneity.

The results for the temperature distribution after 30 and 300 9!
are shown in Fig. 18. One can see that a rapid and homogeneous
heating is achieved by the combination of the two heat sources.

d.
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