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Abstract The temperature distributions arising in a
low-loss dielectric sample in the process of microwave
heating have been studied by means of numerical
simulation. The convective heat removal has been
demonstrated to play the determining role in the
energy balance of the sample. The obtained tempera-
ture distributions have been compared with the results
of a purposely designed microwave heating experiment
with multi-channel temperature measurement. The
temperature on the surface of the sample agreed well
to the simulation accounting for convective heat
removal. The temperature measured inside the sample
was higher than predicted by simulation. The electro-
dynamic calculations have shown that due to diffrac-
tion effects the electromagnetic field inside the sample
is inhomogeneous even if the sample is irradiated by
microwaves isotropically. Thus, it is concluded that in
order to simulate the microwave heating process
accurately, it is necessary to account for air convection
and calculate the structure of electromagnetic field
inside the sample.
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Introduction

High-temperature microwave processing of materials
[1-3] is an emerging field of science and technology
that attracts a growing interest of researchers world-
wide. According to the results of many experimental
studies, the use of microwave energy for heating
enhances high-temperature processes, such as sintering
[4-7], joining [8, 9], annealing [10-12], solid-state
chemical reactions [13, 14], etc. In many of these
studies the authors have observed reduced process
duration, reduced temperature required to carry out
processes, compared to the conventional methods not
using microwaves for heating, as well as improved
microstructure and properties of the final materials.

In developing microwave processing applications, an
important role is played by numerical simulation.
While repeated experiments aimed on optimizing the
microwave heating regimes are time-, labor- and
energy-consuming, numerical simulation can be an
efficient tool to cut down the costs of application
development. However, to be usable for this purpose, a
simulation method must possess sufficient accuracy. In
particular, solid-state diffusion and other thermally
activated processes are highly sensitive to temperature,
and it is important to be able to control and simulate
the temperature of the material undergoing microwave
processing to an accuracy better than 1%.

Most microwave heating processes of technological
importance are carried out in cavity applicators whose
dimensions are considerably larger than the wave-
lengths of microwave radiation. These multimode
cavities provide better uniformity of the electromag-
netic field, which is believed to be extremely important
for successful implementation of microwave heating
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processes with large-size, complex-shape samples and/
or batches of samples [3, 15]. From the simulation
viewpoint, multimode structures pose considerable
difficulties in the calculation of the electromagnetic
field, as compared to single-mode cavity applicators
[16, 17]. Many simulations try to avoid these difficulties
by assuming that the electromagnetic field and hence
the deposited power are distributed uniformly over the
volume of the sample. However, in many cases,
especially when the samples are not too small in
comparison with the microwave wavelength inside the
material, the field inside the sample is not uniform
even if measures have been taken to equalize the field
distribution in an empty cavity applicator.

Another factor that affects the uniformity of tem-
perature is heat removal from the sample. In contrast
to conventional furnaces where the heat is delivered to
the sample from the outside, in a microwave heating
system the heat is generated inside the sample due to
dissipation of the microwave energy. The temperature
distribution establishes as a result of concurrent heat
generation in the volume of the sample and heat
removal through the sample surface. Therefore an
important role is played by the conditions of heat
exchange on the surface. Most simulations use simple
boundary conditions for temperature, which assume
the heat flux through the surface to be proportional to
the temperature difference between the surface of the
sample and the cold wall of the applicator, with the
proportionality coefficient assumed the same over the
entire surface of the sample. However, if the process is
conducted in air or other gas environment, the actual
heat removal is strongly influenced by convection, and
the intensity of heat exchange is pronouncedly non-
uniform over the sample surface.

The objective of this paper is to determine the role
played by convection and non-uniformity of electro-
magnetic field in a microwave heating process by
comparing calculated and measured temperature dis-
tributions.

Experiment

The experiments on multichannel temperature mea-
surement were performed on a 30 GHz/10 kW gyro-
tron system for microwave processing of materials [18].
The system was developed at the Institute of Applied
Physics and used in many experimental studies (see [3]
for a review of some of them). The microwave
radiation from the gyrotron is fed into the applicator,
which comprises a cylindrical supermultimode cavity.
Hundreds of modes excited simultaneously in the
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cavity are additionally stirred by a rotating mode
stirrer, in order to obtain a more uniform distribution
of the electromagnetic field.

A cylindrical alumina ceramic sample was posi-
tioned in the cavity on a support made of porous
quartz. The dimensions of the cavity, sample and
support are shown in Fig. 1. Although in the majority
of experiments the sample undergoing the processing is
surrounded by thermal insulation, in this particular
experiment no thermal insulation was used, to facilitate
the comparison with simulation described below. The
temperature was measured at eight points of the
sample by type K thermocouples, positioned as shown
in Fig. 2.

The gyrotron system is equipped with a feedback-
loop power control circuit for automatic control over
the gyrotron output power in accordance with a preset
temperature-time schedule. The reading from one of
the temperature sensors is compared with the sched-
uled temperature, and the power is increased or
decreased depending on the difference. The accuracy
of sustaining the preset temperature-time schedule in
the system is about 1%. In the described experiments,
a constant heating rate, 20 K/min, was preset, and the
reading from the thermocouple # 8 (positioned in the
upper region of the side surface, Fig. 2) was used in the
feedback loop of the power control circuit. An example
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Fig. 1 Dimensions of the ceramic sample (1) on the support (2)
in the supermultimode cavity applicator (3) of the gyrotron
system
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Fig. 2 Positions of the thermocouple sensors of the multichannel
system for temperature measurements

of the recorded temperature signal and the gyrotron
output power in one of the microwave heating
processes is shown in Fig. 3.

The properties of the materials of the sample and
support have been determined by separate experi-
ments. The material of the sample is 94 % dense
sintered pure alumina (ALO;, p =3.73 g/em®). Its
specific heat capacity and thermal conductivity were

measured on the sample by a standard dynamic
calorimetric method. The results of measurements
are listed in Table 1 for a range of temperatures. The
complex dielectric permittivity of the material was
determined by a cavity perturbation technique; its
representative value at 7' = 400 °C which is used in the
calculation of the electromagnetic field distribution is
e=95+10.01.

The support is made of microwave-transparent
porous needle-structured quartz (T3MK-10) with a
density of p = 0.144 g/cm’. Its specific heat capacity,
C =947 J/kg K, was calculated based on the reference
data for dense quartz. The thermal conductivity was
determined from the measurements of steady-state
temperature distributions on a cylindrical sample of
the material heated from its axis. The thermal conduc-
tivity values obtained from these measurements are
listed in Table 2.

Model

The evolution of the temperature distribution is
described by a model that accounts for volumetric
microwave heating of the sample and its cooling by
conductive and convective heat transfer into the
surrounding air (the radiation heat losses are negligibly
small since the temperatures do not exceed 400 °C). As
a rough approximation, the power deposition due to
microwave heating is assumed to be uniform within the

Fig. 3 Temperature and 500 25
gyrotron output power
recorded during a microwave -
heating process 400 12
(8]
$ 3001 15 E
[ g
o S
E 200 11 &
]
[
100 1 <+ 1 0.5
0 T - 0
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Time, s
Table 1 Specific heat capacity and thermal conductivity of alumina, p = 3.73 g/cm3
T, °C 0 50 100 150 200 250 300 350 400
C, J/kg-K 704 799 921 979 996 1003 1065 1062 1068
A, W/m-K 8.83 8.05 6.52 5.8 5.49 53 5.17 4.49 4.07
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Table 2 Thermal conductivity of the T3MK-10 material

T, °C 20 33 340 650
A, Wim-K 0.06 0.08 0.1 0.21

volume of the sample. The limitations of this approx-
imation are discussed below in the Discussion section.

The heating process is described by the equations of
continuity, Navier-Stokes, and energy balance. In
cylindrical coordinates (see Fig. 1) for the axially
symmetric case the equations take the following form:
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Here V= (V,=v, V, =0, V,=u) is velocity of
air, T is temperature, p is pressure, g is free fall
acceleration, p, 4, C, n are density, thermal conductiv-
ity, heat capacity and viscosity, respectively, p., is
density of “cold” air. P(t) is the heat source term that
expresses microwave power deposition.

The boundary conditions are defined on the rectan-
gular contour of the simulation area, 0 <r < R,0<
z < L (Fig. 1). They include axial symmetry, fixed
temperature and zero velocity of air at the cavity walls:

oT ou
0<z<L; r=0 o 0; P 0, v=0;
r=R: T=Tg;, u=v=0;

0<r<R; z=0;L: T=Tg; u=v=0.

The microwave-induced heat source is the primary
cause of temperature evolution in the system.
However, in order to accomplish proper comparison
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with experiment, where the microwave power is
controlled to implement a preset temperature-time
schedule, an inverse problem is solved in this simula-
tion. A certain temperature-time schedule is given for
one point of the sample, and the temperature evolution
in all other points of the simulation volume, as well as
the time dependence of the microwave power, P(t), are
obtained.

The computation method is based on a through
calculation, in which conjugation of problems in the
solid bodies and in the air is achieved by introducing
harmonic-average transport coefficients on the bound-
aries between them [19]; inside the solid bodies the
viscosity values are taken high enough to ensure zero
velocities. The equations are digitized using the control
volume method. The pressure field is computed by the
SIMPLER procedure [19]. The microwave power, P(?),
at any given moment of time is obtained from the
energy balance equation at the point of the sample for
which the temperature-time schedule is prescribed.

Results and discussion

An example of the simulation results is shown in Fig. 4.
The temperature-time schedule of the upper point of
the side surface of the sample, Tg(?), was chosen as
Ts = T + at, where the heating rate, o, was chosen
equal to 20 K/min in accordance with experiment.

As the sample is heated due to dissipation of the
energy of the microwave electromagnetic field, the air
surrounding the sample also heats up and its density
decreases. Gradients of air density form within the
applicator and they cause convective air flows. Hot air
goes up, transports heat to the applicator walls, cools
down and descends along the walls. As a result, a gas
flow with a non-uniform temperature distribution is
established in the applicator (Fig. 4, a—c). For compar-
ison, the case of conductive heat transport only (no
convection) is illustrated by Fig. 4d. The temperature
inside the sample is also non-uniform (Fig. 5), with a
maximum temperature difference between the core
and the surface of the sample about 20 K for the
chosen heating rate.

Figure 6 shows the time dependencies of the micro-
wave power, P(t), normalized by its maximum value.
The microwave power has been computed for three
cases: with an account for both convective and conduc-
tive heat removal from the sample (curve 1), conductive
heat removal only, no convection (curve 2), and no heat
removal from the sample (curve 3). For comparison, the
microwave power recorded in a microwave heating
experiment with constant heating rate (cf. Fig. 3) is
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Fig. 5 Distributions (a) (b)
of temperature in the 700 700, T, K 1119

applicator containing the
ceramic sample: (a) in the
axial direction, (b) in the
radial direction (in the middle
section of the ceramic
sample). The heating rate

is 20 K/min
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300

shown (curve 4). It can be seen that the simulation
result that accounts for convective and conductive heat
removal is, on the average, the closest to the experi-
mental curve. By comparing curves 1, 2 and 3 it can be
seen that convective heat removal is prevailing over
conductive during the entire process, except its initial
stage, when the temperature difference between the

600
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sample and the applicator walls is insignificant. At
higher temperatures the convective heat removal is
about 4 times stronger than conductive.

Figure 7 shows comparison of the calculated and
measured temperatures at eight points of the sample. It
can be seen that while the measured temperatures on
the side surface of the sample agree well with the
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Fig. 6 Time dependencies of the microwave power, P(t),
. . . . 600 600
normalized by its maximum value. (1) calculated with an account T °c T °c
for both convective and conductive heat removal from the 7 8’
sample, (2) calculated with conductive heat removal only (no 400 400
convection), (3) calculated with no heat removal from the
sample, (4) experimental curve from a microwave heating 200 200
experiment with the same heating rate (20 K/min)
0 0
. . . . . 0 500 1000 0 500 1000
simulation (taking both convective and conductive ts ts

heat removal into account), the measured tempera-
tures on the axis of the sample (73, T3) and especially
in its core (7,) are noticeably higher than those
predicted by simulation.

To explain this discrepancy, we should recognize
that the actual distribution of the deposited power over
the volume of the sample is not uniform, as assumed in
the simulation described above. The fact that the
temperature in the core is higher than predicted by the
simulation that assumes uniform electromagnetic field
distribution suggests that the field is concentrated in
the core region of the sample.

In the microwave heating practice with high-loss
materials (such as food in domestic microwave ovens)
the field is commonly attenuated from the surface of
the sample to the bulk due to the so-called skin effect.
However, in certain cases when the dielectric loss
tangent of the material is low, the field may form
resonant structures inside the sample, sometimes with
significant concentration of the field in a small part of
the sample [20].

To assess the extent of non-uniformity of the
electromagnetic field in the described experiments,
the electromagnetic field distribution was calculated
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Fig. 7 Temperature of different points of the sample (solid
lines—simulated, dots—measured). The temperature-time sche-
dule Tg(t) was preset as a constant heating rate, 20 K/min. See
Fig. 2 for positions of the points

for an infinite dielectric cylinder irradiated by a plane
electromagnetic wave in which the electric field vector
is parallel to the cylinder axis. The electric field inside
the cylinder is [21]

E.(r,p) = Ey Z A, (kr\/E)ein‘/’,

n=—0o0

where
. ol (kave)  J(ka)
Com _ kay/el, (ka/e) — kal,(ka)
An =1y (ka)q 1 Tu(ka /o) | _eykay®) _ HY(ka) | [

kav/el,(kav/e) ~ kaHP (ka)

J and H® are Bessel functions and Hankel functions of
the second kind, respectively, Ey is the amplitude of
electric field in the incident wave, k = w/c is the
vacuum wavenumber, ¢ is dielectric permittivity of the
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Fig. 8 The square of electric field versus radial coordinate, r, of
the cylindrical sample of radius a = 1.58 cm made of alumina
with the dielectric permittivity ¢ = 9.5 + i 0.01 irradiated by a
plane electromagnetic wave of frequency 30 GHz in which the
electric field vector is parallel to the cylinder axis. (a) ¢ = 0, (b)
¢ =7n/2, (¢) ¢ ==, (d) averaged over ¢. Ey is the electric field
amplitude in the incident wave

material, a is radius of the cylinder. The calculated
distributions of the square of electric field in a cylinder
with the radius and dielectric permittivity correspond-
ing to the sample used in the experiments are shown in
Fig. 8. In particular, the distribution in Fig. 8d, is
obtained by averaging over the polar angle, ¢, which

reflects the fact that in the actual applicator the sample
is irradiated by electromagnetic waves uniformly from
all directions. It can be seen that the field and hence
the distribution of the deposited microwave power are
highly non-uniform and exhibit localized areas of field
concentration.

Conclusions

A comparative experimental and numerical study of the
process of microwave heating of a low-loss dielectric
sample in air in a supermultimode cavity applicator has
been accomplished. It has been shown that convective
heat removal prevails over thermal conduction of air,
starting from early stages of the process. The simulation
taking convection into account results in a good agree-
ment of the measured and calculated values of temper-
ature on the surface of the sample. However, the
measured temperature in the bulk of the sample is
higher than predicted by simulation. This is associated
with the non-uniformity of electromagnetic field inside
the sample, which was not accounted for in the simu-
lation. The distribution of electric field in a dielectric
cylinder has been shown to be highly non-uniform, with
localized areas of resonant field concentration.

The results of this research demonstrate that com-
monly used simple models are inadequate for correct
simulation of microwave heating processes. Accurate
simulation should take into account the heat removal
by convective air flows and the distribution of electro-
magnetic field in the sample. Both of these tasks involve
considerable technical difficulties. In particular, they
require detailed knowledge of temperature-dependent
material properties and significant computer resources.
However, accurate process modeling is a necessary step
to implement really intelligent microwave processing of
materials.
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