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¥ < i & Abstract

To address a basic physics issue in the growing field of dielectric heating by
microwaves > we present the theory and experimental observation on the effect of
polarization-charge shielding. Non-spherical samples are irradiated by a uniform
traveling wave in an anechoic chamber. The polarization-charge shielded heating rate
is shown to be highly dependent on the sample’s shape and orientation relative to the
wave electric field - which may become a major cause for an excessive temperature
spread. This is a significant effect studied comprehensively for the first time - along

with a demonstrated remedy.

Key words: microwave heating » polarization charge shielding » anechoic chamber.
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Chapter 1 Introduction

Radio frequency (RF) and microwaves penetrate much deeper into dielectric
materials than the infrared radiation. Hence > dielectric heating by RF and microwaves
allows far more rapid energy deposition to the bulk of the object than in a
conventional furnace. This is an environmentally friendly method widely employed
for scientific research and industrial applications. Examples include food processing
[1], wood drying [2] > ceramic sintering [3, 4], medical treatment [5] » environmental
engineering [6] > and insect control [7-8]. This is also a method still far from a mature
stage. Current techniques need to be refined for more demanding applications » while
new techniques > such as localized microwave heating [9] > are being developed for
novel applications. On the other hand, microwave-assisted synthesis has become a
burgeoning field of research in organic chemistry [10] > polymer science [11] > and
drug discovery [12] only in the last decade.

The growing trend in sophisticated applications necessitates a deeper
understanding of the physics issues concerning dielectric heating. As a specific
example - for the protection of the ozone layer, the Montreal Protocol has stipulated a
gradual phase-out of some of the most effective pesticides (such as methyl bromide).
This has motivated active research on RF/microwave insect control > where the

primary challenge has been to achieve a high degree of heating uniformity to avoid
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damage to the host medium.

The RF region ranges from 3 kHz to 300 MHz and the microwave region from

300 MHz to 300 GHz. A frequency in the industrial > scientific > and medical (ISM)

bands » notably 2.45 GHz - is often the choice for heating applications. The basic

theory for dielectric heating applies to all bands. For practically all applications °

uniform heating is highly desirable and > in many cases » of critical importance.

Non-uniform heating can result in under-heated cold spots and thermal runaway due

to accelerated heating at a hot spot > in addition to the difficulty of data analysis.

There are well-recognized reasons for non-uniform energy deposition * such as

spatial field variations > shallow penetration depths > and inhomogeneous/anisotropic

samples [2]. Somewhat less obvious is the shielding of the incident wave electric field

by polarization charges induced on the sample. Exposed to an electromagnetic wave °

a dielectric object’s interior electric field can be shielded to a much smaller value than

that of the surrounding wave. As a result » the heating rate is much reduced. Such

effects have often been overlooked in the dielectric heating literature. In some cases *

the well-known field reduction factor for a spherical object [Eq. (2) below] has been

used to account for the polarization charge shielding (see > for example > [4] and [7]).

As discussed later - a single reduction factor will be much too simplified to model the

heating process of non-spherical objects > especially those with a relatively large
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dielectric constant. To our knowledge > here has been no focused study on this crucial

effect although it is inherent in most experiments and simulations.

In the current study - it is shown in experiments and verified by numerical

simulations that such an effect can cause an excessively high temperature spread for

non-spherical objects. The study concludes with the demonstration of an effective

remedy to this deleterious effect.



Chapter 2 Theory of dielectric heating

Consider a dielectric medium of complex permittivity ¢ = &’+ig¢” immersed in a
uniform AC electric field E = Ege ™. Time variation of the electrical polarization P =
(e—0)Ege ™" > results in a polarization current density J = —iw(e—eo)Ege " > where & is
the permittivity of free space. Thus > the power deposited into a unit volume can be

written

Py =LRe[J-EX=LewlE, [, (1)

_1
2
which is the commonly used expression for dielectric heating (see> for example - [1]-[4]

and [8]).



2.1 Polarization-charge shielding of spherical objects

In Eq. (1) » if e>>¢y, the induced polarization charges on the sphere play an
important role in shaping E;. Consider the simple case of a uniform sphere immersed
in a plane wave with an amplitude £y and a wavelength much greater than the radius
of the sphere. The electric field (£,) inside the dielectric sphere happens to be uniform
given by [13]

3&

Eq= £+2¢, 2 )

Substituting Eq. (2) into Eq. (1) > we obtain

=30

g +8"2+4g g+4gz] 0l )
Comparing Egs. (1) and (3) - the expression in the brackets in Eq. (3) gives the
reduction factor in power absorption due to the polarization-charge shielding. As an
example > the rubber wood has a moisture-dependent dielectric constant (g /gy) ranging
from 2 to 35 at frequencies between 1 and 17 GHz [14]. Neglecting the much smaller
loss factor (¢ ”/go) » Eq. (3) gives a power reduction factor between 0.75 and 0.0066 for

the rubber wood. This illustrates a very significant shielding effect for

high-permittivity objects commonly used in dielectric heating.
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2.2 Polarization-charge shielding of non-spherical objects

Furthermore » as will be shown - the induced polarization-charge distribution and
hence its shielding effects are highly dependent on the object’s (non-spherical) shape
as well as its orientation relative to the electric field. Given the same object’ the power
reduction factor can easily vary by more than one order of magnitude. This provides a
means for a direct experimental observation of the orientation- and shape-dependent

power reduction factor.



Chapter 3 Featuresof the experimental setup

The microwave applicator used for the present experiment [ Fig. 1(b)] > a
60 cm x 60 cm x 60 cm anechoic chamber [15], is radically different from the
commonly-used » resonator-type microwave oven. It features traveling-wave radiation
emitted from a lab-made » 24-GHz > kW-level > extended interaction oscillator (EIO)
[16]. As shown in Fig. 1(a) > the EIO output wave first passes through a calibrated
diagnostic circuit for power and frequency measurements before entering a
polarization converter [17 » 18] > in which it is converted into a circularly-polarized
wave and then input into a conical horn antenna, from which it is radiated into the
chamber [Fig. 1(b)]. The wave can also bypass the polarization converter to enter the
horn antenna in linearly-polarized state. A height-adjustable sample holder receives
the radiation along the axis of the antenna. An IR camera is attached to a rotatable
mount > which can slide horizontally on the top wall or up and down on a side wall. It

records real-time - digital images of the heated sample surface.
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Fig. 1. Schematics of the microwave applicator system. (a) The radiation
source (a 24-GHz EIO) ° diagnostic circuit, and polarization converter. (b) The

anechoic chamber ° conical horn antenna * and IR camera.

Figure 2 shows a 1 mm x 1 mm x 8 mm > wood-stick sample lying on the sample
holder (the x-y plane). The sample’s orientation angle (6) with respect to the y-axis
can be adjusted from 0° to 180° by a rotation about the z-axis. Placed at a distance of

18 cm away from the horn opening, the sample sees essentially a uniform plane wave.



The simulated radiation pattern [15] predicts a maximum intensity variation of only

1% over the sample area. By comparison - if the same sample were placed in the 24

GHz standing wave of a microwave resonator ’ it would see an 100% intensity

variation. With non-reflecting walls on all sides - this is practically the only radiation

on the sample. Also » we have chosen a sample thickness (1 mm) much thinner than

one wavelength (12.5 mm) so that the polarization-charge shielding is not

complicated by spatial field variations within the sample. This simple experimental

environment allows highly reproducible data acquisition and in situ diagnostics > as

well as a reliable numerical verification of the observed data.

z
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Fig. 2. Dimensions of the wood-stick sample lying on the x-y plane at an

adjustable orientation angle (0) with respect to the y-axis. The traveling wave

is directed downward toward the sample. For a linearly polarized wave - its

electric field (Ey) is in the y-direction.



Chapter 4 Experimental observation of

Polarization - charge shielding

During the microwave heating > the sample was exposed to the same intensity of
~12.9.W/cm® at different orientation angles (6). The heating was stopped at a
temperature (7) a few degrees above the room temperature so as to minimize the
convection loss and least affect the sample’s dielectric property. IR images of the
heated wood stick by a linearly-polarized wave are shown in Fig. 3. The temperature
rise profiles were measured in situ at the center of the sample’s upper surface and

digitally recorded.

(@)9=0°

Fig. 3. IR images of the wood stick heated by a linearly-polarized wave shown
in Fig. 2. The red color denotes a higher temperature. The center spot is ~6.81

times hotter at 6 = 0° than at 6 = 90° [see F ig. 4(a)].
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Data points taken in the early stage of power application (negligible convection
heat loss) give a constant heating rate (d7/df), which is plotted as a function of § in
Fig. 4(a) for the linearly polarized incident wave with the electric field (Eo) in the
y-direction (Fig. 2). The polarization-charge shielding leads to a strong angular
dependence of the heating rate » with a maximum at 6 = 0° and a minimum at 6 = 90°.

The maximum-to-minimum ratio is ~6.81 at the center spot > as shown in Fig. 4(a).

1.5 1.5
— | (a) Linearly-polarized - | (b) Circularly-polarized
g incident wave b I incident wave
~ NG L
0 o b
\a—)/ 7)/ 1;—0—0—0-0—0—0—0—0—0—0—0—0—0—0—0—0—.—0
2 2 05f
T T i
003060 90 120 150 180 003060 90 120 150 180
0 (degree) 0 (degree)

Fig. 4. Heating rate of the wood stick in Fig. 2 as a function of 6 during the
initial stage of power application. (a) By a linearly-polarized wave ; (b) By a

circularly-polarized wave.
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Chapter 5  An effective remedy

Effects of sample orientation have been observed in early experiments without a
clear physical interpretation. For example > in walnut pests control by radio frequency
heating [19] » the temperature increment for 6 = 0° oriented walnuts was 25% higher
than that of the # = 90° oriented ones > which was remedied by a tumbling process.

Here’ we consider an electronic remedy by applying a circularly polarized incident
wave (emitted from the same antenna). The rapid rotation of the E( vector is expected
to result in a heating rate independent of §. Indeed > as shown in Fig.4(b) > the heating

rate at the center spot now varies by at most 0.9% in the range of 8 = 0°-180°.
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Chapter 6  Physical interpretation by

numerical simulation

On the basis of the model shown in Fig.2 and using the HFSS code * we have
numerically evaluated the electromagnetic field profile for = 0° and 90° under the
application of a fixed-power » 24 GHz - linearly-polarized wave. The best fit to the
experimental data occurs at € /eg= 4.7 + 0.12i. At the center of the upper wood surface
(x=y=0>z=1mm) - this gives a heating rate 6.815 times higher at & = 0° than at 0

=90° » as is consistent with the measured value. For the wood medium > we have

¢’ >>¢”. Thus, the field profiles are more sensitive to &’ than to ¢”. With ¢’/gp= 4.4
and 5.0 > the maximum-to-minimum ratio becomes 6.0 and 7.8 > respectively.

Figure 5 shows the simulated electric field strength (in color code) on the center
plane of the wood stick (the z = 0.5 mm plane in Fig. 2). By Gauss law - the presence
of polarization charges is evidenced by the sharp discontinuities of the overall electric
field strength. In the & = 0° case - the incident electric field (Ey) is along the length of
the wood stick. The induced polarization charges essentially form two surface charge
layers of opposite signs at the two ends. However > these charges are too confined and
too far apart to significantly affect the electric field inside the sample. For the 6 = 90°
case ’ Ey is perpendicular to two broad sides of the wood stick. In sharp contrast > there
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is now an extended distribution of surface charges on the two side walls » again of

opposite signs but with a much narrower separation. This results in a substantial

cancellation of the incident electric field » and hence the much reduced heating rate.

(a) B=0° (b) B=90° E Field[Y¥_per_m

LB34%1e+0EY
. 7352e+@80Y4
. E36Ye+B0Y
L 5375e+0EY4
.4386e+BEY
. 5598e+B0Y
. 2489 +@8Y
14 2Be+BEY
.B432e+B0Y
4432e+B03
L Y4545e+@83
L 4E59e+0E35
47 73e+803
. 4386e+E83
L SPBBe+BE5

O w0 WD R R e R R e

Fig. 5. Simulated electric field strength (shown in color code) on the center
plane of the wood stick (the z = 0.5 mm plane in Fig. 2) as it is heated by a

linearly-polarized wave (with E shown in Fig. 2). (a) 0= 0" ; (b) 6 = 90".

14



Chapter 7 Shape dependence of the heating rate

According to Fig. 5 > the sensitive angular dependence in heating rate is primarily
due to the elongated shape of the sample. Figure 6 displays a similar experimental test
for a less elongated sample > a rice grain approximately elliptical in shape > with
maximum lengths of 5.0 mm > 3.0 mm * and 1.9 mm in the x > y > and z directions -
respectively. While the long wood stick sample represents a scaled-down model of >
for example > 13.6-MHZ wood drying [2] - the rice grain sample is a scaled-down
model applicable to heating of small objects in the 2.45-GHz household microwave
oven. The incident wave (linearly polarized) has resulted in a much small angular
dependence of the heating rate > but still up to a factor of ~2 at the center point on the
top surface [Fig. 6(a)]. A difference of such a magnitude has an important bearing on,
for example, insect control of stored grains by RF and microwaves. As shown in Fig.
6(b) > angular dependence of the heating rate is again eliminated by the application of

a circularly-polarized wave.
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Chapter 8 Summary

In summary » we have presented a direct and focused experimental observation of
polarization-charge shielding effects in microwave heating. In a specially-designed
microwave applicator > the heating rate of a long wood stick is found to differ by a
factor up to 6.8 > depending on its orientation relative to the wave field. For a
less-elongated and elliptically-shaped rice grain - the orientation still causes a heating

rate difference as high as 2.

F (b) Circularly-polarized

 (a) Linearly-polarized
[ incident wave

incident wave

=
o
T

-0- _0—0—0—0- 0—0- ° Py
®- -@- —0—9—0- —0—0- \ 4

T T T TT

Heating rate (°C/sec)
—
Heating rate (°C/sec)

o
(6}
L e e e e

0.5

003060 90 120 150 180 003060 90 120 150 180
0 (degree) 0 (degree)

Fig. 6. Heating rate of a rice grain as a function of 8 during the initial stage of

power application. (a) By a linearly-polarized wave ; (b) By a

circularly-polarized wave.
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The results are physically interpreted by numerical simulations. Such effects are

expected to significantly degrade the temperature uniformity of heated objects,

especially those with a high dielectric constant. The study concludes with a

demonstration that a circularly-polarized wave may eliminate this major cause of

heating non-uniformity > although other (often less serious) causes still remain. A

physical insight into these effects and the proposed remedy are expected to be of high

reference value to a broad range of conventional and emerging fields involving

microwave heating.
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4% B HFSS #5-3#% :24GHz R {& i il e #2353 R
(M7586 % 5 5 r 5 1kW)

£#B-1: X*% ( Bir3% ) 4#353 R (uniformity)

Distance (cm) 1 2 3 4 5 6 7 8

D=1cm 116.34% 114.30% 86.97% 83.85% 8583% 8836% 90.55% 92.28%
D=2cm 102.77% 108.65% 64.86% 54.20% 56.28% 61.80% 67.56% 72.64%
D=4cm 2313% 19.68% 2141% 2149% 20.19% 21.07% 24.65% 29.99%

D=6cm 2.58% 4.21% 2.66% 5.16% 8.28% 9.70% 10.18% 11.11%

D=8cm 0.50% 1.52% 1.24% 0.84% 1.87% 3.87% 5.50% 6.32%

D=10cm 0.22% 0.57% 0.76% 0.61% 0.42% 0.90% 2.10% 3.41%
Distance (cm) 9 10 11 12 13 14 15 16

D=1cm 93.62% 94.66% 9548% 96.13% 96.65% 97.08% 97.43% 97.73%
D=2cm 76.86% 80.30% 83.10% 8538% 87.25% 88.80% 90.10% 91.19%
D=4cm 36.08% 4221% 4800% 53.28% 58.01% 62.19% 65.86% 69.09%
D=6cm 13.17% 16.37% 20.44% 25.01% 29.79% 34.56% 39.17% 43.53%

D=8cm 6.71% 7.27% 8.41% 10.27% 12.82% 1591% 1938% 23.07%
D =10cm 4.36% 4.84% 5.10% 5.43% 6.10% 7.22% 8.83% 10.90%
Distance (cm) 17 18 19 20 21 22 23 24

D=1cm 97.97% 98.18% 9836% 9851% 98.64% 98.76% 98.86% 98.95%
D=2cm 92.11% 92.90% 93.58% 94.16% 94.68% 9512% 95.52% 95.87%
D=4cm 7193% 7443% 76.63% 7857% 8030% 81.83% 8321% 8443%
D=6cm 4761% 51.39% 54.86% 58.04% 60.95% 63.61% 66.04% 68.26%
D=8cm 26.86% 30.65% 3436% 37.95% 41.38% 44.64% 47.71% 50.61%
D=10cm 1335% 16.08% 19.01% 22.07% 2518% 2830% 31.38% 34.39%

Distance (cm) 25 26 27 28 29 30 31 32

D=1cm 99.03% 99.10% 99.17% 99.22% 99.28% 99.32% 99.36% 99.40%
D=2cm 96.18% 96.46% 96.70% 96.93% 97.13% 9731% 97.48% 97.63%
D=4cm 8553% 86.53% 8742% 8824% 8897% 89.65% 90.26% 90.82%
D=6cm 70.29% 72.14% 73.84% 7540% 76.84% 7815% 7937% 80.49%
D=8cm 53.32% 55.86% 58.23% 60.44% 62.51% 64.43% 66.23% 67.91%
D=10cm 37.30% 40.12% 42.82% 4540% 47.86% 50.19% 5241% 54.51%

Distance (cm) 33 34 35 36 37 38 39 40

D=1cm 99.44% 9947% 99.50% 99.53% 99.55% 99.57% 99.60% 99.61%
D=2cm 9777% 97.89% 98.01% 98.11% 98.21% 9830% 9839% 98.47%
D=4cm 91.34% 91.81% 9225% 92.65% 93.03% 93.37% 93.69% 93.99%
D=6cm 81.52% 8248% 8337% 84.20% 8496% 85.68% 86.34% 86.97%
D=8cm 69.48% 7094% 7231% 73.60% 7480% 7592% 76.98% 77.97%
D=10cm 56.50% 58.38% 60.16% 61.85% 63.44% 64.95% 66.37% 67.72%

Distance (cm) 41 42 43 44 45 46 47 48

D=1cm 99.63% 99.65% 99.67% 99.68% 99.69% 99.71% 99.72%  99.73%
D=2cm 98.54% 98.61% 98.67% 98.73% 98.78% 98.84% 98.88% 98.93%
D=4cm 94.27% 94.53% 94.77% 95.00% 95.21% 95.41% 95.60% 95.78%
D=6cm 87.55% 88.09% 88.60% 89.08% 89.53% 89.96% 90.35% 90.73%
D=8cm 7890% 79.78% 80.61% 81.39% 82.12% 82.82% 83.47% 84.09%
D=10cm 68.99% 70.20% 71.35% 72.43% 73.46% 74.43% 7536% 76.24%
Distance (cm) 49 50
D=1cm 99.74%  99.75%
D=2cm 98.97% 99.01%
D=4cm 95.94% 96.10%
D=6cm 91.09% 91.42%
D=8cm 84.68%  85.24%
D=10cm 77.08% 77.87%
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%2 B-2: Y* wie#353 2 (uniformity)

Distance (cm) 1 2 3 4 5 6 7 8
D =1cm 98.37% 84.22% 7831% 8291% 87.29% 9041% 9256% @ 94.09%
D=2cm 64.26% 5433% 41.81% 4874% 5846% 66.80% 73.29%  78.23%
D=4cm 3.25% 8.22% 9.05% 10.10% 14.29% 2131% 29.58% 37.85%
D=6cm 0.13% 0.52% 1.41% 2.52% 3.39% 4.84% 7.74% 12.14%
D=8cm 0.02% 0.06% 0.18% 0.57% 1.14% 1.62% 2.18% 3.30%
D=10cm 0.01% 0.02% 0.04% 0.12% 0.35% 0.68% 0.98% 1.26%
Distance (cm) 9 10 11 12 13 14 15 16
D =1cm 95.19% 96.02% 96.66% 97.15% 97.54% 97.86% 98.12% 98.33%
D=2cm 82.01% 84.94% 87.23% 89.05% 90.51% 91.71% 92.70% 93.52%
D=4cm 4545% 5217% 57.97% 62.94% 67.18% 70.80% 73.89% 76.55%
D=6cm 17.60% 23.59% 29.66% 35.54% 41.06% 46.14% 50.77% 54.94%
D=8cm 5.30% 824% 1197% 16.25% 20.83% 2552% 30.16% 34.65%
D=10cm 1.72% 2.62% 4.11% 6.24% 894% 1210% 15.59% 19.28%
Distance (cm) 17 18 19 20 21 22 23 24
D =1cm 98.51% 98.67% 98.80% 9891% 99.01% 99.09% 99.16% 99.23%
D=2cm 94.21% 94.80% 9530% 9574% 96.12% 96.45% 96.74% 96.99%
D=4cm 7885% 80.84% 8257% 84.08% 8542% 86.59% 87.64% 88.57%
D=6cm 58.69% 62.06% 65.08% 67.78% 7022% 7241% 7438% 76.16%
D=8cm 3892% 42.95% 46.71% 50.20% 53.43% 5641% 59.16% 61.69%
D=10cm 23.06% 26.85% 30.57% 34.19% 37.66% 40.98% 4413% 47.10%
Distance (cm) 25 26 27 28 29 30 31 32
D =1cm 99.29% 99.34% 99.39% 99.43% 99.46% 99.50% 99.53% 99.56%
D=2cm 97.22% 9742% 97.60% 97.76% 97.91% 98.04% 98.16% 98.27%
D=4cm 89.40% 90.14% 90.81% 91.41% 91.96% 9246% 9291% 93.33%
D=6cm 7777% 79.23% 80.56% 81.76% 82.87% 83.88% 84.81% 85.66%
D=8cm 64.02% 66.17% 68.15% 69.98% 71.66% 73.22% 7466% 7599%
D=10cm 4990% 5253% 54.99% 5731% 5947% 6150% 63.39% 65.17%
Distance (cm) 33 34 35 36 37 38 39 40
D =1cm 99.58% 99.61% 99.63% 99.65% 99.66% 99.68% 99.70% 99.71%
D=2cm 98.37% 98.46% 9855% 98.63% 98.70% 98.76% 98.82% 98.88%
D=4cm 93.71% 94.05% 9437% 94.67% 94.94% 9519% 9543% 95.64%
D=6cm 86.44% 87.16% 87.83% 8845% 89.02% 89.55% 90.05% 90.51%
D=8cm 77.23% 7838% 79.45% 80.44% 81.37% 82.24% 83.04% 83.80%
D=10cm 66.83% 68.39% 69.84% 7121% 7250% 73.70% 74.84% 75.90%
Distance (cm) 41 42 43 44 45 46 47 48
D =1cm 99.72% 99.74% 99.75% 99.76% 99.77% 99.78% 99.79%  99.80%
D=2cm 98.93% 98.98% 99.03% 99.07% 99.11% 99.15% 99.18% 99.21%
D=4cm 95.85% 96.04% 96.21% 96.38% 96.53% 96.67% 96.81% 96.94%
D=6cm 90.94% 91.34% 91.72% 92.07% 9240% 92.71% 93.00% 93.28%
D=8cm 8451% 8517% 8580% 86.39% 86.94% 87.46% 87.95% 88.41%
D=10cm 76.91% 77.85% 7875% 79.59% 80.38% 81.13% 81.84% 82.52%
Distance (cm) 49 50
D =1cm 99.80% 99.81%
D=2cm 99.25%  99.27%
D=4cm 97.06% 97.17%
D=6cm 93.54% 93.78%
D=8cm 88.85%  89.26%
D=10cm 83.15% 83.76%
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