NIPPON STEEL TECHNICAL REPORT No. 89 January 2004

UDC 666 .76 :621.36.029.6

Designing of Microwave Applicators
by Electromagnetic Wave Analysis

Abstract

Kenji UMETSU* Yasuji TOMIZAWA®

Recent high productivity of steel making processesisforcing to achieve morerapid

drying for refractories. Microwave heating has been required as the most powerful

means to increase the speed of drying. Therefore, as a process-solution approach,

the authors selected a new oneto obtain the solution, the electromagnetic wave analy-

sis, which may be expected to optimize the designing of a heating applicator. Trials
succeeded quite well for a practical model for the applicator. In thetrials, it was

learned that the analysis has essential difficultiesin designing applicators. This

paper presents the difficulties and the techniques to eliminate them. It also de-

scribes the theory of the analysis in advance to provide a better understanding of

their relationships.

1. Introduction

This paper presents an example of the designing of a microwave
drying facility in steel making processes with electromagnetic wave
analysis, which is arather special variation of electromagnetic field
analysis.

Nippon Steel has been applying microwaves to dry castable re-
fractory materials used in awide variety of steel making processes,
and employing electromagnetic wave analysis techniques for the
optimum design of the refractory drying facilities. Historically, elec-
tromagnetic wave analysis has been used in an overwhelmingly
greater number of casesin the field of communication than in the
production processes of manufacturing industries. Those cases have
not required large-scale cal cul ations. However, when the el ectromag-
netic wave analysisis applied to asteel making process, it inevitably
involves large-scale calculations asis described in detail below. Prob-
lems relating to the calculation encountered in its actua application
to the steel making process are also dealt with in this paper.

Initially, an overview of the microwave application to industrial
processes is addressed herein. Secondly, the electromagnetic wave
analysisisdescribed on its principle and modeling. Finally, applica
tions to a specific steel making process are discussed in detail.

2. Overview of MicrowaveApplication to Industrial
Processes?

What is commonly called a microwaveis akind of electromag-
netic wave. Japanese radio regulation laws define an electromag-
netic wave having a frequency of 3 THz or less as a radio wave.
Radio waves that are within afrequency band from 300 MHz to 300
GHz are defined as microwaves. Most of the wide frequency range
of microwavesisallotted to communication and radar uses under the
radio regulation laws?, and only afew narrow frequency bands are
open to manufacturing industry uses. The typical bands for indus-
tries are 915 =25 and 2,450 +50 MHz. The latter, in particular, is
used more often. Conventional applications of microwaves include
heating and sterilization of food, drying of ceramics, vulcanization
of rubber, and woodworking, etc. Microwaves are employed mainly
for heating because of their high frequency: when a microwave is
irradiated to a dielectric (electrically insulating) material, the mol-
ecules of the material are excited, or given kinetic energy, as their
orientational polarizations resonate at the frequency of the micro-
wave as shown in Fig. 1. This excitation, and resulting friction, of
the molecules causes the material to become hot.

Heating with a microwave has many well-known advantages: (1)
shortened heating time; (2) an object material can be directly heated
internally, regardless of its shape; (3) high heating efficiency (effi-
ciency of 80% or higher can be achieved); (4) selective heating of an
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Fig. 1 Oriented polarization of molecules and microwave electric field

object material; (5) the heating process can be precisely controlled;
and (6) microwave heating is silent and does not generate exhaust
gas. It has a so disadvantages such as: (1) the capacity of its power
generator islimited to about 100 kW or less; (2') electrical discharge
easily occurswith an object material containing solid or powder metal.
Thus, the proper discharge-proof measures are necessary for the
equipment and the work environment.

The factsthat microwaves are mostly applied to heating and only
afew frequency bands are allowed for use may give an impression
that the future prospects for the application of microwaves are some-
what limited. However, the use of microwaves shows unexpected
secondary advantages such asthat sterilization by amicrowave keeps
foods remarkably better than by hot water, and that a microwave
deactivates oxidative enzymes with short-time irradiation and main-
tains the quality of food for longer periods. Because microwave ap-
plications for these objectives have not been fully exploited, they
may be described as yet immature. Thus, it would not be appropriate
to determine based on the present status of microwave application
that it is not very useful. Quite on the contrary, the authors believe
that microwave technology still has many good prospects for devel-
opment.

3. Characterigtics of Electromagnetic Wave Analysis

In the 1980s, the capacity of computer memory was rapidly ex-
panded, and the processing speed of computers was dramatically
enhanced. Numerical analysis since the 80's, which has been ap-
plied to industry on alarge scale, has developed in various fields of
application incorporating unique new techniques. Along with the
developments, the object of “electromagnetic field analysis’ hasaso
expanded quite smoothly from simple el ectrostatic and magnetostatic
fields to complicated electromagnetic fields of real transient phe-
nomena. On the other hand, “electromagnetic wave analysis’ has
treated the radiation and scattering of electromagnetic wavesin the
field of communication from the early stages of its development.
Two of the analyses appear to be similar to each other now, but their
originsare different and they have developed almost independently?.
A good part of the difference comes from the characteristics of the
equations used for the analyses. Below, a careful look istaken into
the characteristics of the equations employed in electromagnetic wave
analysis.
3.1 Differencein characteristics of equations

An electromagnetic waveis physically regarded asaform of elec-
tromagnetic field, therefore, it istheoretically presumed that el ectro-
magnetic wave analysisis classified as a variation of electromag-
netic field analysis. In terms of numerical calculation, however, they
are altogether different. The difference lies in the equations used
therein.

All electromagnetic fields can be precisely expressed by the fol-
lowing Maxwell equations (the definitions of the symbols represent-
ing physical values are given at the end of this paper):
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Generally, at low frequencies, the term called the displacement
current, the second term of the right-hand side of equation (1), is
negligibly smaller than the other, and the approximated equations
hence are obtained by omitting the term. That is to say, using equa-
tions (5) shown below, Maxwell equations (1) and (2) without the
displacement current term are transformed into equations (6) and (7)
through several steps of mathematical operations* .

B=VxA E=—98-vy ()
Vx(%VxA)+o(%+V¢)=JO (6)
VA.]=V[JO—G(%+V¢”=O (7

In equations (6) and (7), while the differentialsto space arein the
second order, those to time are in the first order, that is to say, their
orders of differentials become asymmetric between to space and to
time, changed from those in equations (1) and (2). As aresult, the
original nature of Maxwell equations to formul ate wave propagation
to infinite distanceislost in alow frequency range, and an electro-
magnetic wave represented by equations (6) and (7) damps rapidly
as the distance from an electromagnetic source, such as a cail, in-
creases. Whether or not the employed equations describe correctly
the true nature of the propagation of electromagnetic waves directly
influences the solution of electromagnetic wave analysis.

3.2 Discretization of equations

In order to express Maxwell equations numerically, it is neces-
sary to discretize them with respect to space and time. It is also nec-
essary to set conditions of boundaries, materials and power sources,
e.g. electric currents on coils, so asto virtually form an electric field
numerically. For the discretization with respect to space, the finite
element method (FEM) is most commonly used in electromagnetic
field analysis. Asfor the discretization with respect to time, either of
the following two methods is used in electromagnetic field anaysis:
the finite difference method (FDM) and, for an alternating current
electromagnetic field, the jo method, which is the substitution the
time differential with acomplex number jo wherej isthe imaginary
unit®4. In electromagnetic wave analysis, on the other hand, FDM is
mainly used for the discretization with respect to time, and FDM or
the boundary element method (BEM) with respect to space.

These discretization methods are also strongly coupled with an-
other factor to electromagnetic wave analysis: a balance between the
analysisdata and the capacity of acomputer. In electromagnetic wave
analysis, asarule, al the portions of space to which an electromag-
netic wave possibly propagates, except for the propagation to infi-
nite distance, have to be taken into consideration. On the contrary,
the length scale of an electromagnetic wave requires aresolution in
the order of centimeter to realize its wave motion accurately. Sup-
pose the propagation of a microwave in a 3-dimensional space that
has a size in the order of meter is to be analyzed, then each dimen-
sion of the space must be divided into 100 or more, which means
that the whole space will be divided into severa millions of cells(in
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the example shown later, the number of cellsisalittle short of 90
million). The practicable method to carry out this for the present is
FDM only, which needs a smaller number of data; by this method,
the analysis calculation can be executed with a computer capacity
only about several percents of that FEM requires. With respect to
time, since the motion of amicrowave is essentially akind of wave
propagation and its transitional change is conspicuously large, use
of the FDM is appropriate.

Although various discretizing methods can be applied, in theory,
to electromagnetic wave analysis from the above discussion, in con-
sideration of computers' capacity presently available in the market,
itis practical to use FDM for the discretization with respect to both
space and time, called FDTD method. Equations (1) and (2) are
discretized and expanded by the FDTD method using the central dif-
ference (8) to a certain physical value F8 7.

oF F x+%, Y, z,t)—F (x—%, Y, Z, t)
ox = AX
where Ax is the division width in the x-axis direction.

The numerical preparation, descretization and expansion, of the
fundamental electromagnetic wave equations are completed by the
above procedures, the details of which are omitted here.

3.3 Physical valuesto evaluate in electromagnetic wave
analysis

Another aspect in which electromagnetic wave analysis differs
from electromagnetic field analysisisthe difference of physical val-
ues to evaluate. In electromagnetic field analysis, in most cases,
magnetic flux density, eddy current loss and electromagnetic force
(Lorentz force and Maxwell stress) are extracted and used asindica-
torsin equipment design. In electromagnetic wave analysis, in con-
trast, equations (1) and (2) are directly dealt with and (i) magnetic
field intensity, (ii) electric field intensity and (iii) dielectric loss are
employed as design indicators.

Here again, inasmuch as the motion of a microwave is essen-
tially akind of wave propagation, it is necessary to look at it in terms
of transient change, and it is often inappropriate to judge a solution
based on the field distribution at a certain point of time. In the case
especially of irradiating an electromagnetic wave in alarge closed
space, it takes much time for reflection to repeat to form a standing
wave and for this reason, if only ashort analysistimeis allowed so
as to obtain a solution quickly, various physical values may be esti-
mated incorrectly. It is hence very important for obtaining a correct
solution to previously estimate how many calculation steps will be
required.

Thedielectric loss used as the direct indicator of heating is calcu-
lated by the following term using the vacuum dielectric constant &, :
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4. Essential Points of Modeling in Electromagnetic
Wave Analysis
In actually applying electromagnetic wave analysisto use of a
microwave for an industrial process, an appropriate solution is not
obtained unless the process is modeled accurately with its real con-
ditions. Important factors among many to be taken into consider-
ation in the modeling are explained below.
4.1 Definition of object material portionsto heat (skin depth)®
Asstated in section 2, there arein effect only two frequency bands
of electromagnetic waves open to industrial use. In a heating process
such as induction heating, an index called skin depth is used as an
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important indicator for judging how efficiently an object material is
heated; it is an index to estimate how deep from the surface an elec-
tromagnetic field can penetrate into an object material. Thereis an
equivalent index for electromagnetic waves and it is calculated by
the following formula:

A S 2
i\ v (Teae —1) oM

where ¢' is the real part of the dielectric constant ¢ of the object
material considered. The skin depth L is proportionate to only the
wavelength when heating objects consist of the same material. There-
fore, when typical dimension of an object material isgiven, it isnec-
essary for heating the object efficiently to select an adequate fre-
guency based on the formula. To heat an object to the center, the
lower frequency (915 MHz) is suitable, and to heat only the portion
near its surface, then the higher frequency (2,450 MHz) should be
selected.

4.2 Modeling of waveguide (forming of effective wave)

Modeling of awaveguideisaso important. Since the wavelength
of amicrowaveisin the order of 10 cm, the dimensional accuracy
and thickness of a waveguide sometimes influence its propagation
and diffusion. Therefore, when the spaces of a waveguide and the
chamber where amicrowaveisirradiated are divided coarsely or the
shape of an object material is modeled roughly, the propagation and
reflection of a microwave inside an object space are not calculated
correctly.

As described earlier, a huge computer capacity is needed for an
effective application of electromagnetic wave analysis to an actual
industrial process and the situation being such, there is practically
no other choice than to use FDM. However, the use of FDM inevita-
bly leads to the following problem in the modeling: the method per-
mits space division only in lattices, and division into tetrahedrons,
triangular prisms and the like, which are allowed in FEM, is not
accepted. Thus, when an object material has curved surfaces or a
rectangular object is placed obliquely to adividing lattice, the only
acceptable meansis to approximate its surfaces as if they are com-
posed of small steps cut by the dividing lattice.

An electromagnetic wave is generated from a dipole point source
placed inside a waveguide. Here, the length of the waveguide and
the position of the point source are also significant. With respect to
the position of the point source, however, it isusualy set at A/4 from
the end of awaveguide so as to diminish the affection of reflected
waves, which are little formed inside a waveguide actually, since
they are mostly absorbed by adummy load absorber built in the power
supply. By this positioning, the electromagnetic waves that go from
the source to the end of the waveguide reflect and offset each other,
as aresult, the reflected components of the waves are not emitted
from the waveguide to space.

4.3 Modeling of boundaries (elaboration of analysis object)

Below, the setting of boundary conditions is examined. In elec-
tromagnetic wave analysis, boundaries are classified generally ac-
cording to the two of criteria: one is reflection and absorption at
boundaries; the other is whether the system in question is closed or
open. When an el ectromagnetic waveisradiated in a space surrounded
by metal walls, the system is areflective and closed. In alittle more
complicated case where an el ectromagnetic wave is emitted in aspace
surrounded by thin walls of dielectric materials that absorb electro-
magnetic waves, it is possible to set a boundary condition such that a
part of the electromagnetic wave passes through the walls and dif-
fuses to infinite space. Moreover, another set of metal walls may be

L= (10)
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provided outside the dielectric walls. An analyzer has to decide about
the setting of boundary conditions in consideration of what extent of
accuracy isrequired of the numerical modeling.

As described above, like in ordinary electromagnetic field analy-
sis, in each of analysis cases there are many factors that require con-
sideration for obtaining an accurate result; the factors to consider
include the properties of an object material, the size of space, the
frequency of the microwave and the shapes of the object material
and surrounding walls. In addition, owing to the characteristics of
wave propagation, one of these factors often exerts an influence over
the whole system. For thisreason, it is difficult to work out a gener-
ally applicable design philosophy that can instruct what to do to ob-
tain a satisfactory solution under awide variety of conditions.

5. Analysis Example (Drying Facility of Refractory
for Steel Making Processes)

Theitemsoutlined in the previous section are explained here more
specifically based on an example of heating refractory structuresto
dry them.

Fig. 2 isaschematic illustration of alarge chamber surrounded
by steel plates and refractory bricks (the ceiling is composed only of
a steel plate) in which microwaves are irradiated (the ceiling and
two front walls are not shown). Three refractory structuresto dry are
placed on the floor. Three rectangular waveguides are arranged in an
angle of 120° to each other to reduce mutual interference. The
waveguide in the left-hand side front position is aligned to the divi-
sion |attice and the other two are not. In order to minimize the influ-
ence of the non-alignment of the two waveguides, the space of the
chamber was divided using as fine the lattice as possible and as a
result, the number of division cells was 87,882,624. A microwave
with a frequency of 915 MHz was irradiated at a power input of 18
kW, and an HPC-Alpha DP264/667F computer with main memory 4
GB and 600 MHz CPU was used for the calculation. It took about 1
day for the computer to carry out 5,000 calculation steps.

Fig. 3 shows the change in the microwave emission when the
position of the point source of one of the waveguidesis shifted. The

Waveguides

i

Refractory bricks

Fig. 2 Drying chamber model surrounded by steel plates and
refractory bricks

-77 -

89 January 2004

Fig. 3 Influence of point source position in waveguide (electric field
intensity)

electric intensity of electromagnetic wave, which is shown herein
grayscale pictures, changes depending on the position of the point
source. The right-hand part of the figure shows an example where
theelectricfield isintensified asaresult of the superposing the waves
reflected at the top of the waveguide. There are also some shifts of
wave intervals demonstrating mixture of different wavelengths due
to the reflection. The same thing occurs with the other two
waveguides; with the division lattice used in this analysis, the non-
alignment of the waveguides does not affect the solution much, but
the position of the point source did.

Analyses were carried out changing the conditions further (see
Table 1). When the height of the ceiling is lowered to examine the
influence of the position of the waveguides, the heating energy de-
livered to the object refractory structures; i.e. the sum of the dielec-
tric losses of the three structures, increases significantly as the
waveguidesislowered. Next, reflectors, or stirrers, are put on at the
exits of the waveguidesto strongly diffuse the microwaves. Thistime,
the energy input increases when the ceiling is high, but when the
ceiling islow, the heating energy delivered to the object materialsis
markedly reduced owing to a strong effect of wave reflection. Fur-
thermore, in order to improve wave reflection of the walls, the bricks
on the chamber walls are removed to leave only the steel plates. This
time, the heating energy hit the highest value of 15.8 kW when the
celling islow.

It is made clear from the above that the best heating efficiency is
achieved with alow ceiling, reflectors at the exits of waveguides and
the chamber walls composed only of steel plates. The most suitable
equipment construction was thus identified. Just for reference, the
software used for the analysis was XFDTD of Remcom, U.SA.

6. Closing

The above explains the characteristics and procedures of electro-
magnetic wave analysis, which has so far been little applied to steel
making processes. An example of application of the analysishas also
been presented herein. The authors have stated that, while electro-
magnetic wave analysisis classified physically as akind of electro-
magnetic field analysis, because of its special characteristics, the
calculation for the analysis requires complicated elaboration as well
as a huge computer capacity as far as presently available computers
are concerned. In the example of electromagnetic wave analysis ap-
plication, which mainly relates to equipment design, it is described
how equipment specifications are defined to obtain an optimum so-
[ution.

Some remarks are given here on the future prospect of electro-
magnetic wave analysis. As stated earlier, electromagnetic wave
analysis has been applied far more in the field of communication
than to the processes of manufacturing industries. The communica-
tion industry is expected to continue developing further, and electro-
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Tablel Distribution of electric field intensity (effects of position of waveguide, use of stirrersand structure of chamber walls)
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magnetic wave analysisis going to be applied to examine problems
related to radio communication such as electromagnetic interference.

Besides the above, the secondary effects peculiar to the treat-
ment of materials by microwaves have also been explained. Those
effects are suspected to relate to the molecular structure of materials
and in consideration of this, changes in materia characteristicsin a
molecular structure level have been being studying worldwide. Thus,
microwaves are attracting attention from the viewpoint of material
development, and will find wider applications also in a variety of
other fields.

On the other hand, owing largely to technical difficulties, high-
power electromagnetic wave generators applicable to the processes
of manufacturing industries are supplied only by alimited number

-78-

of manufacturers, with only alimited number of models available,
and this has been one of the reasons for the present limited applica-
tion of electromagnetic waves. However, since this problem is being
solved, equipment applying electromagnetic wavesislikely to find
wider industrial applications before long to an extent comparable to
that of other forms of electromagnetic energy applications such as
induction heating equipment, and melting and stirring equipment.
At that time, equipment design based on numerical analysis as de-
scribed herein will be adaily practice. The authors are confident that
the electromagnetic wave analysis technol ogies presented in this paper
are useful for whatever form of electromagnetic energy application
that will appear in the future.
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