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Abstract

A technique suitable for measuring the permit-
tivity of solids up to 1000°C in X-band is in-
troduced. Although techniques for permittiv-
ity measurements are well known, there exist a
lot of technological problems such as calibra-
tion and choosing the right material for car-
rying out measurements at high temperatures.
We present a method to determine the complex
permittivity over the whole temperature range
from room to high temperatures using only one
calibration and measurement cycle.

1 Introduction

In [Hau95] a technique suitable for measuring density
profiles of solids inside an ecologically friendly circulat-
ing fluidized bed coal combustor has been introduced.
To calibrate this system it is necessary to know the
complex permittivity of the powder compound inside
the combustor at high temperatures up to 1000°C. To
determine the complex permittivity at room tempera-
ture, various methods in example [HP85] or [Bae95] are
well known. The accuracy of these methods depends
on the calibration of the used vector network analyzer
and on the type of material measured.

Mechanical sampling of the material inside a flu-
idized bed coal combustor in Kassel/Germany shows
that the compound’s distribution inside the combus-
tor is nearly independent of the place of measurement
and the load state of the combustor. Approximately
30 % volume fraction is lime, 30 % is gypsum, 30 %
is sand, 1 % is coal and the rest are other compo-
nents. The average particle size is 200um. This solid
type material has both dielectric and metallic charac-
teristics with a relatively high loss tané. Therefore
a method similar to that presented in [HP85] using
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a HP 8510C network analyzer is well suited for this
material. At room temperature the permittivity of
€ = € — je’ = 3.092 — j0.012 with a standard devia-
tion over frequency range of o.. = 0.002 — 50.002 is
virtually frequency independent in X-band (see fig.1).
The shown measurement result has been obtained us-
ing an HP 8510C with TRL-calibration. If the com-
bustor is driven into the fluidized state, this value can
be used to calculate the dielectric constant versus the
concentration of solids in air using the empirical law
of refractive indices /€, = 3, M. /€r, ; m; =volume
fraction of the material 4.
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Fig. 1: real and imaginary part of €,, combustor com-
pound at room temperature, volume fraction
of the solids 55.6%, standard waveguide sys-

tem, internal TRL calibration of HP 8510C

At higher temperatures this simple method can not
be used anymore. The waveguide measurement setup,
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if it is made from brass or aluminium, is limited to tem-
peratures of approximately 400°C. For every tempera-
ture the full internal TRL calibration of the HP 8510C
has to be carried out, because one has no access to the
calibration data of the HP 8510C during the calibra-
tion process.

To solve these problems a high temperature wave-
guide system has to be built up. In order to be able to
measure the complex permittivity over the whole tem-
perature range with only one calibration cycle and one
measurement cycle, a new external calibration proce-
dure has to be implemented.

2 Measurement system and cal-
ibration

For higher temperatures a suitable waveguide mate-
rial has to be chosen. Using a high-grade austenitic
stainless steel (DIN material No. 1.4841 or X15 Cr-
NiSi 25 20 equivalent UNS S31000 or AIST 310) temper-
atures up to 1200°C can be reached with the system.
This steel has a low coefficient of thermal expansion of
18 -10~%m/(m - K) and is non-scaling.

Windows made from alumina (Al;O3) are used to
enable partial filling of a waveguide section which is
only 10cm long, having a thickness of 1mm and dielec-
tric constant ¢, of approximately 10 up to 1100°C with
a very low loss tangent. The complete waveguide sys-
tem is shown in figure 2 and the window region can be
seen in detail in figure 3.
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Fig. 2: Waveguide measurement setup

The lower part of the waveguide system can be
heated and is isolated towards the rest of the system
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TCalibration plane

Fig. 3: Detailed graph of the window part of the
waveguide measurement setup

and the network analyzer by using waveguides made
from stainless steel with low heat conductivity.

The system should be calibrated with calibra-
tion planes placed right behind the windows. The
HP 8510C TRL calibration routine can be used for that
purpose only at constant temperature. When chang-
ing temperature the complete calibration routine has to
be carried out again. Doing this the waveguide system
has to be heated for every calibration standard to be
connected. If the permittivity is to be measured every
50°C up to 1000°C twenty calibrations with 3 heatings
each have to be performed. Approximately 12 hours
are needed for heating and cooling the system with a
need of 30 days for calibrating the whole system *.

So external calibration of the HP 8510C is applied.
In literature various methods are known. Using a
3-position method [Heu93], [Bae95] the measurement
and calibration can be performed with only 4 heat-
ing cycles. But in this case only one material can be
measured requiring a new calibration for each material.
Therefore we decided to perform a TLS/S (Thru, Line,
Short/Short) calibration which is a modified TRL-
calibration [Heu94]. Here 3 heating cycles are required
for a calibration with the 3 standards and then any
material can be measured with only one heating cy-
cle within 12 hours. The calibration standards of the
TLS/S-calibration may be partly unknown. This can
be used for the high temperature calibration because
the length of the line-standard is not required to be
known exactly. Thus the length variation due to ther-
mal expansion is not to be considered. The reflection
coefficients of the S/S-standard can be completely un-
known.

1The calibration standards can not be changed at high
temperatures.



Using the TLS/S procedure at higher temperatures
the fact that the standards are not known exactly is
not a disadvantage due to the self-calibrating facility.
A thru connection, a line with a length of 1cm and a
double short are used as calibration standards.

Controlling of the HP 8510C and evaluation of the
calibration data have been done using a simple PC 486
with the programms HP VEE and MATLAB respec-
tively.

3 Results

Measurement results for the combustor compound by
using the new waveguide system and the new calibra-
tion at room temperature are shown in figure 4. Excel-
lent agreement of the permittivity measured with our
new system compared to the standard system (figure 1)
can be seen.
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Fig. 4: real and imaginary part of €,, combustor com-
pound at room temperature, volume fraction
of the solids 55.6%, high temperature wave-
guide system, external TLS/S calibration of
HP 8510C

A simple method to check the quality of the cali-
bration at higher temperatures is to measure a simple
waveguide filled with air. At 1000°C the permittivity
of air was determined with the measurement setup as
e, = € — je’ = 1.015 — j0.001 (mean value over fre-
quency range, standard deviation o, = 0o — JO =
0.005 — 50.001). This result shows the accuracy of the
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method and the quality of the calibration. The per-
mittivity of air over the whole temperature range is
displayed in figure 5.
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Fig. 5: real part of ¢, of air (averaged over frequency
range) versus temperature, high temperature
waveguide system, external TLS/S calibra-
tion of HP 8510C
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Fig. 6: real and imaginary part of €., combustor
compound at 1000°C, volume fraction of
the solids 55.6%, high temperature wave-
guide system, external TLS/S calibration of
HP 8510C

In figure 6 the permittivity for combustor com-
pound at 1000°C and in figure 7 the permittiv-
ity over the whole temperature range is shown.
The permittivity varies only slightly over the tem-
perature from €, = 3.100— j0.016 with a stan-
dard deviation of o, =0.003—30.003 at room



temperature? to €, = 3.381 — j0.117 (standard devia-
tion o, = 0.007 — 70.006) at 1000°C. This mean value
of the permittivity has been calculated by taking the
thermal expansion coefficient to calculate the length
of the waveguide section filled with combustor com-
pound into account. The length changes due to ther-
mal expansion from 100mm to 101.76mm at 1000°C.
Measurements of the combustor compound sampled at
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Fig. 7: real and imaginary part of €. (combus-
tor compound) (averaged over frequency
range) versus temperature, volume fraction
of the solids 55.6%, high temperature wave-
guide system, external TLS/S calibration of
HP 8510C

different positions inside the combustor have been car-
ried out. The dielectric constant shows the same be-
haviour for every sampling position. Only the absolute
value varies due to a varied volume fraction of solids in
the sampled combustor compound.

4 Conclusions

With the new waveguide measurement setup and an ex-
ternal calibration scheme of the network analyzer it is
possible to measure the dielectric permittivity of solids
and powders from room temperature up to 1000°C.
The calibration requires only 3 heating cycles for the

2Due to a new filling of the waveguide sample holder the
permittivity is slightly different compared to fig. 4.
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whole temperature range. After calibration the com-
plex permittivity of a material sample can be deter-
mined in only one heating process.
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