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Summary:

A comprehensive method to determine dielectric properties using the microwave cavity perturbation
method (MCP) is presented. It is applicable to a wide range of sample geometries and properties. First
tests with typical materials for exhaust aftertreatment have already been carried out successfully. The
application of the method can provide further knowledge for radio frequency-based analysis of catalysts

and filter systems.
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Introduction

In order to meet the increasingly stringent emis-
sion standards, the application of automotive ex-
haust gas aftertreatment systems is essential.
To ensure correct operation, knowledge of the
state of a catalytic converter or the soot loading
of afilter is necessary. A method suitable for this
purpose is the radio frequency (RF)-based state
diagnosis. This measuring system is based on
the change in the dielectric properties of the cat-
alyst or filter depending on their current state.
The applicability of this system has already been
shown in several studies [1,2].

In order to optimize the technical application of
this measuring approach, a deeper understand-
ing of the electrical properties of the used mate-
rials in exhaust gas aftertreatment systems is
necessary. Recently, a test bench was pre-
sented, that enables the characterization of
small amounts of powder materials under de-
fined conditions using the microwave cavity per-
turbation (MCP) method [3].

The exact calculation of the material properties
for the investigated samples using the reso-
nance properties is not trivial, since often not all
assumptions of the classical microwave cavity
perturbation theory (MCPT) are fulfilled. While in
previous publications a simplified approach was
sufficient to investigate the relative change of the
polarization ¢," and the dielectric losses ¢, this
work aims to show, using the example of ceria
and soot, that a more precise determination of
material properties is possible with an extended
method.

Microwave Cavity Perturbation

The determination of the material parameters by
the MCP is based on the change of the resonant
mode properties due to the introduction of a
small material sample into the resonance cavity.
The setup shown in Fig. 1 was designed to en-
sure that the TMo1o and TMozo modes have a
constant electric field along the resonator axis
and thus in the sample area [3].

Fig. 1. lllustration of the used resonator with the
electric field distribution of the TMo20 mode.

In the simplified MCP theory, the material polari-
zation €' can be calculated from the shift of the
resonant frequency Af due to the sample, the
sample volume Vg and an effective resonator
volume V.4, that is dependent on the field distri-
bution of the resonant mode:

Af 1 Vs
fo - (gl‘ )2Veff
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Moreover, the dielectric losses can be calculated
from the change in the inverse resonant quality:

A<1) n Vs )
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These equations can only be applied to a, corre-
sponding to the MCP theory, ideal system. If
these preconditions are not fulfilled, various cor-
rection terms have to be applied for a correct de-
termination of the dielectric properties. For the
setup described in this work, especially the fol-
lowing three points should be considered [4]:

— Deviations of the field distribution of the real
setup compared to a perfectly cylindrical reso-
nator lead to a wrong V. These are caused,
e.g., by the openings required for heating or by
the quartz glass tubes used to place the mate-
rial sample. However, the correct determina-
tion of V can be obtained by a simulation of
the field distribution.

— Depolarization effects can lead to a field weak-
ening inside the sample. In consequence, the
resonant parameters are influenced to a
smaller extent by the sample than assumed in
the simplified theory. This effect can be cor-
rected if the sample geometry is known.

— To determine the effective dielectric properties
of porous samples, such as powders, the por-
tion of the different components has to be con-
sidered by a mixing model. In the literature a
large number of various models is described
(e.g. Wiener, Looyenga, ...). Which of these
can be applied to the measured material can
be analyzed almost exclusively by further
measurements.

Results

In addition to solid oxide fuels cells, ceria is fre-
quently used for three-way catalytic converters
in automobiles. In this application, ceria serves
as an oxygen storage material. Since its dielec-
tric properties depend on its oxygen stoichiome-
try, the investigation of ceria using MCP is par-
ticularly important for RF-based state diagnosis.
Tab. 1 shows the results for a ceria powder sam-
ple in the resonator at room temperature. The
calculation of &' with both approaches clearly
shows that the extended approach is necessary
to calculate the known properties of ceria. The
extended method uses a simulation-determined
Ve, the mixture model according to Looyenga
and considers the depolarization effect.

Tab. 1: Permittivity €, of ceria at 25 °C and 20 % O,

mode simplified | extended literaturel
theory theory
TMo1o 3.95 22.6
23
TMozo 9.92 23.6
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The determination of an applicable mixture
model for an investigated material represents a
great effort. It depends not only on the material
itself, but also on other parameters such as its
particle size distribution.

The mixture model for a soot loaded particulate
filter, for example, can be determined by meas-
uring different mixtures of synthetic soot
(PrintexU) and cordierite in the resonator setup.
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Fig. 2. Permittivity of different PrintexU — cordierite
mixtures at room temperature.

The measured permittivity in Fig. 2 show a be-
havior equivalent to Wiener's mixing model.
Thus, this model can be used in further meas-
urements to determine directly the permittivity of
pure soot.
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