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W N e

Abstract: This paper investigates the characteristics of generic dielectric materials and char, which are
intended to be used as the fixed bed materials of a non-thermal-plasma (NTP)-based dielectric barrier
discharge (DBD) reactor. Such data are very essential when upgrading the fixed bed to a fluidised
bed, which may provide further improvement in the production and quality of the producer gas. This
measure would eventually cause a better producer gas and effective biomass-based power generation.
Pertinent data that are currently available focus on either improving the design requirements of
the producer gas or studying the impact of individual dielectric-material-specific applications to
produce useful gases by decomposing the polluting gases. Considering that there has only been
a meagre attempt to gather this information, this study gains its importance. In this context, the
collective electrical behaviour of bed materials viz. quartz-sand, olivine, and char under ambient
and higher temperatures is recorded and their frequency dependencies are analysed. First, the
electrical behaviour of the chosen materials is resolved over a wide frequency range. For this purpose,
two test cells, i.e., one for the ambient conditions and the other for higher temperatures, are built.
Subsequently, the surface and volumetric properties of the chosen bed materials under ambient and
higher temperatures are studied. As these materials are not as conductive as metal, such an approach
is necessary to understand the apparent behaviour of the materials and anticipate their direct or
indirect effects in the presence of non-thermal plasma. In summary, the data from the test cell under
ambient and higher temperatures and the influence of materials in the dielectric barrier discharge
reactor qualitatively define the material usage and may provide an opportunity to optimise their

performance.

Keywords: dielectric barrier discharge reactor; electrical parameters; loss factor; temperature

1. Introduction

Non-thermal-plasma (NTP)-activated dielectric barrier discharge (DBD) reactors with
fixed and/or fluidised bed dielectric materials and char are a novel and innovative approach
intended to be used to improve the quality of the producer gas generated in a gasifier
unit [1]. The producer gas is combustible with no free oxygen. The pertinent DBD reactors
used for the application of gas must be capable of working at atmospheric pressure and
need to be scalable [1,2]. The producer gas with better quality implies a higher heating
value and re-formation of the pollutants into useful gas components, thereby improving
the performance of gas synthesis and the conversion of chemical energy into electrical
power [3-5]. Currently used NTP-based DBD reactors employ generic dielectric materials,
resulting in the removal of toxic constituents in the exhaust gas. The harmful constituents
in the exhaust gas (nitrous oxide (NOy), sulphur dioxide (S5O;), carbon monoxide (CO), or
volatile organic compounds (VOCs)) are reformed (reaction pathway) into useful gases
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and elements such as nitrogen (N), oxygen (O,), or carbon dioxide (COy) [3-5]. The
reaction pathways, in turn, depend on the type of dielectric material used and the way
the discharges are introduced. In this context, understanding the characteristics of the
dielectric material under the adverse operating conditions in NTP-based DBD reactors
becomes quite important. Such information not only improves the functional efficiency,
but also helps to improve the design and structure of DBD reactors.

The composition of the producer gas and an optimal method to improve its quality
were explained in [6,7], respectively. Amongst numerous possibilities, a popular pathway
to improve the quality of the producer gas is achieved by enhancing the heterogeneous
reactions in the presence of reactive charcoal [7,8]. During this process, it is highly desired
to use the bed material approach in which dielectric materials are packed in between
the electrodes and apply non-thermal plasma for gas cleaning and quality enhancement
application [7,8]. This approach of packing the space between electrodes with dielectrics as
the bed materials is expected to provide higher conversion rates and better gas quality [7].
The currently available literature focuses on the design improvements of DBD reactors’
impact with respect to specific materials on the plasma generation and decomposition of
oxygen from the flue gas. During this, the primary focus is either on a multi-needle electrode
configuration on the electrical discharge or NOx removal efficiency [9]. In some cases, the
structural effects of electrodes such as the shape, diameter, length, etc., on the removal of
NOx gas in a DBD reactor are studied [10]. In addition, the reduction of NOx from flue gases
via interconnecting two barrier discharge plasma reactors is studied [11]. The available
information related to dielectrics once again studies the impact of non-thermal plasma on
specific materials such as glass beads, glass sand, ceramics, etc. [12,13]. Alternatively, a
combination of plasma discharge and the T;O, photocatalyst is investigated to eliminate
NO compounds [14]. In certain cases, even the theoretical and experimental analyses of
NO and SO, removal using a DBD photocatalyst hybrid system are studied [15,16]. At the
same time, only a meagre attempt has been made to understand the frequency-dependent
electrical parameters of the dielectric and charcoal materials under higher temperatures.
Such information also might be necessary for designing the next generation of plasma-
activated producer gas to syngas treatment systems and/or during the generation of a
non-thermal plasma inside the bed region in a fluidised bed gasifier unit.

The selection of packed bed materials will not only determine the efficiency of the
gas cleaning but maintain effective application on the non-thermal plasma discharges to
achieve the same [17,18]. Alternately, char or charcoal can be used as a complete or partially
packed bed mixed with dielectric materials. The char particles are semi-conductive and
may support heterogeneous reactions of the non-thermal plasma on the composition of
the producer gas, thereby improving its quality [17,18]. Therefore, it becomes equally
important to understand the typical temperature- and frequency-dependent behaviours of
char and generic dielectric materials, which are the subject matter.

2. Present Literature

The basic concept of the application and functionality of DBD reactors, bed materials,
and the environment in which the discharges are initiated has been intensively studied for
more than three decades. At the same time, certain aspects such as the electrical properties
of the materials and their characteristics under a wide temperature and frequency range are
yet to be deeply investigated. Considering this, the literature that is relevant is discussed.

2.1. Solid Materials Intended to Be Used as the Bed in a DBD Reactor

DBD reactors and the application of non-thermal plasma are normally used for ozone
generation, material treatment, particle reduction from exhaust, removal of NOx, COx,
particulate matter, pollutants, etc. [19-25]. Naturally, the selection of bed materials varies
as per their respective application. For instance, the removal of carbon particulate matter
in diesel exhaust uses MnOy/CeO; as a catalyst for the removal of carbon [12]. At the
same time, for the particle reduction of CO, to CO and O,, g—C3Ny, TiO,, and/or ZnO
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are used [24,25]. On the contrary, the production and processing of CO; into CO and O,
requires AL,O3, CeO;, and glass beads, while ozone production employs primarily TiO,
combined with other bed materials such as Pyrex beads, Pyrex wool, etc. [12,13,26]. The
material combination used is inevitable as the same aids the process and improves the
discharge mechanism. In addition, it is reported in the literature that the char material is
also inevitably present along with the DBD material.

2.2. Current “Know-How” on the Electrical Properties of Bed Materials

The generic properties of bed materials commonly used in DBD reactors are currently
available in the public domain. In particular, the relation of the choice of the bed materials
and the yield of ozone, CO, decomposition, the removal of C,Fg from ferroelectric particles,
etc., are reported in several literature works [23,27]. The literature indicates that the
gasification reactors invariably contain char as a constituent in the bed material. On the
contrary, the focus for DBD reactors is only on the process and application of plasma
discharges, and the materials used in such an environment are yet to be investigated. The
electrical resistivities of char, coke, and other forms of carbonaceous materials are currently
available [28-32]. The current strategy for measuring the DBD bed materials primarily
focuses on the catalyst used, the gas flow rate, the frequency, the peak voltage applied, the
streamers, and the discharge mechanisms [29]. At the same time, measuring the electrical
properties of the DBD bed materials has received little attention.

Summarising all the above, it appears from these literature works that it is very essen-
tial to understand the typical behaviour of bed materials with respect to the temperature.
The common properties of the bed materials are currently available; however, their electrical
properties and their characteristic responses under a wide temperature and frequency range
are yet to be investigated. Considering this, this paper investigates these two aspects viz.:

1.  The surface and volumetric behaviour of DBD bed materials with respect to the
temperature and frequency.
2. The typical characteristics of the char material and their temperature dependency.

It is believed that gaining such knowledge might help not only to improve the DBD
reactors, but also to achieve the better utilisation of the raw materials in renewable energy
systems, enhancing the cleaning measures of the producer gas, improving the performance
and operating conditions of electrostatic precipitator (ESP) units.

3. Procedure

The significance of DBD reactors using non-thermal plasma and their respective in-
dustrial applications is well established and widely reported [2]. The concepts of dielectric
barrier discharges (also called silent discharges), micro-discharges, their respective ap-
plication, ozone generation, modelling the discharge phenomena, etc., have been widely
investigated. At the same time, the electrical properties of solid materials applied as bed
materials in the DBD reactor require more investigation. In this context, carbonaceous
materials such as char, coke, ash, etc., have been given wide attention. The electrical
properties of char and coke and their typical behaviour at a wide temperature range have
been studied. The pertinent literature defines the dependencies of the char material on its
geometry, structure, etc. In this context, the present study provides an apparent view of the
electrical properties of solid materials intended to be used as bed materials in DBD reactors.

This study is restricted to the experimental investigation of specific granular solid
materials to be applied in new fluidised bed DBD reactor systems and understanding their
electrical properties at ambient and high temperature and a wide frequency range. For
this purpose, three materials viz. quartz sand, olivine, and char that are intended to be
used as DBD reactor bed materials were chosen. The chosen materials were placed in a
three-electrode test cell, specifically designed to house powder and/or granular materials,
and the surface and volumetric parameters of the same were measured from the termi-
nals. The test cell was developed based on the inputs as mentioned in [33,34]. First, the
collective electrical behaviour of individual bed materials (quartz sand, olivine, and char)
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under ambient temperature conditions was studied. The electrical properties such as the
loss factor, terminal capacitance, resistance, impedance, and complex permittivity of quartz
sand and olivine were measured and analysed, and subsequently, the resistive property of
char was recorded over a wide frequency range and analysed. The electrical and/or dielec-
tric characteristics imply measuring the loss factor, terminal capacitance, resistance, and
impedance, respectively. The loss factor (or dissipation factor) is represented as “tan()”,
describing the energy lost in the dielectric material due to the polarisation phenomena. “5”
represents the phase angle between the applied voltage and the capacitive current drawn
by the dielectric material. In the present context, “tan(5)” defines the frequency-dependent
behaviour of the dielectric bed materials chosen for a DBD reactor operated at ambient
and higher temperatures. The terminal capacitance is the apparent value measured at
the terminals of the test object with the materials filled. The capacitance also denotes the
amount of charge stored in the material. The resistance (or conductance) and reactance
(susceptance) indicate the reaction of the test materials with respect to the applied voltage
and frequency. Naturally, the presence of moisture, other undesired substances, and further
structural changes caused by the higher operating temperatures would introduce devia-
tions in these parameters, once again indicating and quantifying the material’s properties.
Being conductive (or at least semi-conductive) in nature, the char material does not exhibit
individually dielectric properties, but rather manifests resistive behaviour. The temperature
dependency of the char material was studied by monitoring its resistive behaviour over
a wide frequency range. Subsequently, the changes in the resistance of the char material
with respect to the applied temperature were calculated from the measured data, and the
same were analysed. The data obtained from both the measurements collectively provide
the information regarding the apparent behaviour of materials at higher temperatures
and frequencies.

The measuring strategy adopted involves two methods viz. dielectric response anal-
ysis (DRA) and frequency response analysis (FRA) to record the dielectric and electrical
properties of the materials adopted. Such an approach provides vast opportunities to
record the surface and volumetric characteristics of the chosen materials at ambient and
high temperatures over a wide frequency range. The DRA method uses low frequencies
to energise time-dependent polarisation mechanisms such as long-range ion movements,
dipole orientation, and barrier charge accumulation. This is acceptable as the materials used
may contain symmetrical and/or asymmetrical particles with different dimensions and
structures. Therefore, these chosen materials may pose different superficial (or surface) and
bulk (volume) responses to the applied test frequencies, thereby providing an opportunity
to understand their behaviour. At higher frequencies, the time provided for energising
the slower polarisation mechanisms ceases to exist, thereby lowering the sensitivity of the
superficial and bulk components of the response. Therefore, the pertinent FRA method
may be less sensitive to the applied frequency and, at the same time, may be sensitive to
external factors such as moisture, air, etc. Therefore, the DRA and FRA methods, used
to record the frequency-dependent surface and volume impedances, provide a complete
overview of the material’s characteristics, which may help in understanding the influence
of external factors such as the higher operating temperature.

4. Sample Preparation and Test Cell

The chosen samples for the experimental investigations were the quartz sand, olivine,
and char materials. Figure 1a—c shows the pictorial description of the chosen samples of
quartz sand, olivine and char adopted. The quartz sand and olivine were commercially
obtained, while the char samples were prepared using pinewood chips. The pinewood
chips were burnt at a higher temperature, and the samples of the quartz sand, olivine, and
char were obtained and placed in a test cell and subjected to electrical measurements.

A test cell was developed to house the chosen samples of the DBD bed reactor materials
and to measure their respective electrical properties. Figure 2a—c shows the schematic and
pictorial description of the test cell adopted for this study. The test cell contains four
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parts viz. the centre electrode, outer ring electrodes, and middle ring electrode, insulating
rings or spacers, base plate, and outer cover. Initially, the ring electrodes were placed
on one another on the base plate, and the insulating rings or spacers were interleaved
between the outer and middle ring electrodes. Thus, the insulator rings electrically isolate
the outer ring electrodes. The base plate was provided with grooves so as retain the
symmetricity of the electrodes’ position. Once the ring electrodes were placed, the centre
electrode was concentrically placed on the symmetrically positioned ring electrodes and
the outer protective cover was placed to ensure that the positioning and symmetricity of
the electrodes were not disturbed under any circumstances.

(b)

Figure 1. Pictorial description of the samples of the DBD reactor bed materials that are commonly
used for generic applications. (a) Quartz sand (b); olivine (c); char.

Central electrode

Electrode 1

Electrode 2

Electrode 3

Yz

(d)

Figure 2. Schematic and pictorial description of the test cell used for measuring the surface and

volumetric electrical properties of the DBD reactor bed materials at room and high temperature.
(a) Schematic; (b) electrode with Teflon insulation; (c) test cell filled in with samples used at room
temperature; (d) test cell used at a higher temperature.
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The electrodes have provisions for electrical connections, which are marked as “Uy”,
“Uy”, and “U,"” representing the centre, outer, and middle ring electrodes, respectively. Two
test cells marked as “TC1” and “TC2” were involved in the present study, out of which
“TC1” was designed to measure the test samples under ambient conditions. The second test
cell marked as “TC2” is similar in principle but designed to handle higher temperatures.
The test cell used for ambient condition (“TC1”) measurements contains an insulating
spacer (or Teflon rings) for electrically isolating the top and bottom ring electrodes. At the
same time, the test cell used for measuring high temperatures (“TC2”) uses mica rings as
the spacers for electrical isolation. Otherwise, both test cells are identical in design and
dimension. The only difference is the auxiliary system, which enables the second test cell
(“TC2”) to operate under higher temperatures without any fire hazard. Thermocouples
were installed in the second test cell (“TC2”) for the purpose of monitoring the temperature.

Once the necessary requirements were included, the test cells were used to record
the characteristics of the test samples under ambient and higher-temperature conditions.
Such an approach was performed to cross verify the possibilities of the structural and/or
material change of the sample at least at the macroscopic level.

5. Measurement Principle

The underlying measuring principle adopted for recording the electrical properties of
the DBD bed materials focuses on resolving their surface and volumetric parameters and
their dependencies with respect to temperature and frequency. For this purpose, a method
involving three terminal measurements (source, guard, and measurement) was chosen. The
concept of the three-terminal-based test cell was developed based on the recommendations
made by [34,35]. Figure 3a,b show the schematic diagram of the underlying principle
used for measuring the surface and volumetric parameters of the chosen DBD reactor
bed materials. During these measurements, the surface and volumetric parameters of the
chosen materials were recorded by simply alternating the source, measurement, and guard
connections of the electrode. For instance, to measure the surface properties of the material,
the test signals were injected into the material through the outer ring electrodes, while
the corresponding responses were recorded from the middle ring electrode. The centre
electrode was grounded to eliminate the volumetric influence of the test sample. On the
contrary, the volumetric measurements involved the middle ring electrode to energise
the sample and the centre electrode to record their respective responses. To eliminate the
surface parametric response of the material, the outer ring electrodes were grounded.

In the present context, the dielectric materials were filled-in and packed between the
gaps of the electrodes. This arrangement can be adequately represented using a simple
RC circuit analogy. Figure 3¢c,d show the RC-circuit-based representation of the bulk and
surface impedance of the chosen materials. The RC components in the circuit model
represent the ionic, interfacial, and dipolar polarisation mechanisms, respectively. The
parallel RC circuit represents dipolar polarisation, while the series RC circuit shows the
surface contribution of the material [35,36]. Naturally, during surface measurements, the
volumetric counterpart (bulk RC) was guarded out and vice versa. At the same time, it is
very important to mention that the circuit analogy is apparent in nature, and a more detailed
model that incorporates the structural information of grains, packing ratio, size, shape,
weight, water concentration, etc., is necessary to accurately represent the arrangement. This
is currently an ongoing work, and the authors will be able to provide more information
upon completion.
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Figure 3. Measuring principle for recording the electrical properties of the chosen DBD reactor
bed materials. (a) Surface parameter; (b) volume parameter; (c¢) RC circuit analogy of surface
measurements after volume parameters guarded out; (d) RC circuit analogy of volume measurements
with volumetric parameters guarded out.

It is well known that the char material is resistive. The value of the resistance of the
char material depends on its porous structure, which is dependent on the feedstock used
and other conditions such as the temperature, gasification agents, treatment, duration, etc.,
experienced during the thermo-chemical conversion process. Naturally, it is expected that
the application of the external temperature might influence its electrical characteristics.
Considering this, experiments were conducted on a single char sample, which was operated
at a high temperature i.e., from ambient (21.6 °C) to 650 °C, respectively. Following this,
the electrical characteristics of the char sample pertaining to the discrete temperature were
recorded over a wide frequency range. Once the characteristics were recorded, the sample
was once more aged, and the complete measurement was repeated. Such an approach was
performed to cross verify the possibilities of the structural and/or material change of the
sample at least at the macroscopic level.

Once the underlying principle for measuring was decided, the experiments were
exercised on the chosen samples, and their respective electrical properties and their time
and frequency dependencies were studied.

6. Experiments

The electrical parameters of the chosen samples were measured through the dielectric
and frequency response test methods. The suitability of both of these methods (dielectric
response and frequency response) in ascertaining the characteristics of non-conventional ap-
plications (IGBT modules, tar species, etc.,) are well established and experimentally proven.
Prior to the measurements, the test cell was suitably positioned, and the samples were filled
in, while the electrical connections for measuring the surface and volume parametric data
were made appropriately (refer to Figure 3a,b). As explained earlier, the test cell (shown in
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Figure 2a—c) adopted in the present study employed three electrode arrangements viz. test,
measurement, and guard, respectively. The measurement electrode was stacked in between
two guard electrodes, while the test electrode was placed concentrically to the stacked
measurement and guard electrodes. A dielectric spacing of 2 mm was introduced between
the measurement and guard electrodes through Teflon spacers. The complete electrode ar-
rangement was placed in a concentric dielectric cylinder made of Teflon material. Grooves
were made on the electrodes (test, measurement, and guard) to establish suitable electrical
connections through lab cables. The same set of connecting leads and cables was used
to maintain the repeatability of the experiments. It is important to mention that the test
cells used for the ambient temperature and higher temperatures were identical in design
concept, while the only difference was the materials used for the electrical isolation and
thermal withstanding ability. The ambient temperature measurements used Teflon rings
to electrically isolate the guard (outer or top and bottom ring) and measurement (middle
ring) electrodes, while mica rings were used at the same location for achieving electrical
isolation and to withstand higher temperatures. Subsequently, the samples were filled in
the gap between the centre cylindrical electrode and the ring electrodes and subjected to
experiments.

6.1. Frequency-Dependent Test Method

The test setup used for recording the electrical properties at ambient and higher
temperatures are shown in Figure 4a,b, respectively. The schematic of performing the
frequency response measurements is shown in Figure 4c. During frequency response
measurements, a three-terminal electrode that used the source, reference, and measurement
from the excitation and test cell was adopted. The underlying principle of surface and
volumetric parameter measurements is shown in Figure 3a,b. The test device chosen for
recording the electrical properties was a dielectric response analyser (Figure 4a), popularly
used not only for assessing the diagnostic condition of a high-voltage apparatus (i.e., power
cables, transformers, bushings, etc.,), but also to measure the generic dielectric materials
that are housed in a test cell. The adopted test equipment can resolve both the electrical
(resistance, capacitance, impedance) and dielectric (i.e., loss factor, complex permittivity,
complex capacitance, power factor) properties of the chosen material or test object. The
chosen dielectric response analyser has an inherent AC source that generates a sinusoidal
voltage of a magnitude up to 200 V at a frequency ranging from 300 pHz to 5 kHz in
discrete steps. The signals were injected through the centre cylindrical electrode, and the
responses were recorded from the measurement or guarded ring electrodes. Later, the
measured responses were used to determine the electrical and dielectric properties of the
chosen material over a wide frequency range. During this, the connections were made at
the electrodes through a short jumper, no more than 10 cm in length, which was electrically
connected to the device using a triaxial cable. The triaxial cable provides a better shield
to noise and external interference, thereby enabling the device to perform a sensitive and
accurate measurement. Following this, the high-frequency surface and volumetric electrical
properties (i.e., resistance, impedance) of the chosen samples were recorded.

Surface resistance and impedance define the resistance offered to the flow of (leakage)
current over the surface of a material. The volumetric resistance and impedance define
the resistance offered to the flow of current diverging volumetrically through the mate-
rial. The direction of the flow of current depends on the direction of the electric field
applied to the material. Figure 3a,b show the electrical connection and field direction
while measuring the surface and volumetric parameters, respectively. The surface and
volumetric impedances reveal the joint interaction of both frequency-dependent resistance
and reactance, respectively. In the present context, the degree of sensitivity and response of
resistance and reactance might differ with respect to the material. In order to observe the
same, the influence of higher temperature and frequency dependencies are characterised
were studied.
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Figure 4. Setup used for measuring the frequency-dependent electrical properties of the DBD reactor
bed materials. (a) Ambient temperature; (b) higher temperature; (c) common schematic diagram
showing the underlying principle of performing a frequency response measurement.

Figure 4b shows the test setup used for measuring the frequency-dependent impedance
of the chosen samples of DBD bed materials using the frequency response analysis (FRA)
method. For this purpose, a function generator capable of producing a 20 V peak-to-peak
sinusoid, a 16-bit digital oscilloscope, and a clamp-on current probe (sensitivity: 2 mA/mV,
bandwidth: 450-60 MHz) were used. All the signals were connected to the instruments via
a 50 () co-axial cable having a maximum length of 1 m. An automatic procedure (refer to
(Figure 4b)) was adopted for gathering the sweep frequency measurement data and later
transferred to a PC for analysis.

During the FRA measurements, the spectrally pure sinusoidal signal of a 20 V peak-to-
peak sinusoid was injected into the test object through the terminals in discrete frequency
steps, and the excitation and responses were measured from the input terminal. The input
impedance was computed from the measured excitation and responses so that the maxima
and minima of the measured spectrum revealed the natural frequencies of the test setup and
the chosen sample. The FRA method incorporates three lead measuring method (source,
reference, and measurement) and can dynamically adjust the vertical scale deflection. Being
a high-frequency measurement, the necessary precautions required to gain immunity over
noise and interference were duly exercised.

6.2. Measuring Electrical Properties under Ambient Temperature

The frequency-dependent test method adopted for measuring the surface and volumet-
ric properties implies recording the superficial (surface) and bulk (volumetric) responses
of the chosen sample and obtaining their respective electrical properties (i.e., loss factor,
capacitance, resistance, complex permittivity, impedance, etc.,) from the same. The loss
factor quantifies the dielectric loss in the material, while the capacitance indicates the ability
of the material to store charges, and the resistance enumerates the material’s conductivity
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initiated by the frequency-dependent polarisation mechanism. First, the surface and vol-
ume electrical properties of the chosen samples were recorded at ambient temperature and
later at a higher temperature. The data obtained from the ambient temperature provide
the typical characteristics of the chosen materials, and the same at the higher tempera-
ture indicate the possible deviations in their respective condition. The surface parametric
measurement implies measuring the superficial response or, in other words, the tangen-
tial component of the total response of the material to the applied voltage. The volume
parametric measurement implies measuring the bulk response of the chosen material to
the applied voltage, which is nothing but the normal component. The surface and volume
parametric information regarding the electrical properties of the material characterises the
dependencies with respect to the temperature and frequency.

Figure 5a—d show the surface electrical properties of the chosen samples of the DBD
bed materials, measured under ambient room temperature. The corresponding numerical
values that significantly explain the typical behaviour of the chosen materials are shown
in Table 1. It becomes clear from these figures (Figure 5a—d) that the chosen materials
individually are better dielectric materials and may be used as bed materials in DBD
reactors. The same can be ensured by comparing the electrical properties of the chosen
samples to the same measured from the geometry of the test cell. Such a comparison was
used to validate the data measured from the DBD reactor bed materials to that of the air as
the same remains as the insulating medium in the geometry of the test cell. Naturally, the
corresponding data emerge as the reference and were used for the comparative analysis.
At first glance, the dielectric response of the geometry of the test cell (empty with air filling
the gaps) emerged with a better loss factor over a wide frequency range. The loss factor of
the test cell (with air as the medium) remained less than 0.1, indicating lower dielectric loss.
At the same time, the olivine material manifested a larger loss factor (tan(d) ~ 80) than the
quartz sand (tan(d) ~ 0.1) and air. The reason for such an elevated loss factor of olivine
might be attributed to its higher dielectric constant. The dielectric constant (g;) of olivine is
around 7.5 (refer to [4]), while the same for quartz sand and air are 3 to 5 (depending on its
dry, saturation, and wet state) and 1.0, respectively. Therefore, to quantify the dielectric
quality of the material, the other electrical properties such as capacitance (Figure 5b) and
resistance (Figure 5c) were studied.

The capacitance and resistance of the geometrical surface of the test cell, olivine, and
quartz sand measured with respect to a wide range of frequency are shown in Figure 5b,c.
Comparatively, the capacitances of the geometrical surface of the test cell with air as the
medium and quartz sand measured remained close to each other or at least at higher
frequencies. In particular, the capacitance values of the geometrical surface of the test cell
and quartz sand remained at 75 pF at 1 kHz, which seemed to remain the same until 10 Hz.
A further decrease in the frequency caused a slight increase in the surface capacitance of
the quartz sand, indicating a slightly better ability to store the charges, contributed by the
barriers and junctions formed by the quartz sand granules. This trend or behaviour of the
surface capacitance of the quartz sand and the geometry of the test cell (or air) are reasonable
as their dielectric constant remained at a closer range (i.e., & (air) = 1.0, & (quartz sand) = 3.0).
At the same time, as expected, the olivine (Figure 5b) with a higher dielectric constant
manifested a greater ability to store charges on its surface. As the frequency increased,
the value of the surface capacitance of the olivine seemed to decrease in an exponential
manner, i.e., from 275 pF to 175 pF approximately. At the same time, the corresponding
value of the surface resistance of the olivine seemed to be lower than the quartz sand and
the geometry of the test cell (with air as the medium). It can be observed from Figure 5c
that the apparent surface resistance of the olivine was approximately 107 ohms at lower
frequencies and seemed to drop to 10° Q) at 1 kHz. This indicates dominant conductivity in
the olivine due to the polarisation mechanism, making it have higher dielectric loss than
the geometry of the test cell (air) and the quartz sand material. Once this information was
obtained, the apparent impedance contributed by the surface of the chosen samples of the
DBD materials were measured and analysed.
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Figure 5. Surface parametric electrical properties of the chosen samples of the DBD bed materials
measured at ambient temperature. (a) Loss factor; (b) capacitance; (c) resistance; (d) impedance.

Table 1. Surface electrical properties of the DBD bed materials measured at frequencies from 1 Hz to
103 Hz.

Surface Parameter

Dielectric
Material Filling in Frequency Loss Factor Capacitance Resistance Impedance

Cell Hz p-u pF GQ MO

1 0.0199 160.820 49.797 989.451

Air 50 0.0122 154.714 1.690 20.573
10° 0.0039 153.022 0.268 1.040

1 0.2128 178.258 4.196 873.285

Quartz Sand 50 0.0359 154.817 0.572 20.547
103 0.0075 150.655 0.140 1.056

1 26.486 267.437 11.881 22.453

Olivine 50 0.7328 197.961 21.943 12.970
103 0.0738 181.434 11.881 0.875

The procedure of the dielectric response analysis involved either analysing the loss
factor, resistance, or capacitance properties individually. Alternately, the impedance of
the materials and/or the test objects measured altogether characterises the collective re-
sponse of the DBD materials initiated by the material conductance and capacitive reactance,
respectively. In other words, the response of the test materials or test objects, which are
physically realizable during a real-time measurement, can be recorded and analysed, while
the resistance and capacitance parameters measured are components of the total response
measured. Therefore, the measured impedance provides a complete overview of the ma-
terial’s characteristics over a wide frequency range, hence being sufficient to understand
the overall diagnostic condition and/or status of the materials or test objects under in-
vestigation. Figure 5d shows the apparent surface impedance measured from the chosen
DBD materials over a wide frequency range. The collective behaviour of surface resistance
(conductivity) and surface capacitance (charges stored) can be viewed by the impedance
shown in Figure 5d. As observed from Figure 5a—c, the olivine emerged with a lower
impedance at lower frequencies, indicating more conductivity than the geometry of the test
cell (air) and the quartz sand material. As the frequency increased, the total response of the
olivine seemed to be in line with the air and quartz sand material. This reconfirms that the
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olivine emerged with a higher dielectric loss on its surface than the air and quartz sand.
A further increase in the frequency caused the surface impedance (Figure 5d) of all the
chosen materials to reduce, thereby making them more conductive. It also can be observed
from Figure 5b that the surface capacitance reduced with increasing frequency. This might
be due to the introduction of high-frequency polarisation mechanisms, which make the
material more conductive. With this information, the volumetric response of the chosen
materials was studied, and their typical behaviour with frequency was analysed.

Figure 6a—d show the volumetric electrical properties of the chosen samples of the
DBD bed materials at ambient temperature. The pertinent values that significantly describe
the volumetric behaviour of the chosen DBD bed materials are shown in Table 2. As
expected, the larger dielectric constant of the olivine material manifested a higher loss
factor (Figure 6a) at lower frequencies and remained close to the quartz sand at higher
frequencies. At the same time, the volumetric response of the loss factor of the air and
quartz sand remained within 1.0 per unit (p.u.). The pertinent capacitance (Figure 6b) of
the olivine material emerged at a value higher than the quartz sand and air and seemed to
further decrease exponentially with increasing frequency. This indicates the ability of the
bulk material aiding in storing the charges in response to the applied voltage. However, the
volumetric resistance of the olivine material shown in Figure 6c emerged as being lower
than the air and quartz sand materials, thereby indicating its higher volumetric or bulk
conductivity with frequency. The volumetric resistance of the olivine was around 10® O at
lower frequencies and dropped to 10° Q) at higher frequencies. This once again confirms
the fact that the olivine material, also in the volumetric sense, was lossy in nature.
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Figure 6. Volume parametric electrical properties of the DBD bed materials measured at ambient
temperature. (a) Loss factor; (b) capacitance; (c) resistance; (d) impedance.

On the contrary, the quartz sand, although manifesting higher loss factor, nevertheless
had higher resistance, slightly lower than air. This confirms that the conductivity of the
quartz sand material is smaller and, hence, can be less lossy than olivine. As expected,
the conductive nature of the material might be due to the frequency-dependent polarisa-
tion mechanism and barrier charge build-up. Similar observations could be made from
the volumetric impedance of the chosen materials. The olivine emerged with a lower
bulk impedance, which seemed to drop with increasing frequency. On the contrary, the
impedance of the air and quartz sand dropped linearly with the increase in frequency.
With this information, the surface and volumetric impedance of the chosen samples were
measured at higher frequencies, and their typical behaviour was analysed.
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Table 2. Volume electrical properties of the DBD bed materials measured at frequencies from 1 Hz to
10 Hz.

3 . Volume Parameter
Dielectric

Material Filling Frequency Loss Factor Capacitance Resistance Impedance
in Cell Hz p-u. pF GO MQ
1 0.2380 14.376 46.251 10,770.0
Air 50 0.1741 7.459 2.4510 420.413
103 0.0365 6.574 0.6630 24.194
1 1.4802 51.245 2.0980 1739.0
Quartz Sand 50 0.4465 16.736 0.4259 425.920
103 0.1033 11.864 0.1298 129.859
1 9.3966 246.705 68.655 68.269
Olivine 50 0.7711 86.173 47.90 29.251
103 0.2269 63.285 11.085 2.453

6.3. High-Frequency Impedance of the Char and Bed Materials at Ambient Temperature

The impedance measured was an outcome of the complex response of the material to
the applied voltage. The impedance measured comprised the effect of the polarisation of the
dipoles, ion migration, etc., which are dependent on the applied voltage and frequency. In
other words, these relaxation processes are frequency dependent, individually containing
different time constants and several characteristic frequencies. The resistance and capacitive
reactance of the impedance carry information regarding the characteristics of the material’s
conductivity and its ability to store the charges due to its capacitive nature. The dielectric
material’s conductivity is contributed by the polarisation mechanism (relaxation process),
while the permittivity (or capacitance) indicates the ability of the material to store charges,
thereby to confine the electric field within the desired location. At lower frequencies, the
slower time provides the opportunity for longer-range ion movements and barrier charging
and discharging activities. At higher frequencies, the polarisation mechanism and the
corresponding material’s conductivity reduces since the longer-range ionic movements,
dipolar orientation, and other pertinent phenomena cease to follow the faster dynamic
variation of the applied voltage. Therefore, the impedance measured at high frequencies
collectively provides the overall response of the material.

Figures 7 and 8 show the surface and volumetric impedance of the geometry of the test
cell (air), quartz sand, olivine, and char materials. The respective values that significantly
explains the typical behaviour of chosen samples of DBD materials are shown in Table 3.
At first glance, it appears from Figure 7 that there are no spurious and/or regular resonant
peaks and troughs, indicating the absence of the influence of the inherent impedance of
the geometry of the test cell, connecting jumpers and cables. This ensures that there are
no external impedances that compromise the measurement sensitivity and accuracy. It
becomes clear from Figure 7 that there is a slight difference in the surface impedance
measured from the geometry, quartz sand, and olivine at lower frequencies. At the initial
frequencies (i.e., 10* Hz), the quartz sand emerged with a higher surface impedance than the
test cell (air) and olivine. The measured value of the surface impedance of the quartz sand
appeared close to 1.2 M(), while the same for the geometry and olivine was approximately
0.8 and 0.7 M(), respectively. These starting values of the surface impedance measured
using the FRA method match the dielectric response analysis data, as shown in Figure 5d.
This ensures the sensitivity of the adopted methods involved in the present study. A further
increase in frequency caused the surface impedance of the chosen materials (other than the
char) to remain in line with each other throughout the span.
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Figure 7. Surface impedance of the chosen samples of the DBD bed materials measured at ambient
temperature.
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Figure 8. Volumetric impedance—frequency response function of the chosen samples of the DBD bed

materials measured at ambient temperature.

Table 3. Surface and volume electrical properties of the DBD bed materials measured at a higher
frequency.

Frequencies Ranging 1 Hz to 103 Hz Frequency 10° Hz to 10° Hz
Material Surface Impedance (Zp) Volume Impedance (Zy) Surface (Zy) Volume (Zv)
ateria
1 50 103 1Hz 50 Hz 103 10% 10% 10% 10%
MQ MQ MQ MQ MQ MQ MQ MQ MQ MQ
Air 989.451 20.573 1.040 10,770.0 420.413 24.194 0.8881 0.5283 1.024 0.9532
$ Sand 873.285 20.547 1.056 1739.0 425.920 129.859 0.9041 0.5201 0.8742 0.8738
Olivine 22.453 12.970 0.875 68.269 29.251 2.453 0.8623 0.5265 0.9038 0.9174
Charl - - - - - - 0.0660 0.0659 0.0332 0.0338
Char2 - -

_ - - - 0.0409 0.0412 0.0327 0.336

$ Quartz sand.

As the frequency increased from 10* Hz, the values of the high-frequency surface
impedance measured from the test cell (with air as the medium), quartz sand, and olivine
remained close to 0.9 MQ. As the frequency reached 10° Hz, the surface impedance of
the chosen materials (test cell (air), quartz sand, olivine), despite remaining in line with
each other, gradually dropped to 0.5 M), which further reduced to a very low value at
107 Hz. The reason for the gradual drop of the surface impedance might be due to the



Energies 2022, 15, 9241

15 of 22

progressive inclusion of the inductance of the test cell, geometry, wires, etc., which drew the
measuring arrangement into a resonant condition. This behaviour fixed the threshold of
the adopted measurement strategy to retain its sensitivity and accuracy. At the same time,
the FRA experiments on the char samples (Figure 7) to measure their surface impedance
revealed a different result. Two sets of char samples prepared for two different durations
with a slight variation in their particle size were prepared and subjected to impedance
measurements. Therefore, it is reasonable to expect deviations in their respective surface
impedance as the effective surface area will be different. This confirms the fact that
the structural information of the grains of the char, including their time of preparation
(differences in water concentration), is very significant. As expected, the surface impedance
of the chosen samples manifested different values. The char sample identified as “char#1”
manifested 40 KQ), while the second, identified as “char#2” manifested 65 k(), which
remained constant throughout the measurement frequency. At higher frequencies (i.e.,
107 Hz), the surface impedance seemed to drop slowly, indicating the gradual contribution
of external inductances due to the test cell and geometry. With this information, the
volumetric response of the chosen materials at high frequencies was recorded and analysed.

Figure 8 shows the high-frequency volumetric impedance of the chosen samples
adopted in the present study. As can be observed from Figure 8, there were no kinks
and/or regular peaks in the frequency-dependent volumetric impedance function. This
confirms the fact that there was no significant influence of the inherent impedance function
of the geometry of the test cell, connecting jumpers, cables, etc., or at least until a certain
frequency. In the present context, the volumetric impedance of the chosen samples of the
DBD bed materials seemed to match throughout the span of test frequencies. Even the
minor deviations that appeared at the low frequencies of the surface impedance are absent.
The measured value of the volumetric impedance of the bulk material was approximately
1 MQ for frequencies ranging from 10°> Hz to 10° Hz respectively. A further increase
in frequency (i.e., from 10° Hz) caused the impedance of the chosen materials of the
test cell (with air as the medium), quartz sand, and olivine to drastically drop to 10% Q.
This might indicate the drastic inclusion of the inherent inductance of the test cell, its
geometry, jumpers, connectors, etc., which enforce a threshold on the applied frequency
and measurement sensitivity.

Similar observations could be made on the two char samples (“char#1”, “char#2”)
produced at the two different durations. As opposed to the surface impedance, the high-
frequency volumetric response of the chosen char samples was the same and remained
in line with each other throughout the frequency range. The value of the high-frequency
volumetric impedance measured from both char samples remained within 34 M() until
2 MHz. Even the minor changes that appeared at the lower frequencies of the surface
impedance (i.e., 10* Hz) of the chosen samples were absent in the present volumetric case.
This may indicate that the particle volumetric dimensions were not as sensitive as the
surface parameters. Beyond this frequency, the impedance drastically dropped to a very
low value, indicating the further influence of the test cell and other factors contributing to
the apparent inductance of the measuring circuit, enforcing threshold for the measurement
procedure.

Summarising, the experiments under ambient temperature indicated a typical be-
haviour of the chosen samples at low and high frequencies. It appeared that the materials
were more sensitive at lower frequencies, which might be due to the gradual contribution
of the dielectric response such as slower polarisation mechanisms, barrier charging due
to asymmetrical particle dimensions, parameters, and arrangements. With this informa-
tion, the typical response of the char materials at higher temperatures were investigated.
During this, the samples of the char materials were subjected to investigation as they are
invariably present in the DBD reactor and gasifier units as an intermediate product after
the thermo-chemical conversion of raw materials.



Energies 2022, 15, 9241

16 of 22

6.4. Electrical Properties of Char as a Bed Material at a Higher Temperature

Char is the by-product or intermediate product that emerges after the thermo-chemical
conversion and gasification of solid raw materials. The pertinent process is also addressed
as carbonisation, charring, and pyrolysis. Being a carbonaceous material, char manifests
a lower resistance and has found wide application. Therefore, measuring the electrical
properties of char implies recording and characterising the surface and volumetric compo-
nents of resistance and impedance at ambient and high temperature over a wide frequency.
Figure 9a—d show the measured values of the surface and volume resistance of the char
samples and their trend manifested at higher temperatures under low frequencies. The
corresponding values of the surface and volume resistance of the char materials are shown
in Table 4. It becomes clear from Figure 9a—d that the surface and volumetric resistance
of the char materials remained constant with respect to the frequency. This trend of the
frequency independency of the surface and volume resistance of the char can be observed
from 1 Hz to 1 kHz. Following this, another interesting observation can be made from
Figures 9a and 9b, respectively. Comparatively, the surface resistance of the char was
relatively higher than the volumetric counterpart. The same can also be observed from
Table 4. This indicates that the surface of the char material is more responsive than its
volumetric counterpart, which is in consonance with the previous results.
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Figure 9. Temperature-dependent surface and volume parametric resistance of the char material
measured under higher temperature. (a) Actual values of surface resistance; (b) actual values
of volumetric resistance; (c) temperature dependency of the surface resistance; (d) temperature
dependency of the volumetric resistance.

At the same time, the temperature dependency of the surface resistance of the char
material manifested a different result. The surface resistance seemed to increase with
temperature, until it reached a critical point. In the present context, the value of the surface
resistance at ambient temperature (i.e., 20 °C) was 20 (), and the critical temperature at
which the surface resistance peaked to a value of 90 () was around 220 °C, respectively.
Afterwards, any increase in temperature caused the surface resistance to drop to the am-
bient value, and this trend seemed to repeat like a quasi-sinusoidal waveform. Similar
observations can be made for the volumetric resistance (Figure 9b). The volumetric resis-
tance was frequency-independent and remained constant with the applied frequency. The
temperature dependency seemed to more or less like quasi-sinusoidal; however, the resis-
tance value measured was lower than its counterpart. With this information, the applied
frequency was further widened and the high-frequency surface and volume impedance at
higher temperatures were measured and analysed.
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Table 4. Surface and volume electrical properties of Char at wider temperature and frequency.

Low Frequency 10°-10° Hz High Frequency 10*-10° Hz
Temperature Surface Parameter Volume Parameter Surface Volume
Resistance  Impedance  Resistance Impedance Impedance Impedance
0 Rsp Zgy Ry ZyL Zsy Zvu
°C (9) Q [9) [9) Q [9)
20 9.972 9.958 4.355 4.323 105.3 28.78
120 36.075 36.071 25.494 255.489 12.86 10.2
220 59.227 59.225 31.674 31.670 4.628 7.956
400 24.712 24.707 10.068 10.068 15.930 4.652
500 12.230 12.217 6.962 6.985 - -
555 8.126 8.109 5.326 5.326 - 2.6
650 25.098 25.091 12.116 12.116 - 2.211

Figure 10a—d show the frequency-dependent surface and volumetric impedance of
the char material measured under higher temperatures over a wide frequency. Table 4
shows the values of the surface and volumetric impedance of the char materials measured
under higher temperatures over a wide frequency. As expected, the impedance measured
was free from resonant peaks and troughs, which confirms that the chosen char material
alone contributed to the response function and ascertained the adequacy of the adopted
method. At first glance, it appears from Figure 10a—d that the surface and volumetric
impedances were temperature dependent and not frequency dependent. In other words,
the surface and volumetric impedance measured responded to any change in temperature
while remaining unresponsive to any change in frequency. This is in consonance with the
previous observations. It becomes clear from Figure 10a,c that the surface and volume
impedance of the char material measured remained invariably the same at lower frequencies
provided the applied temperature remained the same. For instance, the low-frequency
surface impedance of the char material measured under room temperature remained at
9.958 () (Table 4), while the same reached (Table 4) 59.227 ohms at 220 °C, respectively,
throughout the applied frequency (1 Hz to 10° Hz). This overall temperature dependency
of the surface (Figure 10a) and volumetric impedance (Figure 10c) measured at lower
frequencies manifested a quasi-sinusoidal behaviour, which is in consonance with the
surface resistance (shown in Figure 9c¢).
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Figure 10. Surface and volume parametric impedance of the char material measured under a higher
temperature over a wide frequency. (a) Surface impedance at low frequencies (1 Hz to 103 Hz);
(b) surface impedance at high frequencies (10* Hz to 10° Hz); (c) volumetric impedance at low
frequencies (1 Hz to 103 Hz); (d) volumetric impedance at low frequencies (10* Hz to 10° Hz).

Similar observations can also be made from the high volumetric impedance
(Figure 10d) measured at different temperatures. The value of volumetric impedance
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at higher frequencies remained the same as long as the material temperature remained the
same. As the material temperature increased, this forced the high-frequency volumetric
impedance to change, which did not vary with the applied frequency. On the contrary, a
different temperature dependency behaviour of the high-frequency surface impedance can
be observed from Figure 10b. At ambient temperature, the surface impedance remained
the same with the applied frequency or at least until 10° Hz. As the temperature increased,
this consistency of the high-frequency surface impedance was lost, and the initial value
as slightly lower, which required a critical frequency to reach a constant value. The same
can be observed from Figure 10b: the high-frequency surface impedance at higher temper-
atures introduced initially mild deviations and later settled into a constant value with a
further increase in the applied frequency. This once again confirms the fact that the surface
impedance measurements were more responsive than the volumetric parametric measure-
ments. With this information, the typical trend formed by the temperature dependency of
the surface and volumetric impedances measured from the char material were recorded
and analysed.

Figure 11a—d show the typical temperature dependency trend manifested by the
surface and volumetric impedance manifested by the char material over a wide frequency
range. It becomes clear from these figures that the trend formulated by the surface and
volume impedance of the char material at lower and higher temperatures was incomparable
with the previous findings. In all, the trend formed by the temperature dependency of
the surface impedances was quasi-sinusoidal, which is in consonance with Figure 9a,c.
At the same time, the trend formed by the temperature dependency of the volumetric
impedance char materials measured at higher frequencies manifested a different result.
Figure 11b,d shows that the apparent impedance dropped with the increasing temperature
to a lower value. For instance, the high-frequency surface impedance, which was initially
at 105.3 () at room temperature, dropped to 6.985 () as the applied temperature increased
to 600 °C, respectively. The high-frequency volumetric impedance showed a temporary
increase in the value of the impedance with the frequency; nevertheless, the trend seemed
to drop with a further increase in the temperature. This behaviour is different from previous
observations made on the chosen samples and char materials, respectively.
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Figure 11. Trend of the temperature dependency of the surface and volume parametric impedance of
the char material measured at a higher temperature over a wide frequency. (a) Surface impedance at
low frequencies (1 Hz to 10° Hz); (b) trend of the temperature dependency of the surface impedance
at high frequencies (10* Hz to 10® Hz); (c) volumetric impedance at low frequencies (1 Hz to 10° Hz);
(d) trend of the temperature dependency of the volumetric impedance at low frequencies (10* Hz to
10° Hz).

Thus, it becomes clear from these experiments that the surface and volumetric param-
eters of the chosen materials manifested significant temperature- and frequency-dependent
characteristics. Such information acts as a valuable input while designing high-performance
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dielectric barrier discharge reactors and gasification units used for thermo-chemical con-
version of the producer gas from the biomass raw materials.

7. Inferences

It emerges from this experimental study that the frequency-dependent surface and

volumetric electrical properties of the chosen samples measured using the dielectric and
frequency response analysis method can be invariably used for characterising their ambient
and high-temperature behaviour. The pertinent interesting observations made from this
experimental study are listed below:

1.

The experimental results obtained give evidence that the loss factor measured at
ambient temperature from the surface and volumetric parameters of the chosen DBD
reactor bed materials manifested significant differences with the applied frequency.
The surface and volumetric loss factor quantifies the energy lost in the material; the
capacitances indicate the ability of the material to store charges; surface resistance
provides information on the apparent material’s conductivity caused by the frequency-
dependent polarisation. The surface parametric loss factor of the quartz sand and
air emerged with lower values throughout the frequency span, thereby qualified
as better materials. Comparatively, the capacitance of the surface of the test cell
and quartz sand measured remained close to each other at higher frequencies. A
further decrease in frequency caused a slight increase in the surface capacitance of
the quartz sand, indicating a slightly better ability to store charges, contributed by
the barriers and junctions formed by the quartz sand granules. Contrary to this, the
surface parameter of the olivine material emerged with a higher loss factor at lower
frequencies, which monotonically reduced with increasing frequency. The olivine
with a higher dielectric constant manifested a higher ability to store charges on its
surface at lower frequencies. As the frequency increased, the surface capacitance of
the olivine decreased exponentially. Considering its surface resistance, which is lower
than the quartz sand and air, it is possible to expect dominant conductivity in the
olivine due to polarisation mechanism, making it higher in dielectric loss.

The volumetric response of the chosen DBD reactor materials at ambient temperature
remained more of less similar to that of the surface parametric measurements. The
quartz sand and test cell (with air as the medium) emerged as better materials with
a loss factor less than the olivine material. The pertinent volumetric response of the
material indicated that the quartz sand and geometry of the test cell emerged with
a loss factor lower than 1.0, while the same for the olivine was close to 10. Similar
observations can be made from the volumetric capacitance, resistance, and impedance
measured from the chosen DBD reactor materials. The volumetric capacitance of the
olivine showed higher values at lower frequencies, indicating the ability of the bulk
material to aid in storing charges in response to the applied voltage, which decreased
exponentially with increasing frequency.

The impedance measured at high frequencies collectively provided the overall re-
sponse of the material. The measured impedance collectively described the typical
behaviour of the frequency-dependent relaxation process containing several charac-
teristic frequencies. The resistance and capacitive reactance of the impedance carry
information regarding the characteristics of the material’s conductivity and its ability
to store the charges due to its capacitive nature. The dielectric material’s conductivity
was contributed by the polarisation mechanism (relaxation process), while the permit-
tivity (or capacitance) indicated the ability of the material to store charges, thereby to
confine an electric field within the desired location. It emerged from these experiments
that the surface impedance of the chosen DBD materials manifested differences at
lower frequencies, i.e., in the kHz range. A further increase in the frequency forced
the surface impedances to match, which dropped to a lower value. At the same time,
the volumetric impedance of the chosen materials remained the same throughout the
frequency range.
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4. Char, being a carbonaceous material, is predominantly conductive in nature. There-
fore, the electrical property of char implies recording and characterising the surface
and volumetric components of resistance and impedance at ambient and high tem-
perature over a wide frequency range. It is understood through experiments that the
surface of the char is more responsive than the bulk material. The resistance mea-
sured from the surface and volume of the char under ambient temperature remained
constant with frequency. At the same time, the temperature dependency of the char
seemed to be different. The temperature dependency of the surface and volumetric re-
sistance seemed to be oscillatory at low frequencies. At lower frequencies, the surface
and volumetric resistance increased with the temperature until a higher threshold
value, beyond which, the same dropped until it reached a lower threshold value. A
similar trend can be observed from the impedance function only at lower frequencies.
At higher frequencies, the surface and volumetric resistance seemed to drop with
temperature, reached a steady lower value, and remained at the same.

Thus, it appears from the experimental study that the chosen materials are individ-
ually better materials and can be invariably used as bed materials for DBD reactors and
gasification plants. In addition, studying the electrical properties of the materials over a
wide frequency range completely characterised the typical behaviour of the chosen bed
materials, thereby helping to determine the performance and operating efficiency of DBD
reactors and gasification units, respectively.

8. Conclusions

Experimental investigations on the chosen test samples of gasifier bed materials in-
dicated interesting results. The electrical characteristics of the chosen samples showed a
typical and notable behaviour over a wide range of frequency. The char sample emerged
as being semi-conductive, indicating the requirement for a new test cell arrangement
specifically designed to suit its testing requirements. In this regard, more detailed and
systematic investigations along with a deep understanding and the correlation with their
physical and chemical structure become necessary to understand the relevant phenomena.
This forms the next step of investigation. Furthermore, the gasifier bed materials at high
temperatures manifested a different behaviour, hence also being experimentally investi-
gated. The conductivity seemed to increase to a certain value beyond a certain critical
frequency. Such an observation could be made irrespective of the operating temperature.
This indicates that more detailed investigations are necessary before understanding the
deduced mechanisms. In addition, a more detailed model that incorporates the structural
information of the grains, packing ratio, size, shape, weight, water concentration, etc.,
is necessary to accurately represent the arrangement. This forms the future scope of the
present experimental study.
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