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A B S T R A C T

A packed bed dielectric barrier discharge (DBD) is widely used for plasma catalysis applications, but the exact
plasma characteristics in between the packing beads are far from understood. Therefore, we study here these
plasma characteristics by means of fluid modelling and experimental observations using ICCD imaging, for
packing materials with different dielectric constants. Our study reveals that a packed bed DBD reactor in dry air
at atmospheric pressure may show three types of discharges, i.e. positive restrikes, filamentary microdischarges,
which can also be localized between two packing beads, and surface discharges (so-called surface ionization
waves). Restrikes between the dielectric surfaces result in the formation of filamentary microdischarges, while
surface charging creates electric field components parallel to the dielectric surfaces, leading to the formation of
surface discharges. A transition in discharge mode occurs from surface discharges to local filamentary discharges
between the packing beads when the dielectric constant of the packing rises from 5 to 1000. This may have
implications for the efficiency of plasma catalytic gas treatment, because the catalyst activation may be limited
by constraining the discharge to the contact points of the beads. The production of reactive species occurs most
in the positive restrikes, the surface discharges and the local microdischarges in between the beads, and is less
significant in the longer filamentary microdischarges. The faster streamer propagation and discharge develop-
ment with higher dielectric constant of the packing beads leads to a faster production of reactive species. This
study is of great interest for plasma catalysis, where packing beads with different dielectric constants are often
used as supports for the catalytic materials. It allows us to better understand how different packing materials can
influence the performance of packed bed plasma reactors for environmental applications.
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1. Introduction

Packed bed dielectric barrier discharge (DBD) plasma reactors are
gaining increasing interest for plasma catalysis, for various environ-
mental applications, such as air pollution control and greenhouse gas
conversion [1–14]. Plasma catalysis is based on the integration of a
plasma and a catalyst, for improved performance, such as higher energy
efficiency and better product selectivity. A synergistic effect has often
been reported in plasma catalysis, but it is rather complicated. A dis-
tinction has to be made between the dielectric effect, originating from
the dielectric constant of the packing beads, and chemical catalytic
effects, either due to the beads themselves or arising from the cataly-
tically active coating on the beads. Both effects will take place at the
same time. As a result, the plasma and catalyst influence each other
during operation. On one hand, the reactive plasma species (i.e., ions,
radicals, and excited species) affect the catalyst properties, such as its
morphology or its work function [15,16]. On the other hand, the ex-
istence of the packing beads (catalyst) in the reactor changes the
electric field distribution and hence the discharge behavior [17,18],
which leads to changes in the plasma chemistry and in the plasma
performance for environmental applications. The underlying effects of
the packing on the plasma characteristics are, however, far from un-
derstood. One of the reasons is the difficulty to perform experiments in
this type of plasmas, more specifically by optical diagnostics, due to
blocking of the visual path by the packing material. Therefore, com-
puter modelling can be very useful to obtain a better insight in the
underlying mechanisms.

In the past, some simple models of plasma-catalyst have been de-
veloped. Chang and Takaki et al. first developed a 0D model for a N2/
NF3/O2/H2 mixture, and later a time-averaged 1D model for a N2

plasma, based on solving Poisson’s equation and the transport equations
[19,20]. Due to the 1D limitation, however, they simply assumed the
void between the beads to be spherical. Kang et al. applied a 2D model
to study the first 20 ns of the understood propagation of micro-
discharges in a DBD reactor with two stacked ferroelectric beads inside
[20]. Russ et al. also used a 2D fluid model to simulate the formation of
microdischarges in a packed bed DBD reactor operating in dry air with
500 ppm NO, limiting to a short one-directional discharge with constant
applied potential [21]. More recently, some more sophisticated 2D
models were developed. Although not directly applied to a packed bed
reactor, Babaeva et al. performed very relevant modelling work on the
influence of dielectric spheres blocking a plasma streamer, by means of
a 2D fluid model in humid air [22]. Kruszelnicki et al. studied the
propagation of negative electrical discharges in a packed bed reactor
without dielectric layer between the electrodes, using a combination of
2D fluid modelling and a purpose-built experimental setup [23]. The
authors showed that surface ionization waves (SIWs) and positive re-
strikes are mainly responsible for reactive species production. Zhang
et al. applied a 2D particle-in-cell/Monte Carlo collision (PIC/MCC)
model to describe the filamentary discharge behavior in a packed bed
DBD reactor in air [24].

In recent years, Van Laer and Bogaerts developed two com-
plementary 2D axisymmetric fluid models, i.e., a so-called “contact
point model” and a “channel of voids model”, to mimic these two im-
portant features of a 3D packed bed reactor [25]. The “channel of voids
model” was found to be crucial to capture all relevant plasma features,
so it was subsequently also applied to study the effect of the dielectric
constant of the beads in a microgap and mm-gap reactor [26], as well as
the combined effect of bead size and dielectric constant of the beads
[27]. These models were developed in helium. The reason was twofold:
(i) helium yields a homogeneous discharge in DBD reactors, which is
most easily described by a fluid model, and (ii) helium has a rather
simple chemistry, thus reducing the calculation time, as this type of
simulations is computationally very expensive due to severe mesh re-
quirements [25].

However, for practical environmental applications, packed bed

reactors (PBRs) are operated in molecular gases, such as air or CO2

[1–14]. Molecular gases in general lack the ability to form a homo-
geneous plasma across the discharge gap, but they typically show a
combination of streamer and surface discharges [23,28]. Therefore, in
the present paper, we want to model a packed bed DBD reactor in air,
focusing on the behavior of a streamer when it hits the packing mate-
rial. We apply this model to dry air, for two reasons: (i) it still has a
relatively small chemical reaction set, and (ii) to correctly simulate the
propagation of the streamer, photoionization needs to be included, and
this process is well described in literature for dry air [29,30].

Streamer propagation has been extensively studied in the past
[22,23,31–35]. A few of these studies can be linked to plasma formation
in a packed bed DBD reactor, as they discuss the influence of objects in
the path of a streamer. Babaeva et al. studied the interaction of plasma
filaments with objects blocking its path, such as dust particles
[22,34,35]. Kruszelnicki et al. investigated the interaction of a negative
electrical discharge with a 2D packed bed configuration of quartz rods,
as mentioned above [23].

Besides modelling, ICCD imaging can also be very useful for gaining
a better understanding in the plasma characteristics of a packed bed
DBD reactor, although it is quite challenging due to the complex geo-
metry. In the past, Kim et al. investigated the discharge phenomena in
PBRs and identified two types of discharges, i.e., streamer-like surface
discharges and local microdischarges between the packing beads (also
called partial discharges) [36–40]. Tu et al. reported the transition from
a typical filamentary discharge to a combination of local micro-
discharges and predominant surface discharges in a Ni/Al2O3 filled
packed bed reactor [41]. Butterworth and Allen observed two main
types of discharges in a single catalyst pellet DBD reactor using ni-
trogen, i.e., point-to-point local microdischarges and surface streamers,
which are affected by the material dielectric constant [42]. These stu-
dies have thus revealed important features of both local micro-
discharges and surface discharges, but the underlying formation me-
chanisms of these discharges are far from understood.

In our paper, we therefore study in detail the streamer behavior, and
more specifically for packing materials with different dielectric con-
stants. Indeed, in practice different packing materials are used in
packed bed DBD reactors for environmental applications, with di-
electric constants varying from 5 (glass, quartz), over 9 (alumina), 25
(zirconia) and 100 (titania), up to 1000 and more (barium titanate).
They often act as catalyst supports in plasma catalysis. A crucial re-
search question is thus how the dielectric constant of the packing beads
influences the plasma characteristics and the plasma-catalyst interac-
tions. The choice of packing beads with appropriate dielectric constant
is of prime importance, as it will affect the charging of the beads, and
thus the electric field inside the plasma, and hence the streamer be-
havior in the vicinity of the catalyst surface, as well as the production of
reactive species that are available for the catalytic reactions [43]. Thus,
it influences the catalytic performance. Therefore, it is of uttermost
importance to better understand how different packing materials can
influence the performance of packed bed DBD reactors for plasma
catalysis applications.

2. Description of the model

We used a 2D axisymmetric fluid model, with semi-kinetic de-
scription of the electrons, developed within COMSOL Multiphysics
Simulation software [44]. The model is based on solving a set of cou-
pled differential equations that express the conservation of mass, mo-
mentum and energy, for the different plasma species. In addition, the
Poisson equation is solved, to self-consistently calculate the electric
field distribution, using the densities of the different charged plasma
species as input in the discharge gap, and solving for zero space charge
in the dielectric material. The gas heating effect is not included in the
simulation, because of the limited maximum molar fraction of elec-
trons, i.e., around 10−4. The energy exchange upon collision between
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electrons and neutrals, which would be the most important factor for
gas heating in our case, is minor. Moreover, we only consider a short
discharge period, shorter than 20 ns, so the energy accumulation is not
very significant. Based on these considerations, for simplicity, we as-
sume a constant gas temperature of 300 K. More details about this
model can be found in [25]. As we focus here on the propagation of a
streamer, photoionization needs to be included, which was not the case
in [25]. For this purpose, we introduce three Helmholtz differential
equations [30] (see details in Section 1 of the supporting information
(SI)). The reactor geometry to which the model is applied will be ex-
plained in Section 2.1, while the chemistry considered in the model for
dry air will be presented in Section 2.2.

2.1. Geometry

Modelling a packed bed DBD reactor in the entire 3D geometry
would lead to extremely long calculation times, due to severe mesh
requirements. Therefore, we consider a 2D representation, as presented
in Fig. 1. The geometry consists of a powered electrode at the top and a
grounded electrode at the bottom, both covered by a dielectric layer
with 0.3 mm thickness. The gap between these dielectric layers is
4.5 mm. Note that packed-bed reactors can be constructed with or
without dielectric layers between the packing beads and the electrodes.
Packed-bed reactors with dielectric layers can achieve a higher removal
efficiency and ozone yield and less byproducts [45]. Besides, from a
practical perspective, utilizing a packed-bed reactor with dielectric
layers avoids the occurrence of arcing. Therefore, in our simulations,
we consider two dielectric layers covering both electrodes. Moreover,
the pressure increase during operation is negligible and a constant
pressure of 1 atm is assumed during the simulation.

Because we want to model the streamer propagation and its inter-
action with the packing, we make sure that the streamer has enough
room to fully develop before hitting the surface of a packing bead, so we
include some empty space near the top dielectric layer. We place the
middle bead on the side of the symmetry axis, in order to make use of
this symmetry axis, and to allow the streamer to be initiated directly
above the middle bead on the symmetry axis.

Because we are interested in the behavior of a single streamer, we
do not need to model multiple cycles of applied potential and we can
focus here only on a few tens of nanoseconds, to cover the average

lifetime of a plasma streamer in a DBD reactor. The streamer is artifi-
cially initiated just beneath the dielectric layer covering the powered
electrode, by artificially increasing the electron density at 0.4mm
below the surface of the top dielectric layer to 1014 m−3. We apply a
constant voltage of −10 kV at the top electrode, which is justified for
this short time-scale, and this forces the (negative) streamer down-
wards. We consider packing beads with different dielectric constants,
equal to 5 (glass, quartz; SiO2), 9 (alumina; Al2O3), 25 (zirconia; ZrO2),
100 (titania; TiO2) and 1000 (barium titanate; BaTiO3). It should be
noted that BaTiO3 can have a range of different dielectric constants, and
the BaTiO3 beads used in our experiments have ε=2600 (see below).
However, in our simulations we use ε=1000, because a further in-
crease in dielectric constant did not affect the results (e.g., no further
enhancement of the electric field was observed), but the calculation
time of the model with ε=2600 is much longer than with ε=1000
[26]. The reason why further increasing the dielectric constant (above
1000) of the packing materials does not change the results, such as the
average electric field, is because the voltage distributed across the di-
electric layer and the gas gap takes up almost all the applied voltage,
and thus the voltage drop across the beads becomes negligible for very
large dielectric constants. As a result, the enhancement factor of the
electric field as a function of dielectric constant of the packing beads
does not change with further increase of the dielectric constant. This
has also been explained in [19]. The dielectric constant of the two di-
electric layers covering the surface of the electrodes is 9 (alumina) in all
simulations.

2.2. Plasma chemistry

We consider dry air as discharge gas, i.e., a mixture of 80% N2 and
20% O2. The plasma chemistry set contains 15 different species, namely
molecular N2 and O2, atomic N and O, N2

+, O2
+ and O+ ions, four N2

electronically excited states (i.e., N2 (A3Σ), N2 (B3П), N2 (C3П) and N2

(a’1Σ)), one excited state of atomic O (O1D), as well as NO, O3 and the
electrons. These species react with each other in 41 different reactions,
which are listed in detail in the SI.

To correctly calculate the propagation of the streamer, we need to
include extra equations to account for photoionization, as explained in
the SI. In N2-O2 mixtures, photoionization occurs when O2 molecules
absorb photons, which are emitted as a result of the quenching of highly
excited N2 molecules from the singlet states b1П, b’1Σu

+ and c’41Σu
+.

We refer to the SI for more details on how photoionization is included
in the model. The transport coefficients of all the different species, i.e.
the mobilities and diffusion coefficients, are adopted from literature
[46,47].

Besides the reactions in the gas phase, we also included some sur-
face reactions in the model, i.e., quenching of all the excited species and
neutralization of the ions to their respective ground state molecule or
atom. Upon neutralization, the ions are assumed to have a probability
of 0.05 to emit a secondary electron with an energy of 5 eV.

3. Experimental setup

In order to provide qualitative comparison of the modes of dis-
charge propagation, we also performed experiments to observe the
plasma generation on the surface of various packing materials at at-
mospheric pressure. Four different non-porous packing materials (glass,
alumina, zirconia, and BaTiO3) have been tested to compare the effect
of dielectric constant on the plasma generation in the packed bed re-
actor. A picture of the experimental setup is shown in Fig. 2. The ex-
periment is carried out in a plate-to-plate packed bed reactor with a gap
distance of 8mm. An intensified charged coupled digital (ICCD) camera
(Andor, iStar DH334T) allows to visualize the interaction between
plasma and packing material. The upper electrode is connected to a
negatively pulsed high voltage output (−10 kV) and the bottom elec-
trode is grounded. The pulse rise time was about 20 ns, and the pulse

Fig. 1. 2D axisymmetric reactor geometry used in the model. The red dot indicates the
location of initial enhanced electron density (see text). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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width was 300 ns (full width at half maximum; FWHM). The pulse
frequency was fixed at 1 Hz for the ICCD imaging of the discharge. ICCD
measurements were conducted with synthetic air (80% N2 and 20%
O2), using a flow rate of 1 L/min. The discharge images were captured
with a gate-time of 100 ns with full intensification. The images of
packing materials without discharge were recorded with a 100 μs gate-
time and 20% intensification.

4. Results and discussion

First we present in detail the streamer propagation for a packing
with dielectric constant equal to 5 and 1000 (corresponding to SiO2 and
BaTiO3, respectively). Subsequently, we explain the effect of the di-
electric constant (in the range between 5 and 1000) on the discharge
behavior, the occurrence of different discharge regimes, the time of
discharge evolution, the propagation speed of streamer and surface
ionization waves, and on the production of reactive species. We also
compare with our experimental observations, and we discuss the results
in terms of their relevance for environmental applications.

4.1. Streamer propagation for a packing with dielectric constant= 5

At the beginning of the simulation, when plasma is not yet formed,
we can clearly observe the influence of the dielectric beads on the
electric field, which is induced by the applied potential. Indeed, as is
clear from Fig. 3, when an applied electric field is imposed on a solid
dielectric immersed in a gas, the polarization of dielectric beads leads to
a reduction of the electric field inside the dielectric relative to the
electric field in the gas. The electric field strength is enhanced at the
poles (top and bottom in this configuration), while electric field minima
are formed in the middle, i.e., at the left and right of the beads, where
the vector applied electric field is perpendicular to the surface normal.
Where the beads are closest to each other, opposite charges are close,
slightly increasing the electric field at these positions. This electric field
distribution will have its influence on the propagation of the streamer,
as presented below.

In Fig. 4 we show the evolution of the electron density over a si-
mulated time of 12 ns. The electron temperature, as well as the electron
impact ionization rate and the photoionization rate, which are re-
sponsible for this behavior (i.e., discharge development) are plotted in
Figs. S1–S3 of the SI, while the net positive space charge is plotted in
Fig. S4 of the SI.

In the beginning, only a slight maximum electron density (barely
visible at the colour scale of Fig. 4) can be found right at the top of the

gas gap beneath the dielectric layer covering the powered electrode
(i.e., cathode) (not shown), which arises from the artificially enhanced
initial electron density (see Fig. 1 above). Upon application of the
voltage, separation of charge in the initial plasma seed occurs-ions are
accelerated towards and neutralize the cathode, while electrons accel-
erate downward. The electrons undergo a Townsend-like avalanche
process by electron impact ionization of the background gases and a
negative streamer forms, characterized by the negative space charge in
the head of the streamer, followed by a quasi-neutral column. The
electrons are moving downward at 2 ns, as indicated in Fig. 4. A slight
increase in electron density can also be seen above the upper packing
bead. The latter is caused by the enhanced electric field strength (see
Fig. 3), which increases the electron temperature, and thus the electron
impact ionization rate at the surface of the upper bead (see Figs. S1 and
S2 in the SI).

In the next frame (3 ns), the streamer reaches the surface of the
upper dielectric bead. The electric field enhancement at the poles of the
top bead produces regions of high electron temperature and electron

Fig. 2. Experimental configuration of the packed bed
plasma reactor, used for ICCD imaging.

Fig. 3. Electric field distribution at the beginning of the simulation (0 ns), for a packing
with εr = 5.
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impact ionization (see again Fig. S1 and S2 in the SI), which give rise to
an instantaneous positive restrike. The latter has the characteristics of a
positive streamer with a large positive space charge at its head, fol-
lowed by a quasi-neutral column (see Fig. S4 in the SI). In the next
frames (4–5 ns) we can see how the positive streamer is launched from
the dielectric bead surface upward to the dielectric layer covering the
cathode. With increasing electron number density due to electron im-
pact ionization (see Fig. S2 in the SI), the potential difference between
the cathode and the top dielectric bead collapses and the electron
temperature in the central discharge channel drops rapidly (see Fig. S1
in the SI: 4–5 ns). Correspondingly, the electron impact ionization rate
slightly drops, in spite of the high electron density.

With the streamer development, and thus the establishment of a
conductive channel, photoionization gradually becomes more im-
portant, although its rate is still three orders of magnitude lower than
the electron impact ionization rate (cf. Fig. S2 and S3 in the SI). It is
worth mentioning that photoionization nevertheless plays a significant

role in the discharge propagation, as it seeds the initial charge and
promotes the discharge development in regions of high electric field,
more specifically, regions that are difficult to access for electrons from
the main streamer. Hence, it can initiate avalanches at remote locations
and influence the streamer propagation speed. This is clearly indicated
in Fig. S5 in the SI, which compares the electron number density dis-
tribution with and without including the photoionization effect.

After 5 ns, the discharge spreads out horizontally over the dielectric
layer covering the cathode, caused by a so-called surface ionization
wave [48]. The space charge that accumulates at the dielectric layer
covering the cathode locally lowers the electric field strength. This re-
sults in lateral strong electric field differences at the surface of the di-
electric layer, between the plasma region and the neutral gas region
directly next to it. This difference initiates a surface ionization wave,
which slowly expands the surface discharge over the dielectric layer
(6–7 ns). The surface ionization wave is a so-called positive ionization
wave, which is launched from the region of high electric field at the

Fig. 4. Evolution of the electron number density distribution over 12 ns, for a packing with εr = 5.
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edge of the surface ionization wave and has a high density of energetic
electrons. The electron temperature at the head of the surface ioniza-
tion wave is very high, i.e., above 6 eV, due to the very strong electric
field in the lateral direction, and it decreases to around 1 eV in the
conductive column behind this head (see Fig. S1 in the SI). The space
charge separation and electric field enhancement in the head of the
surface ionization wave produces a very high electron impact ionization
rate of ca. 5× 1030 m−3 s−1 at 8 ns, as is shown in Fig. S2 in the SI.
Also the photoionization rate shows a local maximum at the edge of the
ionization wave, because of the very high electric field and electron
temperature, producing many highly excited N2 molecules, followed by
quenching towards the formation of more photons.

During the development of this surface ionization wave, also called
surface discharge, at the top dielectric surface, the electrons also charge
the bead surface, again resulting in a lowering of the local electric field,
and thus in a difference between the electric field at the top of the bead
and the bead surface in its direct vicinity. This also results in a surface
ionization wave on the bead surface (see Fig. 4; 5–6 ns). The original
streamer has now converted to what is called a standing filamentary
microdischarge [23,48], with a relatively narrow column of plasma
between both dielectric materials, with on either surface wider “feet” of
plasma (see Fig. 4; 6 ns).

As mentioned before, without the influence of plasma, i.e., just
applying a potential difference, the electric field is enhanced at the top
of the packing beads. This also occurs for the lower dielectric bead on
the right. As a result, the electron temperature (Fig. S1 in the SI) and the
electron impact ionization rate (Fig. S2 in the SI) are slightly enhanced
locally at the top of this bead during the first 5–6 ns. With seed electrons
coming from photoionization, produced by the photons emitted from
the plasma nearby (Fig. S3 in the SI), some discharge can be formed on
the surface of this lower dielectric bead (see Fig. 4; 6 ns). The lack of
initial seeding through photoionization explains why avalanches be-
tween the packing beads and the bottom dielectric plate do not occur
below 6 ns-this region is shadowed from the photoionizing radiation
due to blocking by the dielectric beads.

From 7 to 8 ns, the surface discharge on the top dielectric bead on
the left can link with the local discharge on top of the right lower bead,
further spreading the plasma from the left bead to the top surface of the
right bead (see Fig. 4). The plasma density directly above the lower
bead will now also increase in the direction of the upper dielectric
layer, due to drift of the ions. At around 10 ns this results in increased
space charge at the dielectric layer directly above the lower packing
bead (see Fig. 4).

Due to the presence of conductive plasma in the upper region of the
reactor, starting from about 7 to 9 ns, the largest potential difference
(and thus electric field) is now found in the lower region of the reactor,
as is obvious from Fig. 5. Between the lower grounded electrode and the
right bead, the electric field strength and hence the electron tempera-
ture becomes strong enough to cause a discharge, resulting in a local
high electron impact ionization rate (see Fig. S2) and hence a visual
plasma density in this region after 8 ns (see Fig. 4). However, the in-
creased electric field strength and hence the electron temperature also
cause an ionization wave to be sent out from the bottom surface of the
left bead. Between 5 and 8 ns, it propagates away from the bead surface
towards the grounded electrode. When it hits the dielectric covering the
grounded electrode, a positive restrike is again formed, going upwards
towards the bottom surface of the left packing bead, much like the
behavior of the initial streamer starting at the top dielectric layer. When
it reaches the bottom surface of the left bead, at around 10 ns, a surface
ionization wave is again formed, now on the bottom of the left bead.

When the filamentary discharge channel between the bottom of the
left bead and the bottom dielectric layer is established, the potential
drop collapses, and thus the local electron temperature drops rapidly
after 9 ns. Consequently, the electron impact ionization rate also
slightly decreases. At the same time, due to the high electron density in
the region surrounded by the two beads and the bottom dielectric layer

at around 10 ns, the photoionization rate gradually increases (Fig. S3 in
the SI). However, electron impact ionization still dominates over pho-
toionization (cf. Figs. S2 and S3 in the SI). Finally, in between the two
packing beads, where the electric field is enhanced in a packed bed
reactor, the surface ionization wave can now jump towards the adjacent
bead surface, and propagate further over its surface. The resulting
discharge between the two packing beads can now also be seen as a
local filamentary microdischarge, comparable to the earlier formed fi-
laments between the beads and the upper or lower dielectric surface,
but over a smaller distance (see 12 ns in Fig. 4).

Overall, our calculations reveal that the plasma in a packed bed
DBD reactor with packing dielectric constant of 5 can manifest itself
into three modalities-positive restrikes, filamentary microdischarges
and surface ionization waves. Restrikes between the dielectrics result in
the formation of filamentary microdischarges. Surface charging creates
electric field components parallel to the dielectric surface, and leads to
the formation of surface discharges or surface ionization waves. Surface
discharges propagate on the bead surface and jump towards the ad-
jacent bead, leading to the establishment of a standard filamentary
microdischarge between the packing beads.

4.2. Streamer propagation for a packing with dielectric constant= 1000

To investigate the influence of higher dielectric constants of the
packing beads on the discharge mechanism, we present in Fig. 6 the
time evolution of the distribution of the electron number density, for a
packing with dielectric constant of 1000 (characteristic for BaTiO3).
The corresponding distributions for the electron temperature, electron
impact ionization rate and photoionization rate are plotted in Figs.
S6–S8 of the SI.

After a Townsend-like avalanche process by electron impact ioni-
zation, an instantaneous positive restrike crosses the gas gap between
the top surface of the left bead and the top dielectric layer at 1.5 ns. This
behavior was also observed for a packing with εr = 5, but only after a
much longer time of 4 ns (cf. Fig. 4). Indeed, the higher the dielectric
constant of the packing, the stronger is the polarisation of the material,
and thus, the greater is the difference between opposite charges at the
closest distance between the packing and the dielectric layer, and be-
tween two packing beads. The electric field in these regions is thus
enhanced for a packing with higher dielectric constant. As a result, the

Fig. 5. Electric field distribution at 7 ns, for a packing with εr = 5.
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positive restrike occurs earlier in time than for a packing with εr = 5.
Furthermore, at the same stage of discharge development, the electron
temperature and hence the electron impact ionization rate, as well as
the photoionization rate, are higher for larger dielectric constant of the
packing beads (cf. the results at 1 ns in Figs. S6–S8 with those at 2 ns in
Figs. S1–S3 of the SI). Correspondingly, the discharge channel diameter
becomes wider (see Fig. 6; 1.5 ns). The filamentary discharge charges
the top surface of the left bead, as well as the top dielectric layer, and
reduces the adjacent electric field and electron temperature (see 1.5 ns
in Fig. S6 in the SI). The electron impact ionization rate also slightly
decreases, but it is less pronounced due to the high electron density (see
2 ns in Fig. S7 in the SI).

When the discharge channel between the top dielectric layer and the
top surface of the left bead is established, the potential drop and thus
the electric field in this gap are reduced, and the voltage is more dis-
tributed in the wider region between the packing beads and the di-
electric layer, as well as between the two packing beads. Therefore, a

microdischarge forms after the restrike of a positive streamer between
the bottom surface of the right bead and the bottom dielectric layer (see
Fig. 6; 2 ns). Almost at the same time, a local (or point-to-point) fila-
mentary microdischarge takes place at the contact points between both
packing beads, due to the electric field enhancement and hence the
increased electron temperature and electron impact ionization rate.
These microdischarges between the lower bead and the lower dielectric
surface, as well as between both beads, happen much earlier in time
than for the packing with εr = 5 (i.e., only around 9–12 ns; cf Fig. 4).
This is caused by the larger dielectric constant of the packing materials,
yielding a stronger polarisation of the beads. Meanwhile, the plasma
charges the surface of the dielectric layer and packing beads, producing
tangential components of the electric field, leading to surface ionization
waves. The latter are most pronounced for the top and bottom dielectric
layers (see Fig. 6: from 2 ns onwards). As mentioned in previous sec-
tion, at the edge of the surface ionization waves, there is a very high
electric field and hence a very high electron temperature, and thus also

Fig. 6. Evolution of the electron number density distribution over 6 ns, for a packing with εr = 1000.
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a high electron impact ionization rate (see Figs. S6 and S7 in the SI).
Therefore, the plasma continues to propagate gradually along the sur-
face of the dielectric layers (see 2–6 ns in Fig. 6) due to electron
transport (mainly migration in the electric field) as well as by photo-
ionization, creating seed electrons in regions of high electric field (Fig.
S8).

Note that the stronger polarization of the dielectric beads with
εr = 1000 produces a stronger electric field enhancement at the poles of
the beads. The higher electric field and hence electron impact ioniza-
tion rate in the region above the top surface of the right packing bead
gradually creates a second conductive channel towards the top di-
electric layer (see 3–6 ns in Fig. 6), where the initial electrons were
seeded by photoionization, produced by the photons emitted from the
plasma nearby.

In summary, our calculations reveal that in a packed bed DBD re-
actor with packing dielectric constant of 1000 localized (point-to-point)
filamentary microdischarges between the packing beads take place and
no surface discharge propagation on the surface of the beads is ob-
served.

4.3. Changing discharge behavior for packings with different dielectric
constants

We showed in Section 4.1 for a packing with dielectric constant of
5 that when the surface ionization wave on the surface of the left bead
propagates downwards and the conductive plasma channel on top of
the right bead develops upwards, the surface ionization wave jumps
towards the adjacent bead surface and establishes a discharge channel
between the two beads (see Fig. 4; 7–12 ns). In contrast, for a packing
with dielectric constant of 1000, the conductive channel between the
two beads only manifests itself as a clearly defined local discharge at
the contact points (see Fig. 6; between 2 and 6 ns). This is also referred
to in literature as a point-to-point or polar discharge [42], or as partial
discharges [36–40].

Hence, there is a transition in discharge mode from surface dis-
charges to local filamentary discharges when the dielectric constant of
the packing beads rises from 5 to 1000. For intermediate dielectric
constants, a mixed mode of surface discharges and local discharges
exists, as shown in Fig. 7 for packing beads with εr = 100. The same
behavior was observed for εr = 9 and 25 as well. The plasma initiates in
a local discharge mode between both packing beads (see 2–4 ns) which
guides the passage of a surface ionization wave on the bead surface
through the local discharge area (see 5–6 ns) and they merge at around
5.5 ns. Hence, surface discharges across the packing beads start to ap-
pear together with the local discharges. In other words, the local dis-
charge at the contact point between adjacent beads can help promote
the propagation of the surface discharges towards the next packing
bead. This trend is in good agreement with experimental data by Kim
et al. [40] obtained by time-resolved ICCD imaging of positive pulsed
corona-induced surface streamers.

Our simulations were carried out for only two packing beads be-
tween both electrodes. However, we believe that if more packing beads
would be present in the simulations, most of the conclusions will be the
same, because most of them are qualitatively confirmed by our ex-
periments, which were carried out with more beads (see next section).

It is however difficult to predict the effect of more packing beads on
the role of restrikes, because several factors, e.g. also the alignment of
the dielectric beads, can affect the discharge behavior, as revealed in
[23]. We will further investigate this in our future work.

We have also simulated the discharge behavior without including
dielectric layers covering both electrodes and by including only one
dielectric layer covering the bottom electrode. Our results show that the
general conclusions about the influence of the dielectric constant of the
packing beads, such as the generation of local discharges at higher di-
electric constant, remain the same.

4.4. Comparison with experimental observations

The predicted trends in discharge development in a packed bed DBD
reactor for packing materials with rising dielectric constants are in
qualitative agreement with our experimental observations of light
emission. The measurements by fast-camera imaging for packings with
different dielectric constants are presented in Fig. 8 and clearly show
the transition of the dominant discharge pattern from surface dis-
charges at εr = 5 (Fig. 8(a)) to local discharges at εr = 2600 (Fig. 8(d)).
Indeed, at εr = 5 and 9 (Fig. 8(a) and (b)), the light emission is observed
over a large region, corresponding to surface discharges covering most
of the packing beads. Some local discharges at the contact points also
exist, but they are not so apparent. At εr = 25, the plasma tends to
ignite as a local discharge at the contact points, but the surface dis-
charges are also visible on the bead surfaces (Fig. 8(c)). Both modes
thus co-exist, in agreement with our simulations. At εr = 2600, intense
plasma spots are observed at the contact points of the beads, corre-
sponding to the local discharges, and no surface discharges are visible
(Fig. 8(d)). Therefore, the plasma does not propagate on the surface of
the BaTiO3 beads. This trend is also in good agreement with recent
experimental observations by Butterworth and Allen in a single pellet
DBD reactor [42]. It is worth mentioning that the BaTiO3 experiments
were performed at a lower voltage of 7.5 kV, thus limiting the intensity
of the microdischarges, because the pulsed voltage could not reach a
higher value due to the large capacitance of the packed bed. In the
supporting information, we provide images for the positive polarity,
where the local microdischarges with BaTiO3 packing are more intense,
and thus more clearly visible (see Fig. S10). Moreover, as is well known,
glass beads are transparent, so they are hard to capture clearly with the
camera.

4.5. Propagation speed of streamers and surface ionization waves

Another important effect of the rising dielectric constant of the
packing beads is the higher streamer propagation speed between the
dielectric layer and the packing beads, as well as the higher propagation
speed of the surface ionization waves on the surface of the dielectric
layer or packing beads. In Fig. 9, we plot the time-averaged streamer
propagation speed from the upper dielectric layer to the top dielectric
bead (black line) and the propagation speed of the surface ionization
wave from the central axis to a distance of 3mm on the surface of the
top dielectric layer (red line), as a function of the dielectric constant of
the packing beads. When εr = 5, the streamer crosses the gap of
1.25mm with a propagation speed of ca.3.1× 105m/s, which corre-
sponds to a time of 4 ns. This was indeed illustrated in Fig. 4. When
εr = 1000, the speed increases to ca. 9.3× 105m/s, corresponding to a
time for crossing the gap of 1.3 ns (cf. Fig. 6). These propagation speeds
are comparable to experimental measurements. For example, Briels
et al. measured the propagation speeds of positive and negative strea-
mers in air [51]. For an applied voltage of −30 kV in a 4 cm gap, they
reported speeds of 5×105m/s. Overall, for voltages varying between
10 kV and 100 kV, the streamer speeds were between 2× 105m/s and
4×106m/s.

Similarly, upon rising dielectric constant of the packing beads, the
propagation speed of the surface ionization wave on the surface of the
top dielectric layer increases, as a result of the stronger electric field
near the edge of the surface ionization wave and hence the higher
electron temperature, which leads to a larger electron impact ionization
rate, as discussed above. It is clear from Fig. 9 that the propagation
speeds of streamer and surface ionization wave are very similar to each
other. The surface ionization wave seems to propagate a bit faster than
the streamer for packing materials with εr = 1000, but the difference is
probably not significant. Indeed, the two speeds correspond to different
discharge mechanisms: the streamer propagation is dominated by the
positive restrike process while the surface ionization wave is produced
by surface charging, which creates electric field components parallel to
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the dielectric surface. Note that no surface streamer propagation is
observed on the packing beads with εr = 1000. The higher propagation
speed of the surface ionization wave specifically applies to the surface
of the top dielectric layer. It is worth mentioning that the propagation
velocity described above is not for the surface ionization waves on the
packing beads but on the dielectric layer surface because no surface
discharge propagation takes place with a high dielectric constant of
1000.

In summary, our simulations show that packing beads with larger
dielectric constants lead to a higher streamer propagation speed, and
thus, a shorter time is needed to fully develop the discharge across the
electrodes (cf. Figs. 4 and 6). This is in good agreement with experi-
mental observations by Kim et al. [40].

4.6. Production of reactive species

Finally, the faster streamer propagation and discharge development

with larger dielectric constant of the packing beads also leads to a faster
production of reactive species, as clearly presented in Fig. 10. Indeed, as
shown before, a larger dielectric constant of the packing beads results in
a stronger electric field and hence a higher electron temperature (cf
Figs. S1 and S6 in the SI) and thus a higher production rate of reactive
species, such as oxygen and nitrogen atoms, by electron impact dis-
sociation of the molecules.

Fig. 10 also illustrates that the volume-averaged number density of
electrons is higher for εr = 1000 at t= 6 ns than for εr = 5 at t= 20 ns,
i.e., when the discharge has fully developed across the electrodes in
both cases. This is because of the stronger electric field and hence
higher electron temperature at larger dielectric constant of the packing,
causing more electron impact ionization. For the same reason, the vo-
lume-averaged number density of N atoms is also higher for εr = 1000,
because of the higher electron impact dissociation rate of N2 molecules.
In contrast, the volume-averaged number density of O atoms and O3

molecules is slightly lower for εr = 1000 than for εr = 5. This is due to

Fig. 7. Evolution of the electron density distribution over 6 ns, for a packing with εr = 100. The same behavior was also observed for εr = 9 and 25.
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the lower fraction of electron energy transferred to the channel of O2

dissociation, as a result of the higher reduced electric field (see Fig. S10
in the SI). The lower number density of O atoms also leads to a drop in
the production rate of O3 (Reactions R17 and R18 in the SI), explaining
the lower volume-averaged number density of O3 as well.

Our calculations reveal that the restrike channels, the surface dis-
charges and the local discharges between the packing beads contribute
significantly to the formation of reactive species, because of their
higher electric field and hence higher electron temperatures, although
the contribution from the standing filamentary microdischarges is also
non-negligible. This is indicated for the net production rate of N atoms
and O atoms for a packing with εr = 1000 in Fig. 11.

Indeed, at t= 1.0 ns, the highest production rate of N atoms and O
atoms appears in the positive restrike channel, which has a higher
electron temperature (cf Fig. S6 in the SI) and hence higher electron
impact dissociation rate. The production rate of O atoms is higher than
that of N atoms, because of the lower threshold level of electron impact
dissociation (12.6 eV vs 15.6 eV).

At t= 1.5 ns, the production rates of N atoms and O atoms are also
higher at the contact points between the packing beads, due to the local
discharges in these regions. Furthermore, a surface ionization wave
appears on the top dielectric layer at the same time instant, and a high
production rate of both N atoms and O atoms occurs near the edge of
this surface ionization wave and propagates outwards.

With the discharge development, plasma continuously charges the
dielectrics, and thus the electric field as well as the electron tempera-
ture inside the stable filamentary microdischarge channel between the
top dielectric layer and the left bead gradually drops (cf Fig. S6 in the
SI). As a result, the production rate of N atoms and O atoms, which is
mainly by electron impact dissociation, decreases. Note that the elec-
tron impact dissociation rate of N2 (cf Fig. S11 in the SI) and hence the
production rate of N atoms is more sensitive to the decreasing electron
energy, due to the higher threshold energy compared with that of O

Fig. 8. Experimental imaging of the microdischarges in a packed bed reactor, with ap-
plied voltage of −10 kV, by fast ICCD camera imaging of the visible emission using a
microscope lens and an observation gate width of 100 ns. (a) glass, εr = 5; (b) Alumina,
εr = 9; (c) Zirconia, εr = 25; (d) BaTiO3, εr = 2600. The left figures show the location of
the packing beads without discharge, to better understand the right figures, which il-
lustrate the images of discharge plasma. For BaTiO3, a lower applied voltage of −7.5 kV
was used, because the pulsed voltage could not reach a higher value due to the large
capacitance of the packed bed. For glass, alumina and BaTiO3, the dielectric constants are
company guaranteed values. For the dielectric constant of zirconia, we use a typical value
from literature. In [49], a range of 12–25 is reported, while Ref. [50] gives a value of
28.6. In our work, we use a typical value of 25.

Fig. 9. Time-averaged streamer propagation speed from the upper dielectric layer to the
top dielectric bead (black line) and propagation speed of the surface ionization wave from
the central axis to a distance of 3 mm on the surface of the top dielectric layer (red line),
as a function of dielectric constant of the packing. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Time evolution of the volume-averaged number density of reactive species for
εr = 5 (solid lines) and εr = 1000 (dashed lines).
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atoms. This leads to a more drastic drop in the production rate of N
atoms inside the filamentary microdischarge (see Fig. 11; 2.0 ns and
4.0 ns). As a result, the highest production rate of N atoms in the central
filamentary discharge channel between the top dielectric layer and the
top surface of the left bead is more than two orders of magnitude lower
than the maximum production rate in the surface ionization wave on
the surface of the top dielectric layer at 4.0 ns (1.0× 1030 m−3s−1 vs
5.5× 1032m−3s−1). In contrast, the maximum production rate of O
atoms in the filamentary discharge is only one order of magnitude
lower than in the surface ionization wave (2.8×1031m−3s−1 vs
3.2× 10 32 m−3s−1), indicating that the standing filamentary micro-
discharge still has a significant contribution to the production of O
atoms, mainly because it occupies a relatively large volume.

4.7. Consequences for environmental applications of packed bed DBD
reactors

Our study indicates that packing materials with different dielectric
constants significantly influence the plasma characteristics, which will
definitely affect the performance of packed bed reactors for environ-
mental applications, such as ozone generation, gaseous pollutant re-
moval or greenhouse gas conversion [52].

For example, our simulations show that for a packing with large
dielectric constant, the O3 concentration is somewhat lower than for a
packing with smaller dielectric constant, because of the lower electron
impact dissociation of O2 towards O and hence the lower production
rate of O3. This is due to the enhanced electric field and mean electron
energy, as discussed in previous section. Hence, for ozone generation,
the electric field must be controlled in a moderate range, by choosing a
packing with moderate dielectric constant. This has been confirmed in
various experimental studies [53–55]. Furthermore, a packing with
high dielectric constant leads to a higher electron number density at the
contact points between the beads and this may lead to local heating
near the contact points, which may promote the destruction of O3 via
thermal dissociation (Reaction R13 in the SI). A similar explanation was
also proposed by Yamamoto et al. [55] to interpret the results of Ogata
et al. [56].

For gaseous pollutant removal, a packing with higher dielectric
constant may increase the performance, because of the enhanced
electric field and hence higher electron temperature, as predicted by

our model, and this may enhance the destruction of gaseous pollutants.
For example, Ogata et al. [56] employed ferroelectric pellets with di-
electric constant ranging from 20 to 15,000, to investigate their influ-
ence on the performance for benzene removal, and reported that the
benzene removal efficiency increases with rising dielectric constant at a
fixed input power. However, rising the dielectric constant of the
packing beads cannot unlimitedly improve the energy efficiency for
pollutant removal, although higher dielectric constants are still favor-
able from engineering viewpoint, because the discharge power can be
enhanced upon increasing the dielectric constant of the packing at the
same applied voltage [53]. A similar trend, i.e. higher dielectric con-
stants giving rise to a higher conversion efficiency, is found for the
decomposition of CO2 in a dielectric packed bed plasma reactor
[14,57,58].

Additionally, both our simulations and experiments reveal that in
case of higher dielectric constant of the packing, the local discharges
gradually dominate over surface streamers. Butterworth and Allen
concluded that the local (or partial) discharge mode is characterized by
the absence of conductive charge transfer between the DBD electrodes
[42]. They only observed plasma formation between the electrodes and
the poles of the bead in their single catalyst bead DBD reactor in case of
a BaTiO3 packing. Indeed, beads with higher dielectric constant have a
greater capacity to trap charges, limiting the extent of plasma formation
in the reactor. This is in good agreement with our results. This may
have implications for the efficiency of plasma catalytic gas treatment,
because the catalyst activation may be limited by constraining the
discharge to the contact points of the beads [42]. Indeed, in [59] a
lower dielectric constant of the packing yielded a higher toluene re-
moval efficiency, and this was attributed to the limited plasma volume
with higher dielectric constant (BaTiO3, εr = 15,000) compared with
lower dielectric constant (SrTiO3, εr = 330). However, the morphology,
porosity and chemical activity (acid-base properties) of the packing
material may also affect the removal efficiency.

Which effect will be dominant at higher dielectric constants, i.e., (i)
the more pronounced electric field enhancement and thus higher
electron temperature and density, yielding more production of reactive
species, or (ii) the confined discharge near the contact points, limiting
the catalyst activation, will depend on other conditions as well, such as
the applied power, frequency, gas flow rate, discharge gap and bead
size. Moreover, other material properties, such as porosity, may also

Fig. 11. Distribution of the net production rate of N atoms
(left) and O atoms (right) at t= 1.0 ns, 1.5 ns, 2.0 ns and
4.0 ns, for a packing with εr = 1000.
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influence the plasma characteristics and the performance, besides the
dielectric constants of the packing beads. Indeed, recent experiments
for CO2 conversion showed that the conversion and energy efficiency
sometimes rise upon higher dielectric constant of the packing beads,
but the best results are not always reached for the highest dielectric
constant, indicating that more effects play a role [14].

5. Conclusion

In this paper, we investigated the propagation of a streamer in a
packed bed DBD reactor operating in dry air, and more specifically its
behavior when it finds a dielectric packing on its path towards the
opposite electrode. For these calculations, photoionization was in-
cluded by means of the Helmholtz equations, to correctly simulate the
streamer propagation.

Our calculations predict that the plasma formation in a packed bed
DBD reactor in dry air may exhibit three types of discharge behavior,
i.e., positive restrikes, filamentary microdischarges, also localized be-
tween the packing beads, and surface ionization waves, in agreement
with literature [23,36–40]. Positive restrikes between the dielectrics
result in the formation of filamentary microdischarges. Surface char-
ging creates electric field components parallel to the dielectric surface,
and leads to the formation of surface ionization waves. For a low di-
electric constant of the packing (εr = 5), plasma ignition between the
beads occurs directly in the mode of surface discharges (or surface io-
nization waves), which can connect with the surface of the adjacent
bead, while for a high dielectric constant (εr = 1000), no surface
streamer jumping towards the adjacent bead surface is observed and
spatially limited filamentary microdischarges, so-called local dis-
charges, are generated between the beads. For intermediate dielectric
constants, a mixed mode of surface discharges and local discharges
exists. The local discharges first appear at the contact points of the
packing beads and they promote the propagation of the surface dis-
charges towards the next packing bead.

The positive restrikes, local discharges and surface discharges con-
tribute significantly to the production of reactive species. These dis-
charge modes indeed exhibit an enhanced electric field and hence they
create a burst of energetic electrons, which cause the production of
reactive species by electron impact dissociation of the molecules, in
spite of the small volume they occupy. Our simulations reveal that a
higher dielectric constant of the packing leads to a higher volume-
average number density of N atoms and electrons, but a somewhat
lower concentration of O atoms and O3 molecules, indicating that the
packing with most suitable dielectric constant depends on the appli-
cation. For gaseous pollutant abatement, raising the dielectric constant
will generally be beneficial, as a result of the enhanced electric field and
hence a higher pollutant destruction rate. However, for ozone genera-
tion, the electric field enhancement must be controlled, by using a
packing with moderate dielectric constant.

Our results also show that a higher dielectric constant constrains the
discharge to the contact points of the beads, regardless of their con-
tribution to the electric field enhancement. This may limit the catalyst
activation due to the limited catalyst surface area in contact with the
discharge, and thus it may have implications for the efficiency of
plasma catalytic gas treatment. Therefore, the best results for gaseous
pollutant abatement are not always reached for the highest dielectric
constant [59].

In plasma catalysis, packing beads with different dielectric constants
are typically used as supports for the catalytic materials. Therefore, this
study is important to gain a better insight in how different packing
materials can influence the performance of packed bed DBD reactors for
environmental applications
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