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Ozone Production With Dielectric Barrier
Discharge: Effects of Power
Source and Humidity
Xuming Zhang, Bok Jik Lee, Hong G. Im, and Min Suk Cha, Member, IEEE
Abstract— Ozone synthesis in air dielectric barrier discharge (DBD) was studied with an emphasis on the effects
of power sources and humidity. Discharge characteristics were
investigated to understand the physical properties of plasma
and corresponding system performance. It was found that
10-ns pulsed DBD produced a homogeneous discharge mode,
while ac DBD yielded an inhomogeneous pattern with many
microdischarge channels. At a similar level of the energy density (ED), decreasing the flowrate is more effective in the production of ozone for the cases of the ac DBD, while increased voltage
is more effective for the pulsed DBD. Note that the maximum
ozone production efficiency (110 g/kWh) was achieved with the
pulsed DBD. At the ED of ∼85 J/L, the ozone concentrations with
dry air were over three times higher than those with the relative
humidity of 100% for both the ac DBD and pulsed DBD cases.
A numerical simulation was conducted using a global model to
understand a detailed chemical role of water vapor to ozone
production. It was found HO2 and OH radicals from water
vapor significantly consumed O atoms, resulting in a reduction
in ozone production. The global model qualitatively captured
the experimental trends, providing further evidence that the
primary effect of humidity on ozone production is chemical in
nature.
Index Terms— Dielectric barrier discharge (DBD), global
model, humidity, ozone, power source.

I. I NTRODUCTION
ONTHERMAL plasma (NTP) technology has widely
been studied for environmental remediation [1], fuel
reformation [2], [3], material synthesis [4], and other applications [5]–[7]. NTP produces various chemically active species,
such as energized electrons, ions, atoms, radicals, and reactive
molecules, which have an important role in the plasma-induced
chemical processes [8]. The NTP technology allows a wider
dynamic range of operation, easier maintenance, and moderate operation conditions (atmospheric pressure and ambient
temperature) for the required chemical processes [9]. As such,
NTP has been utilized effectively for various low temperature
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chemical processes, including ozone synthesis, semiconductor
etching, and polymer treatment.
NTP at atmospheric pressure typically appears in the form
of dielectric barrier discharge (DBD) with ac DBD, which
uses at least one layer of a dielectric material between two
electrodes to limit the electrical current within each discharge
channel. The specific configuration of electrodes and gas
composition determine the discharge mode (homogeneous or
filamentary), mean electron energy (1–10 eV), and electron
density (109 –1013/cm3 ) [10]–[13]. Once the electrode geometry is fixed, however, an increased applied voltage does not
result in an increase in the reduced field intensity, because a
breakdown voltage in the ac DBD is insensitive to the applied
voltage [14]. Thus, the application of the ac DBD is often
limited to only a specific range of mean electron energy.
Recently, a nanosecond pulsed power with a duration of the
order of 10 ns has been proposed to enable diverse applications
of DBD [15]–[17]. Due to the extremely fast rising time
in voltage, a breakdown field intensity and the consequent
mean electron energy in a discharge gap can be increased
as the amplitude of the applied voltage increases [18]. The
comparison of the characteristics between the ac DBD and the
pulsed DBD is useful to evaluate their system performances
and application potential. For example, a 30% improvement of
ozone production was obtained with a pulsed volumetric DBD
(200-ns pulsewidth) instead of a sinusoidal ac operation [19].
Williamson et al. [20] observed the same effect in a surface
DBD showing that the ozone production increased up to four
times for the same power by replacing ac with pulsed high
voltage power. A threefold increase in the removal efficiency
of 2-heptanone with 2-μs pulsed DBD was also reported [21].
The objective of this paper is to investigate the ozone
production in air using a DBD, with an emphasis on the
effects of power sources and humidity. Ozone produced by
a DBD process is used in many applications such as sterilization, purification, and oxidation due to its strong chemical
reactivity. Therefore, the ozone generation serves as a good
metric for the assessment of DBD reactors. There have been
a large number of studies comparing different types of discharge method in the ozone synthesis [22]–[25]. This paper
is to systematically compare the effects of sinusoidal ac and
10-ns pulsed power sources in terms of their discharge and
ozone production characteristics. In particular, the effects
of humidity on the ozone production are semiquantitatively
predicted by computational simulations using an updated
chemical kinetic mechanism.
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the dry air. An ozone monitor (Ebara, EG-3000) was used to
measure ozone concentration at the outlet of the DBD reactor.
All experiments were conducted at room temperature (295 K).
To visualize streamer discharges in a cross-sectional plane
of the discharge gap, the reactor was slightly modified, as
shown in Fig. 1(b). The width of the ground electrode was
reduced to 10 mm in order to minimize the line of sight
integration of individual microdischarge channel. A semiannular teflon supporter was used to hold the central electrode,
because one side of the DBD reactor needs to be opened for an
optical access. An intensified charge-coupled device (ICCD)
camera (Princeton Instruments, PI-MAX-3) with a UV-microAPO 105-mm f /4 lens was used for the imaging. A narrow
bandpass filter centered at 340 nm with an FWHM of 10 nm
(Melles Griot) was used to capture the N2 (C3 Pu –B3 Pg )
transition at 337.1 nm [14] with minimal background noise.
Only nitrogen was used in the imaging to avoid exposure to
ozone.
Fig. 1. Schematic of (a) experimental setup and (b) modified DBD for
streamer discharge visualization.

II. E XPERIMENTS
Experimental setup consisted of a DBD reactor, power
sources, a flow control system, and measurement systems
[Fig. 1(a)]. A 1.5-mm-thick and 300-mm-long quartz tube with
an outer diameter of 30 mm was used as a dielectric barrier
for the DBD reactor. A stainless-steel rod with a diameter
of 25.5 mm was inserted at the center of the quartz tube and
was energized either by a sinusoidal ac or a pulsed power
source. A 200-mm-wide stainless-steel mesh was wrapped
around the quartz tube to serve as a ground electrode.
A power amplifier (Trek, 20/30 A) generated sinusoidal
ac high voltages with an input from a function generator
(Tektronix, AFG 3021B) to operate the ac DBD and a
pulsed power source (FID, FPG 30-100MC2), of which fullwidth at half-maximum (FWHM) is 14 ns, was used for the
pulsed DBD. A digital oscilloscope (Tektronix, DPO 4104B)
was used for voltage–current characterization. The applied
voltage was measured with a 1000:1 high-voltage probe
(Tektronix, P 6015A), while the discharge current was monitored with a current sensor (Pearson, 6595). For the pulsed
DBD, a discharge power (Pdis ) was obtained through the
time integration of the product of voltage and current [15],
while the Lissajous diagram (voltage charge) was used for
the ac DBD [14]. In the ac DBD cases, the amount of
charge was determined by measuring a voltage across an
additional capacitor (2.2 μF), which was connected in series
between the DBD reactor and the ground, using a 10:1 voltage
probe (Tektronix, TPP 1000). The discharge power was then
calculated from the area of the Lissajous diagram (128 scan
averaged) by multiplying the ac frequency ( f ).
Mass flow controllers (Brooks instrument, SLA5850) were
used to control the flowrate of dry air. To control the humidity
in air, a portion of the dry air was bypassed to a bubbler
filled with deionized water. The temperature of the bubbler
was kept constant at 295 K. A desired relative humidity (RH)
was obtained by controlling the ratio of the humidified air to

III. R ESULT AND D ISCUSSION
A. Discharge Characteristics of the DBD
Fig. 2 compares the discharge characteristics of the DBD
reactor for the ac DBD and the pulsed DBD at a fixed
discharge power, Pdis = 14 W, in terms of typical voltage–
current (V –I ) waveforms; Fig. 2(a) and (b) used dry air
(RH = 0%), and Fig. 2(c) and (d) used the saturated humid air
(RH = 100%). For the dry air condition, the ac DBD exhibits
a large number of spiky currents with the maximum current
of about 70 mA, as shown in Fig. 2(a). These current spikes
are known to be caused by filamentary microdischarges with
a duration of about 10 ns, and tend to randomly occur over
the entire dielectric surface both in time and space [14]. With
a pulsed DBD [Fig. 2(b)], however, only one matched current
peak is observed in each voltage peak, implying that each
pulsed DBD has only one group of simultaneous discharge in
the entire discharge gap. Note that the maximum current at the
peaks is much higher than that with the ac DBD, while the
level of the applied voltage was comparable.
When water vapor was added into the DBD reactor,
the characteristics of the ac DBD change significantly.
At RH = 100% [Fig. 2(c)], the maximum current of the
microdischarges is significantly decreased to around 50 mA,
suggesting a reduction in the number of microdischarge events.
The current decrease may be attributed to a reduction in
surface resistivity of dielectric [26], which leads to a decreased
electrical relaxation time (τ = ε × ρ, where ε is the dielectric
constant and ρ is the surface resistivity) of the dielectric. The
charges deposited on the dielectric surface are possibly lost
when the duration of high voltage is comparable to or larger
than the electrical relaxation time, resulting in decreased discharge current [11]. Note that the ac frequency was increased
to 2.5 kHz (RH = 100%) from 1 kHz (RH = 0%) with a
fixed applied voltage at 7 kV to compensate for the decrease
in current at a fixed power, Pdis = 14 W.
On the contrary, for the pulsed DBD, there is negligible
difference in the discharge characteristics between the cases
with RH = 0% [Fig. 2(b)] and RH = 100% [Fig. 2(d)].
It is conjectured that such insensitivity to humidity is due
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Fig. 2. Typical V –I waveforms with a fixed discharge power at Pdis = 14 W. (a) AC DBD at Vpeak = 7 kV and f = 1 kHz, RH = 0%. (b) Pulsed DBD
at Vpeak = 8 kV and f = 4.6 kHz, RH = 0%. (c) AC DBD at Vpeak = 7 kV and f = 2.5 kHz, RH = 100%. (d) Pulsed DBD at Vpeak = 8 kV and
f = 4.6 kHz, RH = 100%.

to the shorter duration of the pulsed DBD relative to the
electrical relaxation time of the dielectric surface. In addition,
the nature of plasma could also affect the response of discharge
current to power source with varied composition of the feed
gas [27].
To further characterize the barrier discharge, the discharge
images were captured using the modified reactor shown in
Fig. 1(b). The discharge power was fixed at 5 W. The repetition
rate of the pulsed DBD and the frequency of the ac DBD were
fixed at 5 kHz to avoid misinterpretation due to fixed exposure
time of the ICCD camera (400 μs).
Fig. 3(a) shows typical microdischarge channels as nonuniform bright filaments in the discharge gap for the ac DBD
with dry nitrogen. In contrast, the pulsed DBD [Fig. 3(b)]
shows a nearly homogeneous discharge. Such a glow-like
discharge mode was expected with an extremely short duration
of a pulse, which produces only one group of simultaneous discharge for each pulse, emitting a large number of
streamers [28].
In the humid gas discharge [Fig. 3(c)], due to the reduced
current and the less number of the microdischarges in the ac
DBD, the discharge image exhibits an even higher level of
inhomogeneity with fewer bright filaments as compared with
the dry gas case [Fig. 3(a)]. On the other hand, the pulsed
DBD still maintains a glow-like discharge characteristic even
with the humid nitrogen, indicating that the effect of humidity
is not significant. This result is consistent with the discussion
with the V –I waveform (Fig. 2), which showed the 10-ns
pulsed DBD was insensitive to the humidity.

Fig. 3. Typical discharge images at a fixed discharge power, Pdis = 5 W,
and a fixed operating frequency at f = 5 kHz. (a) AC DBD at Vpeak = 7 kV,
RH = 0%. (b) Pulsed DBD at Vpeak = 14 kV, RH = 0%. (c) AC DBD at
Vpeak = 9 kV, RH = 100%. (d) Pulsed DBD at Vpeak = 14 kV, RH = 100%.

B. Effect of Power Source on Ozone Production
As a first step to compare the performance of the ac
DBD and the pulsed DBD, the effects of applied voltage on
discharge power and production of ozone were investigated.
The operating frequencies of the ac DBD and the pulsed DBD
were fixed at 1 and 4.6 kHz, respectively, determined on the
basis of producing a similar range of ozone concentration for
a fair comparison. Dry air was used and the air flowrate was
fixed at Q flow = 10 L/min.
As a result, Fig. 4 shows the discharge power as a function
of the peak voltage for both DBD reactors. Note that a
discharge onset voltage (VON ) with the pulsed DBD is higher
than that of the ac DBD due to the extremely short rising
time of the applied voltage [29]. Within the range of applied
voltage under consideration, both the ac DBD and the pulsed
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Fig. 4. Relation between applied peak voltage and discharge power with dry
air (RH = 0%) of Q flow = 10 L/min. The ac DBD operated at f = 1 kHz
and the pulsed DBD at 4.6 kHz. Each applied voltage was selected to obtain
a similar level of ozone concentration.
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Fig. 6. Ozone production efficiency with dry air (RH = 0%) of Q flow =
10 L/min shows significant difference with respect to the energized methods.
The ac DBD operated at f = 1 kHz and the pulsed DBD at 4.6 kHz.

where Pdis is the discharge power, Q flow is the total gas
flowrate, MO3 is the molecular weight of ozone, and [O3 ] is
the concentration of ozone.
As shown in Fig. 6, at the same Pdis , ηO3 with the
pulsed DBD is higher than that with the ac DBD. In particular, within the tested range of Pdis , ηO3 decreased from
87 to 54 g/kWh with the ac source, while it increased from
around 90 to 110 g/kWh with the pulsed source. This implies
that an increase in the applied voltage in the ac DBD has an
adverse effect on the ozone production due to the associated
rise in Pdis . This issue will be elaborated as follows.
Ozone production is initiated by the dissociation of oxygen
into O atoms. In a N2 /O2 gas mixture discharge, the O atom
is predominantly produced through [10]
Fig. 5. Ozone concentration with dry air (RH = 0%) of Q flow = 10 L/min
shows a similar range with each selected range of applied peak voltage. The
ac DBD operated at f = 1 kHz and the pulsed DBD at 4.6 kHz.

DBD show a linear increase in the discharge power with the
applied voltage. Fig. 4 also shows that, for the ac DBD, the
extrapolated voltage at which Pdis = 0 is 1.6 VON , where
VON was determined from the Lissajous diagram [14]. This
result contradicts Manley’s equation [30], which predicts the
intersect to be at VON . Similar behavior was reported in a
previous work, and was attributed to secondary streamers
caused by the increased charge density on the surface of the
dielectric barrier when the applied voltage is several times
higher than VON [31].
Fig. 5 shows produced ozone concentration as a function
of the applied voltage. A range of ozone concentration
(200–1300 ppm) was achieved with both power sources, where
the operating frequencies were adjusted in order to obtain
a similar level of ozone production. As such, the applied
voltage cannot be a sole parameter to compare the trend in
ozone production between the two power sources. For a proper
assessment, the ozone production efficiency is defined as the
produced mass of ozone per unit energy input
ηO3 =

MO3 [O3 ]Q flow
[g/kWh]
Pdis

(1)

O2 + e → O + O + e
N∗2 + O2 → N2 + 2O

(2)
(3)

where N∗2 denotes the excited state of nitrogen due to the electron impact. Eliasson et al. [32] reported that for air discharge,
the relative importance of (2) to the ozone production is seven
times higher than that of (3).
Once the O atom is produced, it tends to quickly react with
an oxygen molecule to form ozone as
O2 + O + M → O3 + M

(4)

where M is a third-body collision partner. The produced ozone
is then destroyed through the recombination reaction
O3 + O → 2O2 .

(5)

The reaction rate of (5) is governed by the concentrations
of O3 and O at a given temperature. The mean electron
energy and density, which are governed by the reduced field
intensity (E/N) and discharge power, respectively, affect the
concentration of O, which is mainly produced through the
electron impact dissociation in (2). In a real DBD, however,
temperature is also an important parameter, because (4) and (5)
are highly sensitive to the reaction temperature at around a
room temperature. Specifically, the reaction rate of (4) and (5)
decreases and increases, respectively, with temperature, resulting in a net negative effect on the ozone production.
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Fig. 7. Effects of the ED on (a) ozone concentration and (b) ozone production
efficiency with dry air (RH = 0%).

For this reason, the difference in the ozone production efficiency for different power sources shown in Fig. 6 is attributed
to a result of the difference in the gas temperature as well as
the quality of electrons in terms of electron density and energy
associated with each reactor.
To further understand the effect of the power source, the
ozone production in Fig. 7 is plotted against the energy
density (ED) defined as
ED(J/L) = Pdis /Q flow .

(6)

The ED was increased either by increasing the voltage
(circles) or by decreasing the air flowrate (squares). Note that
the discharge properties (V –I waveform) hardly varies with
the flowrate; Q flow was controlled in a range of 1.5–10 L/min
while the discharge parameters were fixed ( f = 4.6 kHz and
Vpeak = 6 kV for the pulsed DBD, and f = 1 kHz and
Vpeak = 5 kV for the ac DBD) for the varying flowrate cases
shown in Fig. 7.
Fig. 7(a) shows a general trend that the ozone concentration
increases with the ED. In addition, two important points are
noted: first, for the same ED, the pulsed DBD yields a higher
ozone concentration than the ac DBD, by 1.1–1.8 times in
comparison. Second, decreasing the flowrate is more effective
in the production of ozone for the cases of the ac DBD, while
increased voltage is more effective for the pulsed DBD.

Fig. 7(b) shows the same results in terms of the production
efficiency. Except for the pulsed DBD cases with varying
voltage, the efficiency decreases with the ED. Considering
that the discharge property is insensitive to the air flowrate,
the results for the varying flowrate cases are expected, since
the reduced amount of the air flow leads to an increased gas
temperature for a given electrical input power, yielding lower
ozone production as suggested by (4) and (5).
The decrease in the efficiency for varying voltage for the ac
DBD [filled circles in Fig. 7(b)] may appear counter-intuitive.
Since the discharge voltage in the gas gap does not vary with
the applied voltage [14], E/N remains nearly invariant for
a given geometric configuration. In other words, the mean
electron energy of the ac DBD does not depend on the applied
voltage. Consequently, an increase in the applied voltage in
the ac DBD is expected to result in a linear increase in
the discharge power as well as the concentration of electron
and O according to (2) and (4). Again, the answer is the
temperature dependence of (4) and (5). The measurement of
gas temperature at the outlet of the ac DBD reactor showed
that the gas temperature increase (DT) was 2–6 K in the range
of ED considered (20–180 J/L), which is even greater than
that observed in the varying flowrate cases where DT reached
only 2–3 K. Therefore, the increased temperature due to the
2
f ) associated with the
dielectric heating (proportional to Vpeak
increased voltage overrides the aforementioned reasoning, thus
yielding the largest negative sensitivity of the efficiency to
the ED. Moreover, a higher voltage yields a larger amount of
the secondary streamer, which is less effective in producing
O atoms [33], thus further contributing to reduced efficiency.
On the other hand, for the pulsed DBD with varying voltage
[open circles in Fig. 7(b)], DT caused by DBD was 1–3 K.
Therefore, the gas heating effect is relatively small. In addition,
the relatively homogeneous discharge characteristics in the
pulsed DBD (shown in Fig. 3) allow a more effective ozone
production [34], [35], resulting in higher ozone efficiency
as compared with the ac DBD. Furthermore, pulsed DBD
features a rapid rise in the applied voltage resulting in an
increased discharge voltage [19]. Thus, an increase in the
applied voltage for the pulsed DBD enhances not only the
electron concentration but also the mean electron energy,
yielding higher reactivity through (2). Therefore, for the pulsed
DBD, more efficient production of ozone can be achieved with
increased applied voltage, overriding the adverse effect of the
temperature increase and the secondary streamers.
C. Effect of Humidity on Ozone Production
Fig. 8 shows the produced ozone concentrations under
different humidity conditions at fixed Q flow = 1.5 L/min. For
both power sources, an increased RH has a negative effect on
the ozone production. At ED∼85 J/L, the ozone concentrations
with dry air were over three times higher than those with
RH = 100% for both the ac DBD and pulsed DBD cases.
This suggests that the reduction in the ozone concentration due
to water vapor is mainly attributed to the change in relevant
chemical pathways rather than the modified physical properties
of the discharge. This statement is justified in that, although the
ac DBD showed much higher sensitivity to the humidity than
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Fig. 8.
Effects of RH on ozone concentration for a fixed flow rate of
Q flow = 1.5 L/min. The ac DBD operated at f = 1 kHz and the pulsed
DBD at 4.6 kHz for tested RHs (RH = 0%, 33.3%, 60%, and 100%).
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Fig. 10. Calculated ozone concentration using a global model for RH = 0%,
33.3%, 60%, and 100%. The number density of electron per unit impulse was
defined as 5 × 1015 /cm3 .

the electron impulse react with other molecules to reach a
chemical equilibrium.
For the impulse stage, it was assumed that electrons were
produced instantaneously and homogeneously upon discharge.
These electrons serve as seeds for the oxygen dissociation reaction, (2), as well as the following electron impact
reactions:

Fig. 9. Replotted Fig. 8 by collapsing the two dry air cases for the ac DBD
and pulsed DBD sources.

the pulsed DBD in terms of V –I waveforms and discharge
images as shown in Figs 2 and 3, the impact of humidity on
the ozone concentration was found to be comparable.
To further confirm the above finding, Fig. 8 is replotted in
Fig. 9 by collapsing the two dry air cases for the ac DBD and
pulsed DBD sources. While done in an ad hoc manner, such
a normalization effectively eliminates the physical discharge
characteristics due to power sources and allows an assessment
of the relative effect of the humidity. As anticipated, the ac
DBD and pulsed DBD cases collapse remarkably well for all
humidity conditions, thus attesting that the dominant effect of
the water vapor is through chemical pathways.
D. Numerical Simulation in O2 /N2 /H2 O System
To assess the chemical effects of water vapor on the
ozone production, a 0-D system of O2 /N2 /H2 O mixtures was
investigated numerically by using the closed homogenous
reactor model in Cantera [36]. In particular, the problem
was modeled as a two-stage reaction model: 1) an impulse
stage that represents the electrical discharge process through
electron impact dissociation reactions, and 2) a relaxation
stage in which the unstable intermediate species produced by

N2 + e → N + N + e

(7)

H2 O + e → H + OH + e

(8)

where the dissociation rates were given as 1.2×1015 cm3 mol/s
for O2 and H2 O, and 2 × 1013 cm3 mol/s for N2 [37].
To initiate the electron impact dissociations, a unit impulse
of electrons was introduced to accommodate an electrical input
energy from discharges. The number density of electrons per
impulse was set to be 5 × 1015 /cm3 [37], corresponding to
a mole fraction of about 2 × 10−4 in air. Subsequently, an
increased ED case was simulated by a proportional increase
in the number of the unit impulses in the electron impulse
stage. With these seed electrons, impulse stage simulations
were conducted assuming dissociations due to a unit impulse
are completed in 0.16 ns [37].
The concentrations of radicals predicted from the impulse
stage were used as the initial conditions for the relaxation
stage, in which a detailed reaction mechanism incorporated
60 elementary reactions compiled for ozone production in air
with humidity, including 17 neutral species (O, O2 , O3 , N,
N2 , NO, NO2 , NO3 , N2 O, N2 O5 , H, OH, HO2 , H2 O, H2 O2 ,
HNO2 , and HNO3 ). Detail kinetic mechanism is described in
the Supplementary Material.
Fig. 10 shows calculated ozone concentrations for various
RH conditions against the number of electron impulses. The
calculated ozone concentration qualitatively reproduces the
experimental observations shown in Fig. 9, in that the ozone
concentration decreases with increased RH.
Note that there was an erratum in chemical kinetic data
in a widely used literature [37] where the reaction rate of
O+H2 O → 2OH (R25 in Supplementary Material) was incorrectly implemented with its backward reaction rate [38]. This
paper incorporated the corrected reaction rate. Fig. 10 shows
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Fig. 12. Rescaled ozone concentration, ED, and the number of impulse show
good agreement among tested ac DBD and pulsed DBD and a global model
simulation.

Fig. 11. Calculated chemical pathways of O consumption show a negative
effect of water on ozone production.

that the ratio of ozone concentration at RH = 100% to that
at RH = 0% was estimated to be 0.53 using one impulse,
while it would have been 0.07 using the incorrect original
data. The corrected reaction rate yields a much more improved
agreement with the experimental measurements.
To understand the detailed chemical effects of water vapor
on ozone production, the O consumption and ozone production through three major chemical pathways are analyzed
in Fig. 11. Regardless of the RH, O+O2 +M → O3 +M (4) is
a main route to produce ozone, thus the rate of O consumption
in this reaction is defined as positive, indicating a production
of ozone.
When the mixture of O2 and N2 is dry, the production
of ozone is proportional to the initial amount of O, showing
insignificant consumption of O through other reaction paths.
When water vapor is added, however, electron impact reactions
in the impulse stage also generate H and OH radicals (8),
which in turn trigger other reaction pathways to consume O atoms. Major steps consuming O atoms include
H + O2 + M → HO2 + M
HO2 + O → OH + O2
O + OH → O2 + H.

(9)
(10)
(11)

Therefore, O atoms are consumed by OH radicals, which are
produced through (8) and (10).
As shown in Fig. 11, when four electron impulses were
added to increase the ED, the increase in the consumption rate
of O atoms through (10) and (11) prevails over the increase in
the production rate of ozone. Suppression of ozone production
with increased RH can also be understood by comparing
Fig. 11(a) and (b). With an increased RH, the consumption
of O atoms through (10) and (11) is accelerated, while the
production of ozone decreases.
As shown in Fig. 9, the overall trend of the concentration of
ozone for various RHs showed qualitatively good agreement
regardless of the discharge sources, when the concentration of
ozone is normalized properly. To this end, the experimental
(both ac DBD and pulsed DBD) and numerical results are
plotted in a normalized manner, by collapsing all dry air cases.
Fig. 12 shows that the computational model, which solely
captures the chemical effects, predicts the relative effects of
the humidity on the ozone concentration remarkably well.
Therefore, the present computational exercise validates the
key conclusion that the primary effect of humidity on ozone
production is chemical in nature.
IV. C ONCLUSION
This paper reported ozone production in a DBD reactor
for two different discharge methods (ac DBD and pulsed
DBD). V –I waveforms and discharge images indicated that
the pulsed DBD yields a homogeneous discharge mode, while
the ac DBD produces an inhomogeneous filamentary discharge
mode. RH affected the discharge properties of the ac DBD,
showing degradation of discharge characteristics, such as peak
current and the number of streamers, but it had negligible
influence on those of the pulsed DBD. With regard to ozone
production, the production efficiency of the ac DBD decreased
with increased ED. When the applied voltage increased for
the pulsed DBD, however, enhanced reduced field intensity
resulted in an increase in the ozone production efficiency.
It was also found that increased RH had a negative effect
on the ozone production. Such deteriorated ozone production
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with H2 O was attributed to the change of chemical pathways
rather than to the change of discharge properties. The finding
was further confirmed by a simplified homogeneous modeling
analysis, in which an important correction in a key reaction
rate constant was also reported. Through a global model
approach to simulate the effects of water vapor on ozone
production, the overall trend of ozone production was qualitatively predicted with good agreement against experimental
and results. This validates the two-stage approach of the global
model–the separation of electron impact reactions and the
rest of chemical reactions with electron-generated chemically
active species.
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