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Abstract

This work presents a method for using nanosecond repetitively pulsed (NRP) plasma discharges for accelerating
a propagating flame such as the deflagration-to-detonation transition occurs. A strategy is developed for bringing
the location of the plasma near to the tube wall and, thus, reducing the presence of the electrodes in the combustion
tube as well as presenting a configuration in which cooling of the electrodes is viable for practical applications.
Time-of-flight measurements were used in combination with energy deposition measurements and high-speed OH*-
chemiluminescence imagery to investigate the flame acceleration process. For stoichiometric hydrogen–air flames,
successful transition to detonation was achieved by applying a burst of 110 pulses at 100 kHz, with energies as low
as 10 mJ per pulse. This was also achieved when plasma discharges were applied in the vicinity of the wall. Two
enhancement mechanisms for flame acceleration were identified. The essential role of shock–flame interaction was
established as being the main mechanism for flame acceleration when the discharges are located near the wall. This
work presents an effective alternative that allows for NRP discharges to be applied near the wall while successfully
maintaining a promising success rate for detonation transition.
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1. Introduction

Except for highly reactive mixtures such as
hydrogen–oxygen or acetylene–air mixtures, it is chal-
lenging to obtain a detonation in a compact system with
a conventional ignition source [1, 2]. This issue is cru-
cial for energy-conversion systems relying on the deto-
nation regime of combustion. For example, in a pulse
detonation combustor, if a large fraction of the fuel
burns in the deflagration regime, or if the ignition en-
ergy is very high, the overall efficiency of the engine
could fall below a critical minimum. After ignition, the
flame must accelerate until it transitions to a detona-
tion and this acceleration usually requires enhancement
strategies.

Frequently, obstacles or optimized geometries have
been used [3–5], however, these passive systems have
several drawbacks, such as a direct negative impact on
the efficiency of the system or problems of robustness.
Active systems have also been successfully tested. For
example, electrical arc discharges have been proven to
accelerate a propagating flame to transition to detona-
tion [6, 7]. However, the electrical energy necessary
to obtain these results was very high. Recently, non-
thermal plasmas produced by nanosecond repetitively
pulsed (NRP) discharges have shown promising results
to improve the ignition of the mixture [8–12], to accel-
erate the flame until its transition to a detonation [13],
and to decrease the detonation cell size [14]. The results
obtained were attributed to thermal, chemical, and/or
transport effects of the discharges [15].

Recently, the authors have shown that NRP dis-
charges can be successfully used to enhance the
deflagration-to-detonation transition (DDT) in a prop-
agating flame [13]. With a pin–ring electrode geome-
try located in the middle of a detonation tube, reliable
DDT of stoichiometric hydrogen–air flames could be
achieved for a plasma power of less than 0.14% of the
thermal power of the flame. However, these electrodes
are very intrusive. For applications in detonation com-
bustors, these electrodes would have similar drawbacks
as those of obstacles, namely, a potential decrease in ef-
ficiency and problems with cooling.

Taking these considerations into account, it would be
beneficial to move the electrodes towards the wall of
the detonation chamber, where cooling and robustness
would be less of an issue. However, it can be expected
that the presence of a wall will affect the electrical dis-
charges as well as the mechanisms of coupling between
the NRP discharges and the flame.

The objectives of this study are: (i) to assess if plasma
actuation using NRP discharges close to the wall can

effectively enhance DDT; and (ii) to identify the main
mechanisms of plasma–flame interaction.

2. Experimental Setup and Methodology

2.1. Experimental Setup

A schematic of the experimental setup is presented in
Fig. 1. The 3350 mm long, closed, stainless steel tube
with an inner diameter of 39 mm is equipped with eight
ionization probes beginning at a distance of 1315 mm
from the headwall and then at every 270 mm thereafter.
A standard automotive spark (NGK CR8E 1275) with a
built-in resistance of 4.6 kΩ is installed in the headwall.
A single orifice plate with a blockage ratio of 0.43 is in-
stalled at a distance of 540 mm from the headwall. This
orifice plate is meant to accelerate the flame to speeds at
which plasma actuation located at about 1000 mm from
the headwall can efficiently accelerate the flame further,
as experimentally determined by the authors in [16].
At a distance of 1080 mm from the headwall, a UV-
transparent acrylic glass tube is installed to allow for
visual observation of the flame and plasma discharges.
The tube has a length of 100 mm and an inner diameter
equal to that of the stainless steel tube. The fact that
tube is transparent to ultraviolet light allows for the ob-
servation of excited OH* emissions.

Sixteen stainless steel sharpened electrodes (eight
cathodes and eight anodes) penetrate the acrylic tube
and are fixed with epoxy (see Fig 1). As both acrylic and
epoxy are dielectric materials, each electrode is elec-
trically insulated. The electrodes have a diameter of
1.6 mm and a radius of curvature at the tip of approx-
imately 100 µm. Several electrode configurations have
been tested. Three electrode penetration depths, d, of 1,
5, and 10 mm have been investigated. This is the dis-
tance that the electrodes penetrate into the tube beyond
the inner wall (see Front View in Fig. 1). Three gap
distances, g, of 8.0, 9.1, and 10.2 mm have also been
tested. This is the distance between electrodes of op-
posite polarity (i.e., the distance between the tip of one
cathode and the two neighboring anodes), as shown in
the left insert in Fig. 1. Due to the cylindrical geome-
try of the test section, independent changes in d and g
could be achieved only by using several acrylic tubes
with different distances between the entrance holes for
the electrodes.

Each set of electrodes (anodes and cathodes) is at-
tached to a common ring which is then connected to
the respective channel of an NRP discharge generator
(FID FPD 25-100MC2). The discharge generator is
capable of producing pulses with a maximal applied
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Figure 1: Schematic representation of the experimental test bench including photographs detailing the electrode configuration.

voltage, V , of 25 kV between a positive and a negative
channel (±12.5 kV), up to a pulse repetition frequency
of 100 kHz with a pulse width of around 15 ns. In
this study, all measurements are conducted at 100 kHz
with, depending on the discharge process, an energy de-
posited per pulse between 0.5 and 10 mJ. In our previ-
ous work [13], this low energy deposition was sufficient
to enhance the DDT. Figure 2 presents a direct visual-
ization of NRP discharges produced in air by applying
15 kV, between electrodes separated by a gap distance
g = 9.1 mm, with a penetration depth d = 1 mm. This
photograph is obtained with a long exposure time of
2 s illustrates where in the tube the discharges can take
place.

2.2. Diagnostics

The energy measurements are conducted using two
high-voltage probes (Tektronix P6015A) and a Pearson
current monitor (Model 6585). The signals are obtained
at a sampling frequency of 2.5 GHz with a digital oscil-
loscope (Agilent DSO9254A). The two signals must be
temporally shifted with respect to one another, because
the response times of the respective electrical circuits
are different. This shift was 4.9 ns for this study. This
value is determined from voltages below the breakdown
voltage and by adjusting the delay with the current until
the corresponding energy deposition is minimized. The
resulting accuracy in these measurements is ±100 µJ.

Figure 2: Photograph of NRP discharges in air, obtained for a gap
distance of g = 9.1 mm, a penetration depth of d = 1 mm, and an
applied voltage of V = 15 kV. The exposure time is 2 s.

An example of voltage, current and corresponding en-
ergy for a typical discharge at a gap distance of 9.1 mm
and an applied voltage of 21 kV is shown in Fig. 3. A
current peak of around 80 A is observed along with an
energy deposition of 9.5 mJ.

Along with these measurements, simultaneous high-
speed OH*-chemiluminescence imagery is conducted
using a CMOS camera (LaVision HSS8) equipped
with an intensifier (LaVision IRO). A UV objective
(105 mm F/5.6 Coastal Optics) and a 40-nm band-
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Figure 3: Example of voltage and total current waveforms obtained
for a single pulse as well as the corresponding energy. The inset shows
a pulse train of 110 pulses. (A) refers to the pulses before the flame
reaches the electrode gap. (B) refers to the discharges into the flame
and burnt gases. (C) denotes the specific pulse shown in the figure.

pass filter, centered at 320 nm, (LaVision 1108760) are
installed to select wavelengths associated with OH*-
chemiluminescence. The images are taken at 50 kHz
(every second pulse), with a delay of 400 ns between the
end of the discharge and the beginning of the exposure,
in order to avoid saturation of the images from the dis-
charges, while still being able to observe the flame. It is
important to note that the light emission in the location
of the discharges is not only due to the OH(A-X) tran-
sition, but also the N2(C-B), which is still visible in the
gases up to 600 ns after the beginning of a discharge.
The exposure time is 9 µs. The ignition, NRP pulser,
data acquisition system, and camera are all sychronized
using a pulse/delay generator (Berkley Nucleonics Cor-
poration, Model 575).

2.3. Methodology

A stoichiometric hydrogen–air mixture is used in
these studies. The tube is purged using pressurized air
for ten minutes to remove remaining water vapor from
previous measurements. Then, the setup is evacuated
to 10 mbar using a vacuum pump (Edwards RV8) and
filled with hydrogen and air using partial pressures with
the help of a static pressure gauge (Keller LEO 3). The
resulting uncertainty in the equivalence ratio is ±3%.
Subsequently, the entire mixture is circulated within
the test bench using a pump (KNF Laboport N 842.3
FT.18), which is connected near the headwall and end-
wall, respectively. After a settling time of one minute, a
high-voltage pulse of 6 kV with a pulse width of 1 ms is
sent to the spark plug from a high-voltage power ampli-
fier (Trek PD07016). Based on the observed arrival time
of the flame at the inter-electrode of between 11.4 ms
and 12.4 ms after ignition, the NRP pulse generator be-
gins sending pulses at 11.3 ms. A pulse train of 110

pulses is used to ensure that the flame arrives before the
pulsing ceases. The propagation of the reaction front
is then captured using the ionization probes. These sig-
nals are obtained at 30 MHz with a National Instruments
data acquisition system (NI PXI-5105 Oscilloscope).
The velocity is calculated from the arrival time of the
flame at the probes, corresponding to the time at which
the signal drops by 50 mV. The uncertainty in veloc-
ity measurements is then ±5 m/s for the detonation, and
±50 m/s for the turbulent flame (details in [13]). An ex-
ample measurement showing the transition to a steady-
state detonation at Chapman–Jouguet (CJ) velocity is
shown in Fig. 4. The CJ-velocity for this mixture (sto-
ichiometric hydrogen-air at atmospheric conditions), is
1966 m/s, corresponding to a time-of-flight of 0.137 ms.

Figure 4: Example of ionization probe signals for an accelerating
flame transitioning to a detonation. The transition occurs before I6.

3. Results and Discussion

Comparisons between the various geometries and
conditions are analyzed in the following and an expla-
nation of the underlying processes responsible for these
observations is made. First, the effects of the penetra-
tion depth of the electrodes, the applied voltage, and
the discharge gap distance on the acceleration process
is discussed. These observations are summarized in
terms of success rate, defined as the percentage of test
cases resulting in successful transition to detonation be-
fore the last two ionization probes. For each condi-
tion, at least 10 experiments were conducted. An in-
depth discussion of the parametric study using time-of-
flight measurements, energy deposition measurements,
and high-speed imagery then follows.
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Figure 5: Probability of DDT as a function of (a) penetration depth d,
for constant V and g, (b) applied voltage V , for constant g and d, and
(c) gap distance g, for constant V and d.

3.1. Parametric Study

The range of variation of the three parameters consid-
ered is mainly constrained by the experimental setup.
The penetration depth, d, is varied from near wall to
half of the detonation tube radius. The minimal applied
voltage for which a noticeable effect can be observed is
V = 21 kV, and the maximum voltage achievable by the
pulser is 25 kV. Finally, the range of gap distances, g,
results from a trial and error method, during which the
best results have been obtained for g = 9.1 mm.

The overall results of the parametric study are sum-
marized in Fig. 5. Figure 5a presents the influence of
electrode penetration depth, d, on the probability of
DDT for constant g = 9.1 mm and V = 21 kV. It is clear
that positioning the plasma discharges in close proxim-
ity to the wall (d = 1 mm), at the shown gap distance
and applied voltage, does not noticeably assist the tran-
sition to detonation. Placing the discharges farther from
the wall, at d = 5 and 10 mm, results in near 100% suc-
cess rate.

Figure 5b, on the other hand, shows that for constant
d = 1 mm and g = 9.1 mm, increasing the applied volt-
age, V , results in an increase of successful DDT, even
in the vicinity of the wall. Finally, the data shown in
Fig. 5c corresponds to test runs conducted with con-
stant d = 1 mm and V = 25 kV. The gap distance, g,
does not have a monotonic effect on the success rate
of DDT. This interesting result requires further under-
standing of the mechanisms of flame acceleration by
NRP discharges as well as possible consequences for

near-wall discharges.

3.2. Enhancement Mechanisms

First, let us discuss the results for the configuration
with a penetration depth of 5 mm, an applied voltage
of 21 kV, and a gap distance of 9.1 mm. This is the
only configuration that exhibits a 100% success rate (see
Fig. 5a) for the measurements conducted and allows for
important conclusions to be drawn from the experimen-
tal data available. The velocities obtained from the time-
of-flight data using the ionization probes are shown in
Fig. 6 with NRP discharges (red triangles) and without
(black circles). By applying NRP discharges, the flame
is accelerated to the point where it transitions to detona-
tion before the probe I7 in all cases. In the measurement
runs in which no plasma was applied, the flame does not
transition to detonation before I7, although a few runs
may transition between I7 and I8. Nevertheless, a sig-
nificant acceleration of the flame is observed when NRP
discharges are applied. A notable aspect can be seen
at around 2 m, between I3 and I4. For the cases with
plasma, propagation velocities in excess of CJ-velocity
are observed in 50% of the cases, while for the other
50%, the flame velocities are just above 1000 m/s. This
difference suggests that two differing modes of DDT
can take place during plasma actuation.

Figure 6: Time-of-flight measurements for a configuration with an ap-
plied voltage of 21 kV, a penetration depth of 1 mm, and a gap distance
of 9.1,mm. The blue dashed line corresponds to CJ-velocity. Location
of the I3–I7 probes is noted.

Using high-speed imagery, the NRP discharges and
flame are observed. Example images of the two afore-
mentioned modes are shown in Fig. 7. Images of the
two left columns, referred as “Discharge in Flame” cor-
respond to the first mode, while the two right columns
labeled “Discharge ahead of Flame” correspond to the
second mode. For each mode, the pair of images
presents the same picture with two different scaling of
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the light intensity. In all cases, high-voltage pulsing be-
gins before the arrival of the flame.

In the first mode “Discharge in Flame”, no visible
discharge is observed until the flame reaches the inter-
electrode area, at which point the first visible discharge
occurs in the flame (left column (×100), Image 27,
Pulse 56). In these cases, the flame accelerates, but ve-
locities in excess of the CJ-velocity are not observed as
the flame arrives at 2 m, although DDT still occurs far-
ther downstream. Energy measurements confirm that a
strong spark discharge develops in the moment that the
flame reaches the electrodes, quickly reaching a maxi-
mum energy deposition of about 9.5 mJ.

Figure 7: High-speed images of NRP discharges in flame and ahead
of flame, both resulting in successful DDT. The penetration depth is
5 mm with an applied voltage of 21 kV and a gap distance of 9.1 mm.
The 5 foremost electrodes are shown in the row of images.

In the second mode “Discharge ahead of Flame”, a
visible discharge is observed much earlier, before the
flame reaches the inter-electrode area (right column
(×15), Image 9, Pulse 20). The main flame is expected
to reach the electrode area between Image 26 and Image
28 (not shown in Fig. 7). The following discharges de-
velop very rapidly to energy depositions about 9.5 mJ.
The resulting plasma kernel is then “blown off” by the
rapid flow following the leading shock wave ahead of
the main flame (right column (×15), Images 17–18,
Pulses 36–38). This can also be seen by the abrupt
decrease in energy deposition (1.43 mJ), although the
pulsing is still applied. Afterwards, the interaction be-
tween the plasma kernel and shock results in intensifi-
cation of the combustion process and the plasma kernel
develops into a new flame. The shock–flame interac-

(a) (b)

Figure 8: Example current waveforms for both modes of DDT en-
hancement: (a) for a “Discharge in Flame” case, and (b) for a “Dis-
charge ahead of Flame” case.

tion has been studied in detail by Thomas et al. [17],
who also observed DDT in laminar ethylene–oxygen
flames impacted successively by an incident and re-
flected shock wave with an initial Mach number in ex-
cess of M = 1.9. In the current experiments, the endwall
is too far downstream for the reflected shock to imme-
diately interact with the flame kernel, so there is but a
single shock-flame interaction event. This new flame
propagates downstream in the post-shock flow at speeds
anywhere between 450 m/s and 750 m/s. Based on this
speed, the incident shock Mach number is calculated to
be M = 1.4–2.6. The new flame is then strong enough
to exhibit explosions between the main flame and the
leading shock. These explosions are responsible for the
high speeds measured at 2 m in Fig. 6 (between 2200
and 2800 m/s). However, they are not strong enough to
persist to a steady-state detonation and quickly die out
(at 2.25 m, all measured speeds are below CJ-velocity).
Nevertheless, the resulting flame still inevitably transi-
tions to a detonation farther downstream.

These two modes of flame acceleration by NRP dis-
charges can also be detected without the use of expen-
sive intensified high-speed imagery. By simply observ-
ing the waveform of the current, one can deduce which
mode occurs. Example waveforms are given in Fig. 8.
For the mode “Discharge in Flame” (Fig. 8a), in which
the visible discharge first occurs in the vicinity of the
flame, the current peaks remain around 25 A until the
flame reaches the inter-electrode area. At this point, the
current jumps to nearly 100 A and remains at that am-
plitude as the discharges persist in the burnt gases. For
the mode “Discharge ahead of Flame” (Fig. 8b), a much
different behavior is observed. As the discharge oc-
curs, similar amplitudes are observed. However, when
the leading shock arrives, the discharge channel is ex-
tinguished and the current amplitude decreases to that
before the discharge occurred, as there are no ionized
gases from previous discharges to help the breakdown
and allow a strong current to establish.
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Figure 9: Images of the first discharge for a “Discharge in Flame”
case, for an applied voltage of V = 21 kV, a gap distance of g = 9.1 mm,
and a penetration depth of (a) d = 1 mm, and (b) d = 5 mm. The flame
contours are highlighted with white dashed lines and the five foremost
electrodes are shown in yellow.

3.3. Towards Efficient Surface Discharges
Further investigating the effect of penetration depth

on DDT success rate leads to two other interesting as-
pects that are worthy of mention. First, compared to
d = 5 mm, increasing the penetration depth to 10 mm
has only a minor, if any, effect on the transition to DDT.
Here, it is important to detail the results obtained with-
out plasma actuation. Depending on their penetration
depth, the electrodes alone can significantly affect the
generation of turbulence and the subsequent accelera-
tion of the flame. For the sets of electrodes correspond-
ing to d = 1 and 5 mm, this effect is negligible (no no-
ticeable effect on DDT). However, for d = 10 mm, even
without discharges, a DDT success rate of 30% is ob-
served. Therefore, while for d = 1 and 5 mm the effect
on DDT can be attributed to the plasma only, in the case
of d = 10 mm, it is not possible to clearly discriminate
between the plasma actuation and the effect of the elec-
trodes.

The second aspect to be mentioned is the fact that re-
ducing the penetration depth to 1 mm, keeping constant
the gap distance and the applied voltage, has a detrimen-
tal effect on DDT. In fact, DDT is not observed in a sin-
gle case. This may be due to the enhancement mecha-
nism and the overall shape of the flame. If the discharge
first occurs when the flame is in the inter-electrode area,
the energy deposition is then in the boundary layer of
the flame and has little effect on accelerating the fore-
most part of the flame. This fact is illustrated in Fig. 9.
For the same applied voltage (21 kV) and gap distance
(9.1 mm), the discharge for a penetration depth of 5 mm
(Fig. 9(b)) is closer to the leading flame front as that for
a penetration depth of 1 mm (Fig. 9(a)).

The fact that discharges in the flame front are less op-
timal for a penetration depth of 1 mm can also be seen
when looking at the results of Fig. 5b. Here, a constant
gap distance of 9.1 mm is investigated at a penetration

depth of 1 mm for increasing applied voltage. It is ap-
parent that increasing the applied voltage results in a
significant increase in the success rate. An increase to
23 kV results in a success rate of 40%, while an increase
to 25 kV results in a success rate of 80%. Looking
at the mechanism that occurs during these tests offers
clues to explain this observation. For an applied volt-
age of 21 kV, there is no occurrence of discharge before
the flame. The discharge only occurs when the flame
reaches the inter-electrode area. This results in no in-
stances of successful DDT. As the applied voltage is in-
creased to 23 kV, a discharge occurs ahead of the flame
in 70% of the cases and a success rate of 40% is ob-
served. Further increasing the applied voltage to 25 kV
results in an increase in the number of cases in which
the discharge occurs ahead of the flame to 90%, with
a success rate of 80%. In fact, for a penetration depth
of 1 mm, a total of 19 occurrences of discharge at the
flame front were recorded at various gap distances, and
applied voltages, only one of which successfully transi-
tioned to detonation. Thus, it appears that in the vicinity
of the wall, a discharge ahead of the flame is necessary
to result in successful DDT.

The effect of varying gap distance, g, for a penetration
depth of 1 mm is difficult to determine with the results
of the current study. Here, many factors play a role.
As the gap distance is increased, the energy deposition
per pulse remains roughly the same. Thus, the resulting
energy density decreases. However, the volume of gas
exposed to the plasma is increased. It stands to reason
that increasing the gap distance to the point at which
discharges ahead of the flame are hindered would be
detrimental to the flame acceleration process, as this en-
hancement mechanism seems to be necessary for DDT
when discharges are applied at the wall. It appears as
though a gap distance of 9.1 mm is the most efficient of
those investigated. However, in order to optimize this,
further investigations are required in order to better un-
derstand the underlying mechanisms at work, for exam-
ple, the interactions between the discharges and the tur-
bulent boundary layer.

4. Conclusions

A novel electrode configuration has been developed
and investigated for the enhancement of DDT using
NRP plasma discharges close to the surface of the com-
bustion chamber. The configuration consists of two sets
of pin electrodes protruding through the wall of a dielec-
tric tube. Various gap distances, penetration depths, and
applied voltages were investigated. Two enhancement
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mechanisms were identified: One in which the first vis-
ible discharge occurs when the flame reaches the inter-
electrode area, accelerating the flame locally, and the
other in which the first discharge occurs significantly
ahead of the flame and the acceleration mechanism is
based on the interaction of the plasma kernel and the
leading shock ahead of the main flame.

Successful enhancement of the DDT process was
achieved using NRP plasma discharges produced near
the wall (1 mm). However, the enhancement mecha-
nism is dependent on discharges occurring ahead of the
flame. Further investigation of the optimal gap distance
and characterization of wall interaction is necessary to
further improve this method. However, these results
suggest that this configuration of NRP actuation would
allow for such a strategy to be employed in a detonation
combustor, removing the need for obstacles or occlusive
geometries.
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