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Abstract 

A Nanosecond Repetitively Pulsed 
Plasma (NRPP) produced by electric pulses of 
10 kV during 10 ns at a frequency of up to 30 
kHz has been used to stabilize and improve 
the efficiency of a 25-kW lean premixed pro-
pane/air flame at atmospheric pressure. We 
show that, when placed in the recirculation 
zone of the flame, the plasma significantly in-
creases the heat release and the combustion 
efficiency, thus allowing to stabilize the flame 
under lean conditions where it would not exist 
without plasma. Stabilization is obtained with 
a very low level of plasma power of about 75 
W, or 0.3 % of the maximum power of the 
flame.  In addition, we find that at high flow 
rates, where the flame should normally extin-
guish, the NRPP allows the existence of an in-
termittent V-shaped flame with significant 
heat release, and at even higher flow rates the 

existence of a small dome-shaped flame con-
fined near the electrodes that can serve as a pi-
lot flame to re-ignite the combustor. Optical 
emission spectroscopy measurements are pre-
sented to determine the temperature of the 
plasma-enhanced flame, the electron number 
density, and to identify the active species pro-
duced by the plasma, namely O, H and OH. 

Introduction 

Plasma-enhanced combustion is an innova-
tive concept for improving the ignition, effi-
ciency, and stability of industrial combustors 
such as aircraft engines, ground gas turbines or 
internal combustion engines.  However, the 
power required to produce the plasma is a key 
issue for practical applications. 

 
It has been known for a long time that high 

voltage pulses are an efficient way to generate 
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active species (i.e. ionized, dissociated and 
electronically excited species) in air or air/fuel 
mixtures. Over the past several years, various 
researchers1-5 have applied this technique to 
the ignition of fuel/air mixtures. It has been 
shown, in particular, that the ignition delay 
time can be significantly reduced through the 
use of nanosecond high voltage pulses6-9. 

 
There are however much fewer studies to 

date on plasma-assisted flame stabilization. 
To stabilize the flame, the plasma must be 
sustained for a relatively long duration, which 
requires in general a large amount of power. 
Recently, Choi et al.10 were able to stabilize 
and extend the flammability of a lean pro-
pane/air mixture at atmospheric pressure by 
using a repetitive discharge at 9 kHz, with 
voltage pulse duration of order 100 µs. With 
this system, they have demonstrated the stabi-
lization of relatively low power flames (up to 
about 300 W) with a plasma power consump-
tion equivalent to about 5% of the power of 
the flame.   

 
Over the past few years also, researchers 

from Stanford University11 have proposed and 
demonstrated the use of high voltage nano-
second pulses with high repetitive frequency 
determined by the rate of recombination of 
active species, as a way to efficiently produce 
and sustain elevated electron number densities 
in atmospheric pressure air plasmas.  In the 
present work, we employ a similar high fre-
quency nanosecond discharge to stabilize a 
lean propane/air flame at atmospheric pres-
sure.  

 
The first part of this paper describes the 

experimental set-up. The second part presents 
a mapping of the operating regimes of a pro-
pane air/flame, with and without plasma en-
hancement. The third part describes the re-
sults of preliminary spectroscopic and imag-
ing studies of the flame with and without 
plasma enhancement. 

Experimental Setup 

Nanosecond repetitively pulsed plasma 
 

A nonequilibrium plasma is produced us-
ing a solid state generator. An electric pulse of 
10 kV in amplitude and 10 ns in duration is 
created at a repetitive frequency of up to 30 
kHz. It has been shown in previous studies11 
that such a device can sustain an atmospheric 
pressure discharge in preheated air with an av-
erage electron concentration of about 1012 cm-3. 
The power consumption of this nonequilibrium 
plasma is low in comparison with the consump-
tion of a plasma with the same electron concen-
tration created by a dc electric field. In the pre-
sent work, the energy supplied to the flame has 
been determined from the electric field, meas-
ured with a high voltage probe (Lecroy PPE 
20kV), and the current through the electrodes, 
measured with a Pearson Coil (Model 2877). 
The energy provided to the discharge is 2.5 mJ, 
corresponding to an average power of 75 W at 
30 kHz repetition frequency. This power is 
much less than the typical heat release power of 
flames of practical interest, usually several 
kilowatts. The plasma generator is powered by 
a DC power supply (Delta Electronika Model 
ES 300-0.45). The DC power supply delivers 
less than 100 W to the plasma generator, corre-
sponding to efficiency greater than 75% of the 
pulse generator. All experiments presented in 
the following sections were performed with a 
pulse generator frequency fixed at 30 kHz. 

 

Premixed burner 
 

The flow rates of air and propane are con-
trolled by flow meters with maximum flow 
rates of 25 m3/h and 1 m3/h respectively. These 
flow rates result in a maximum heat release of 
about 25 kW.  
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Fig. 1. Bluff-body nozzle 

Different nozzles can be used to study the 
effect of the plasma on various flames. In this 
study, an unconfined bluff-body stabilized 
flame is investigated. The cylindrical bluff-
body (figure 1) stabilizes a classical “V-
shaped” premixed flame. The external diame-
ter of the burner outlet is 16 mm and the di-
ameter of the bluff-body is 10 mm. The Rey-
nolds number, based on the diameter of the 
burner outlet and the bulk velocity, is about 
30,000. The bluff- body is made of aluminum 
and the cathode is made of refractory steel. 
No erosion was noticed over operation times 
of several hours. 

In this configuration, depending on the 
value of the pulse voltage, the discharge pre-
sents two regimes in the flame: a glow and a 
streamer regime. At low pulse voltage, the 
discharge is a diffuse glow discharge similar 
to the discharge studied in Ref. 11. At higher 
pulse voltage, the discharge becomes filamen-
tary and very luminous, which corresponds to 
a streamer regime. In our experiments to date, 
the enhancement of combustion was only 
achieved with the streamer mode, as ex-
plained in the following sections. 

Operating regimes of the flame with and 
without plasma enhancement 

Measurements have been made of the op-
erating regimes of a propane air combustor at 
atmospheric pressure, as a function of the fuel 
equivalence ratio and the flow rate of air. 

Three operating regimes can be identified in 
Figure 2: 

- Stable V-shaped flame (region 1) 
- Pilot flame (small dome-shaped flame 
confined to the vicinity of the electrodes 
placed in the recirculation zone, region 2) 
- No flame (region 3) 

 
Fig. 2. Burner regimes without plasma 

Figure 3 shows photographs of the V-
shaped and pilot flames. 

           
(a)   (b) 

Fig. 3. (a) V-shaped flame  
(b)  pilot flame  

The main regime is a V-shaped flame sta-
bilized on the bluff-body (region 1 in Figure 2). 
Increasing the air flow rate, for a constant flow 
rate of propane, leads to lean extinction (region 
3). At high air flow rate (about 6 m3/h) this ex-
tinction appears after an intermediate dome-
shaped flame regime, which we term a pilot 
flame. In the latter regime, the flame is con-

1 cm 
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fined to the recirculation zone where the char-
acteristic time of the flow is sufficiently low 
to match the characteristic time of the chemis-
try. This leads to a low efficiency flame, close 
to lean blow-off, that does not burn all the 
available fuel. 

 

 
Fig. 4. Burner regimes with plasma 

As can be seen in Figure 4, the plasma 
significantly extends the region of flame sta-
bility. For purposes of comparison, this figure 
also shows the extinction limit without 
plasma. Below this square curve, the flame 
does not exist without the plasma. Region 2 is 
an extension of the V-shaped flame below the 
lean flammability limit for airflow rates up to 
12 m3/h. Above 12 m3/h, the V-shaped flame 
is extended over a smaller region. The dia-
mond curve represents the transition between 
a fully developed V-shaped flame and an in-
termittent V-shaped flame. Although this re-
gime is intermittent, the flame in region 3 still 
releases a significant level of heat. The trian-
gle curve is the transition between the inter-
mittent V flame and the pilot flame (region 4). 
This pilot flame can exist with the plasma 
over a much wider range of fuel equivalence 
ratios and flow rates than without plasma, 
which can be useful to re-ignite the combustor 
at low regime. The circle curve represents the 
lean flammability extinction limit of the flame 
with plasma.  

Figure 5 presents photographs of a pilot 
flame with an air flow rate of 15 m3/h and a 

propane flow rate of 0.5 m3/h (Φ=0.8, flame 
power: 12.5 kW). Figure 5a shows the flame 
without plasma, figure 5b with the NRPP dis-
charge (discharge power: 75W) applied. It is 
clear that the plasma significantly increases the 
combustion efficiency in very lean propane/air 
flames with only a small fraction of the flame 
power. 

 

          
a                   b 

Fig. 5. Photographs of a 12.5 kW propane/air flame 
(Φ=0.8) with and without plasma 

Optical diagnostic measurements 

Time-resolved spectroscopy of the plasma with 
and without flame 

 
The foregoing results demonstrate that a 

low power NRPP represents an effective and 
energy efficient method to stabilize a turbulent 
bluff-body flame. However the physico-
chemical processes leading to the observed 
combustion enhancement are not yet under-
stood. To determine the species involved and 
the chemical or thermal nature of the process, 
we have performed spectroscopic measure-
ments synchronized with the discharge. Figure 
6 shows the experimental setup comprised of 
an Acton SpectraPro 2500i spectrometer (focal 
length 500 mm) fitted with a 1024x1024-pixel 

1 cm 
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ICCD camera (Princeton Instrument PIMax) 
and an imaging fiber adapter (Acton FC-446-
010) combined with an optical fiber (Acton 
LG-4550-020). Two off-axis parabolic mir-
rors are used to collect the signal and to focus 
it on the optical fiber. These mirrors are pre-
ferred to spherical lenses to avoid chromatic 
aberrations. A delay generator (Berkeley Nu-
cleonics Model 555) triggers the pulse gen-
erator and the camera to record spectra be-
tween two consecutive pulses.  

 

Fig. 6. Experimental setup of synchronized spectro-
scopic measurements 

We have performed spectroscopic meas-
urements of OH, Hβ and O with and without 
flame. Figures 7 and 8 present measurements 
obtained with an integration time of 100 ns 
immediately after the pulse. OH, Hβ and O 
appear to be produced by interactions between 
the plasma (in the streamer mode) and the 
flame. OH radicals and O and H atoms are 
key species for the initiation of combustion as 
they are the principal species responsible for 
breaking C-H bonds in hydrocarbon fuels12. 
They also accelerate the chain branching reac-
tions of propane combustion.  

 

 

Fig. 7. Time-resolved calibrated spectrum of the streamer 
discharge in air and flame and of the glow discharge in 

flame 

 

 

Fig. 8. Time-resolved spectrum of the streamer discharge 
in air and in flame. 

 

Thermal and Chemical Effects of the 
Plasma Discharge 

 
As shown in an earlier publication15, the 

rotational and vibrational temperatures aver-
aged over a time window spanning several 
pulses are about 2700 K and 4000 K, respec-
tively, in the streamer discharge. Thus the 
streamer discharge in flame heats the gas 
whereas the glow discharge does not increase 
the gas temperature. 

We present here new investigations of the 
time dependence of this thermal effect. Spectra 
of the N2 C-B (0,2) and (1,3) bands (365 – 385 
nm) have been recorded using a 1200 
groove/mm grating blazed at 300 nm. The 
spectra have been calibrated in absolute inten-
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sity by means of a 1 kW argon mini-arc 
source traceable to NIST standards.  

We recorded spectra with an exposure 
time of 5 ns. These measurements are time-
resolved with a time step of 5 ns for N2 C-B. 
The optical train is focused onto the discharge 
region, at midpoint between the electrodes. 
The signal is averaged over 1500 pulses. We 
recorded the emission spectrum of a pro-
pane/air flame (φ = 0.8) with a streamer dis-
charge applied. Figure 9 presents the experi-
mental spectra taken between 18 and 33 ns af-
ter the beginning of the pulse. The spectra are 
normalized to the intensity of the (0,2) band-
head. We find that the rotational and vibra-
tional temperatures are approximately con-
stant over that time interval.  

These experimental spectra were fitted 
with numerical simulations obtained with the 
SPECAIR code14. The resulting rotational 
temperature is about 2500 K and the vibra-
tional temperature is about 4300 K.    
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Fig. 9. Time-resolved calibrated spectrum of the 

streamer discharge in flame 

 
High-resolution measurements of the Hβ 

Balmer line 
 
Measurements were also made of the Hβ 

Balmer line at 486.1 nm to determine the 
electron number density in the discharge. As 

done in Ref. 16, we infer the electron number 
density from the half-width-at-half-maximum 
(HWHM) of the measured Stark-broadened 
line.  

We used a 2400-groove/mm grating blazed 
at 300 nm and took time resolved measure-
ments between 25 and 47 ns after the beginning 
of the pulse. The HWHM of the Balmer-β line 
is constant within 15 %. The exposure time was 
2 ns and acquisitions were taken every 2 ns. 
The optical train is focused, as previously de-
scribed, on the region of maximum intensity of 
Hβ emission. The instrumental HWHM was 
0.09 Å. We find that the electron number den-
sity is comprised between 1015 and 2.1015 cm-3. 
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Fig. 10.measured and simulated spectrum of Hβ line 

We have also made 100-ns averaged 
measurements and compared them with simula-
tions taken from Ref. 17. Assuming that there 
is no self-absorption, we obtain the same den-
sity as with the previous method. Figure 10 
presents the comparison between a spectrum 
taken in the center of the discharge and simula-
tions at various electronic densities. The meas-
ured spectrum suggests an electron number 
density of about 1.2 ±0.2 x 1015 cm-3. 

Conclusions  

We have demonstrated the possibility to 
increase the combustion efficiency of a lean 
premixed turbulent flame at low energy cost 
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(less than 0.6 % compared to the power of the 
flame) through the use of a high repetition 
rate nanosecond pulsed discharge in the recir-
culation zone behind the bluff body. The re-
petitively pulsed discharge affords an exten-
sion of the stability of the V-shaped flame. At 
higher air flow rates or lower equivalence ra-
tio, where non-assisted flame would normally 
extinguish, we have found that an intermittent 
V-shaped flame with high heat release can ex-
ist. At yet even higher air flow rates the 
plasma allows the existence of a pilot flame 
up to very high flow rates and lean conditions. 
Through spectroscopic measurements, we 
have evidenced an increase of the concentra-
tion of free radicals in the flame, which may 
explain the observed enhancement of combus-
tion. The rotational temperature, measured to 
be approximately 2500 K after the pulse, in-
dicates that the discharge has some thermal 
effect. We also determined the electron num-
ber density from the Hβ-Balmer lineshape just 
after the pulse and obtained a value of about 
1015 cm-3.  
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