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a b s t r a c t
Studies of nanosecond repetitively pulsed discharge plasma-assisted combustion were carried out on a
laminar premixed methane/air ﬂow in the vicinity of the lean ﬂammability limit. Experimental results
indicated that complete combustion is achieved when the equivalence ratio is above the known lean
ﬂammability limit (/ = 0.53) at high discharge repetition rates of 50 kHz. When the ratio is below the
limit, the plasma does serve as a ﬂame holder; however, only partial combustion is seen in the downstream ﬂow. Two-dimensional kinetic simulation results were found to be consistent with the experimental results. The simulations revealed that the methane is fully consumed within the discharge
region, since the time between discharge pulses is less than that for species diffusion and advection. This
creates a source of radicals and high temperature, which diffuse outwards to stabilize the combustion of
the surrounding ﬂow.
Ó 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
Nanosecond repetitive pulsed discharges have been shown to
be an effective method of stabilizing the combustion of premixed
lean fuel/air mixtures [1–9]. The stabilization is attributed to the
production of active radicals and gas heating [1,3,4]. Previous work
has focused largely on investigating the kinetics responsible for
enhancing combustion, and less have focused on the propagation
of this combustion towards surrounding ﬂows. Some studies
[1,5] use either OH or CH chemiluminescence as an indicator of
combustion below the lean ﬂammability limit, however, such
measurements should be interpreted with caution since radicals
can be produced from the discharge by collisional quenching of
electronically excited species (e.g. N2). One study [6] has carried
out gas-chromatography which conﬁrms directly that combustion
has produced product species, even at very low equivalence ratios,
well below the lean ﬂammability limit. They reported the extension in the lean ﬂammability limit of premixed methane–air, but
the mixtures are preheated and the deposited power into the plasma source is signiﬁcant when compared to the combustion power
itself.
Kinetic simulations [7–9] have also been used to study the detailed chemistry in nanosecond pulsed discharges. Most of these
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simulations are zero-dimensional [7–9] (i.e., do not include any
spatial dimensions) and are intended to validate the experiments
conducted at low temperature (about 300 K) and low pressures
(up to a few tens of torr). Higher dimensional simulations that
account for the repetitive nature of the discharge are rare, since
practical combustion occurs at high pressure (at least above atmospheric pressure) and in these conditions discharges tend to be
more ﬁlamentary [10] (highly multi-dimensional). Clearly, one or
two-dimensional (1-D or 2-D) discharge simulations must account
for the effects of diffusion and advection as well as the effect that
the repetitive discharge has on the evolution of the discharge
chemistry.
In this work, we have carried out measurements of stable species formed in methane/air combustion downstream of the plasma
source by gas-chromatography and gas temperatures either
through the use of thermocouples or optical emission spectroscopy
of the electronically excited nitrogen (N2) C–B transition. 2-D simulations are also conducted to investigate the interaction between
the discharge and surrounding methane/air mixture as well as the
detailed kinetics within the discharge.
2. Experimental setup
A schematic of the experimental setup is shown in Fig. 1. Nanosecond pulsed discharge plasmas were generated between two
tungsten electrodes (1 mm diameter, 1 mm separation) using a
pulse generator (FID Technology F1112). The horizontally-oriented
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Fig. 1. Schematic of experimental setup for gas-chromatographic and optical
emission measurements.

electrodes were displaced vertically to generate vertically oriented
discharges and so minimize the effect of an ionic wind on ﬂow and
combustion. The pulse generator generated a near-Gaussian
temporal voltage pulse of 8 kV peak and 9 ns full width at half
maximum (FWHM) at repetition rates between 10 and 50 kHz.
Methane and air were ﬁrst premixed in a plenum and then discharged into a quartz tube of 44 mm inner diameter. The bottom
electrode was placed 1 mm above from the conﬁned ﬂow exiting
this tube, thereby minimizing the effects of air entrainment. The
total ﬂow rate and their ratios were maintained using digital mass
ﬂow controllers (Unit UFC-3020A for air and MKS 247C for methane). The ﬂow speed was about 42.5 cm/s.
Plasma-induced combustion products were analyzed using a
gas-chromatograph (GC) (Varian, Inc.) equipped with Porapak Q
and Molsieve 5 Å columns, and a thermal conductivity detector
(TCD, with a resolution of below 1% in mole fraction) and pulsed
discharge helium ionization detector (PDHID, with a resolution of
below 100 ppm in mole fraction). H2, Air, CH4, CO, and CO2 were
separated via the Porapak Q, and the separation of N2 and O2 was
achieved via the Molsieve 5 Å. A quartz sampling probe (1.8 mm
inner diameter) was placed at between 3 mm and 11 mm downstream of the discharge. A sampling pump (Thermo Scientiﬁc
420-1901) equipped with a bypass valve was attached to the end
of a sampling loop to draw samples into the gas-chromatograph.
Since water is not allowed in the Molsieve 5 Å, the samples were directed to ﬂow through a desiccant (Drierite) before entering the GC.
The bypass valve was adjusted to match the suction speed at the
probe tip to the ﬂow speed. The sampling time was set to be enough
to refresh the remaining gas from the previous measurements. This
refreshing was conﬁrmed through the sampling of a stream of pure
nitrogen. Gas temperatures were also measured at the sampling
locations using a 0.13 mm S-type thermocouple (Omega Engineering, Inc.). Thermocouple data are corrected for radiation [11], but
not for other effects such as heat conduction along the wire and
catalytic effects on the wire surface.
The spectrally-resolved emission associated with the electronically excited N2 C–B transition was also measured to extract rotational and vibrational temperatures. Light emitted from the
center of the discharge was collected and transmitted by an optical
ﬁber to a monochromator (Jarrell-Ash 82-020). The light was dispersed by the monochromator and recorded by a photomultiplier
(PMT) designed for fast-time response (Hamamatsu R928 with
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Fig. 2. 2-D kinetic simulation domain.

Hamamatsu E717-63 socket). The PMT signal was then gated, integrated, and averaged using a boxcar integrator (SRS SR250) with
2 ns gate width, synchronized to the pulse generator using a delay
generator (SRS DG535).

3. Simulation
2-D kinetic simulations of the plasma-induced combustion have
been developed to investigate the detailed chemistry that takes
place within the discharge and the transport of the resulting species/energy to its immediate surroundings. The simulated domain
is shown in Fig. 2, marked as a red1 dotted box. Axisymmetric coordinates are used and the size of the domain is set to 12 mm in
height (z-axis) and 5.6 mm in radius (r-axis), spanning the
discharge region. The center of the discharge region is located at
a position 4 mm above from the lower computational boundary,
on the axis, and has size of 1 mm in height and 0.35 mm in diameter. This diameter is chosen to agree with the measured diameter
in the similar experiments of Pai et al. [10]. A uniform grid spacing
(0.333 mm along the z-axis and 0.175 mm along the r-axis) is used
in these simulations. Species considered include ground and electronic excited states of N2 (X, A, B, a0 , C), the ground electronic
þ
þ
þ
þ
states of O2 ; Nþ
2 ; O2 ; O;CH4 ; H2 O;CO2 ; CH4 ; H2 O ; CO2 , and free electrons (e), amongst others. These species are included in a reduced
reaction mechanism, DRM19 [12], for methane/air combustion.
DRM19 has been tested against the more detailed GRI-Mech [13]
mechanism for computing ignition delay times and laminar ﬂame
speeds. Thermodynamic properties for neutral species are calculated based on the use of NASA polynomials as tabulated in the
GRI-Mech package. The thermodynamic properties for electrons
and ions are taken from Burcat [14]. Reactions considered are electron-impact excitation and ionization of N2, electron-impact dissociation and ionization of O2 and CH4, electron-impact ionization of
H2O and CO2, ion conversion, recombination of electron and positive ions, quenching of electronically excited nitrogen ðN2 Þ by N2,
dissociative quenching of N2 by O2 and CH4, and chemical transformation of neutral species typical in methane/air combustion reaction mechanisms. The reactions pertinent to the plasma kinetics
and associated rates are provided in Table 1. Rate coefﬁcients for
1
For interpretation of color in Figs. 1–12, the reader is referred to the web version
of this article.
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Table 1
Reaction set (except the DRM19 reduced methane/air combustion mechanism) used
in 2-D kinetic simulations for methane/air plasma-induced combustion.
Reaction

Rate coefﬁcient

Reference

N2 + e ? N2(A) + e
N2 + e ? N2(B) + e
N2 + e ? N2(a0 ) + e
N2 + e ? N2(C) + e
N2 + e ? Nþ
2 + 2e
O2 + e ? 2O + e
O2 + e ? Oþ
2 + 2e
CH4 + e ? CH3 + H + e
CH4 + e ? CHþ
4 + 2e

r
r
r
r
r
r
r
r
r
r
r

[26]
[26]
[26]
[26]
[26]
[27]
[27]
[28]
[28]

2  107 (300/Te)0.63 cm3/s
2.9  107 (300/Te)0.53 cm3/s

[16]
[17]

106 (300/Te)0.5 cm3/s
4  107 (300/Te)0.5 cm3/s
1019 (300/Te)4.5 cm6/s
6  1027 (300/Te)1.5 cm6/s
6  1027 (300/Te)1.5 cm6/s
1019 (300/Te)4.5 cm6/s

[18]
[19]
[16]
[16]
[16]
[16]

6  1027 (300/Te)1.5 cm6/s
6  1027 (300/Te)1.5 cm6/s

[16]
[16]

1019 (300/Te)4.5 cm6/s
6  1027 (300/Te)1.5 cm6/s
6  1027 (300/Te)1.5 cm6/s
1019 (300/Te)4.5 cm6/s
6  1027 (300/Te)1.5 cm6/s

a

6  1027 (300/Te)1.5 cm6/s
6  1011 (300/Tg)0.5 cm3/s

a

2.3  109 cm3/s
4.3  1010 cm3/s

[15]
[15]

5.6  1011 cm3/s
3  1016 cm3/s
2  1012 cm3/s
3  1011 cm3/s
1.5  105 1/s
1.9  1013 cm3/s
1011 cm3/s
3  107 1/s
3  1010 cm3/s
1.5  1010 cm3/s
2.3  1012 cm3/s
2  1010 cm3/s
2.8  1011 cm3/s
3  1010 cm3/s
2.1  1011 cm3/s
1033 (300/Tg)0.41 cm6/s
4  1033 (300/Tg)0.41 cm6/s
3.3  1015 cm3/s
3  1010 cm3/s
3  1010 cm3/s
5  1010 cm3/s

[20]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[15]
[21]
[22]
[23]
[24]

H2O + e ? H2 Oþ + 2e
CO2 + e ? COþ
2 + 2e
Oþ
2 + e ? 2O
CHþ
4 + e ? CH3 + H
H2O+ + e ? O + 2H
COþ
2 + e ? O + CO
e + e + Nþ
2 ? e + N2
e + Nþ
2 + N2 ? N2 + N2
e + Nþ
2 + O2 ? N 2 + O2
e + e + Oþ
2 ? e + O2
e + Oþ
2 + N2 ? O2 + N2
e + Oþ
2 + O2 ? O2 + O2
e + e + H2O+ ? e + H2O
e + H2O+ + N2 ? H2O + N2
e + H2O+ + O2 ? H2O + O2
e + e + COþ
2 ? e + CO2
e + COþ
2 + N2 ? CO2 + N2
e + COþ
2 + O2 ? CO2 + O2
Nþ
2
Nþ
2

Oþ
2

+ O2 ?
+ N2
+ H2O ? H2O+ + N2
H2O+ + O2 ? Oþ
2 + H2O

þ
COþ
2 + O2 ? O2 + CO2
N2(A) + N2 ? N2 + N2
N2(B) + N2 ? N2 + N2
N2(B) + N2 ? N2(A) + N2
N2(B) ? N2(A) + hm
N2(a0 ) + N2 ? N2(B) + N2
N2(C) + N2 ? N2(a0 ) + N2
N2(C) ? N2(B) + hm
N2(A) + N2(A) ? N2(B) + N2
N2(A) + N2(A) ? N2(C) + N2
N2(A) + O2 ? N2 + 2O
N2(B) + O2 ? N2 + 2O
N2(a0 ) + O2 ? N2 + 2O
N2(C) + O2 ? N2 + 2O
N2(A) + O ? N2 + O
O + O + N2 ? O2 + N2
O + O + O2 ? O2 + O 2
CH4 + N2(A) ? CH3 + H + N2
CH4 + N2(B) ? CH3 + H + N2
CH4 + N2(a0 ) ? CH3 + H + N2
CH4 + N2(C) ? CH3 + H + N2
a

[28]
[28]

with

X

kb

i

X

m0i nprod;i

ð2Þ

i

The species equation is solved simultaneously with the energy
equation:
"
X  @ðhf ;j nj Þ
@T gas
1
X
ene le E2 þ

¼
 r  ðhsens;j nj V D;j Þ
@t
@t
cv ;j nj
species j
speciesj

V adv



@ðhsens;j nj Þ
þ r  ðkrT gas Þ
@z

ð3Þ

to compute the species number densities and gas temperature at
each grid point. The species diffusion velocity VD,j is composed of
the diffusion-induced convection velocity Vc, the ordinary diffusion
velocity, and the thermal diffusion velocity, the latter of which is accounted for light species only, having molecular weight less than ﬁve:

V D;j ¼ V c  Djm

rX j
Xj

þ

Djm Hjm rT gas
Xj
T gas

ð4Þ

Here Vc is determined to satisfy the condition:

a
a

kf

mi nreac;i ¢

r

P

!
nj V D;j

¼0

ð5Þ

species;j

a
a

[15]

In the above equations, nj, Xj and mj are the number density, mole
fraction, and stoichiometric coefﬁcient of species j, kf and kb are the
forward and reverse rate coefﬁcients, Te and Tgas are the electron
and gas temperatures, Djm is the mixture average diffusion coefﬁcient of species j, Hjm is the thermal diffusion ratio of species j,
and V adv is the local advection velocity, which is scaled as Tgas/Tgas,i
(Tgas,i is the initial inlet gas temperature) assuming negligible radial
velocity and constant pressure, to account for the ﬂow acceleration
caused by heat release during combustion. We assume that electrons and ions exist only in the discharge region, and that the binary
diffusion coefﬁcients for electronically excited N2 are equal to those
of the ground state N2. In the energy equation, le is the electron
mobility (a function of E/n), cv,j is the heat capacities at constant volume of species j, hf,j and hsens,j are the formation and sensible enthalpies of species j, and k is the mixture-averaged thermal
conductivity. The mixture diffusion coefﬁcient of species j, thermal
diffusion ratio of species j, and mixture-averaged thermal conductivity are computed at each grid points according to Eq. (6) (Bird
et al., 1960), Eq. (7), and Eq. (8) (Mathur et al., 1967), i.e.,

Djm ¼ P

This rate coefﬁcient is estimated based on Ref. [16].

Hj ¼
reactions between neutral species and ions are adapted from the
previous literature [15–24], whereas those for reactions involving
electrons are calculated as functions of reduced electric ﬁeld
(E/n) based on the solution of the Boltzmann equation, which is
facilitated using the commercial software, BOLSIG+ [25]. Such an
approach is necessary since the reactions are coupled to the electron energy distribution function. It is noteworthy that only elastic
and inelastic cross sections associated with the major species N2
[26], O2 [27], CH4, H2O, and CO2 [28] are considered in establishing
the electron energy distribution. The species conservation equation
solved has the form:



Q m0i
Q mi
P
@nj
ðm0j  mj Þ kf ðE=ntot or T e or T gas Þ nreac;i
 kb nprod;i
¼
@t
reactions
i
i
@nj

 r  ðnj V D;j Þ  V adv
ð1Þ
@z

P

1  Yj

ð6Þ

k–j X k =Dkj

ð7Þ

hjk

k–j

1 P
1
X j kj þ P
k¼
2 j
X
j j =kj

!
ð8Þ

where Xj and Yj are the mole and mass fractions of species j, respectively, Dkj is the binary diffusion coefﬁcient between species k and j,
hjk is the binary thermal diffusion ratio for species j into species k,
and kj is the pure thermal conductivity of species j.
In solving the system of partial differential equations, the diffusion processes (species and thermal conduction) are discretized by
a central difference scheme, and the convection and advection processes (species and enthalpy) are discretized by an upwind
scheme. The system of ordinary differential equations is then
solved implicitly for each (adaptive) time step based on a backward difference formula (BDF). In the computations, the domain
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Fig. 3. (a) Methane consumptions and (b) gas temperatures measured between 3
and 11 mm at ﬂow downstream location from the discharge operated at 30 kHz
repetition rate.

Fig. 4. (a) H2 and (b) CO concentrations measured between 3 and 11 mm at ﬂow
downstream location from the discharge operated at 30 kHz repetition rate.

g¼
is divided into smaller subdomains, which are allocated to separate
processes. These processes are computed in parallel, synchronizing
their boundary values via the message passing interface, MPI. Sundials CVODE with MPI support [29] is used as a solver and Open MPI
[30] is used for MPI-2 standard implementation. Each temporal
solution is computed iteratively using the Generalized Minimal
Residual method (GMRES) [31]. A Dirichlet condition is used for
the lower domain boundary, whereas Neumann conditions are
used for the sides and top of the computational boundary.
A Gaussian-shaped (temporally) reduced electric ﬁeld with 9 ns
half maximum pulse width is applied at the discharge region in
accordance with the voltage pulse characterized in the experiments. The peak reduced electric ﬁeld used in the simulation is
determined to be 328 Td for methane/air at / = 0.45 and 330 Td
for / = 0.55 by matching the measured gas temperature to the simulated temperature (this comparison is shown later). The initial inlet gas temperature and pressure are set to 296 K and 1 atm,
respectively.
4. Gas chromatographic and temperature results
The percentage in the extent of methane consumption (or local
combustion efﬁciency) g is deﬁned as:

3131

X methane;i  X methane
 100
X methane;i

ð9Þ

where Xmethane,i and Xmethane are the initial and local methane mole
fractions, respectively.
4.1. Measurements made along the ﬂow direction downstream of the
discharge
Measurements of the extent of methane consumption (Fig. 3a)
and gas temperature (Fig. 3b) are made along the axis centered
about the discharge between 3 and 11 mm downstream of the discharge. For these measurements, the discharge is operated at
30 kHz repetition rate. No combustion is achieved without the
use of the discharge. Methane consumption is moderately high
(60–90%) at 3 mm downstream for equivalence ratios between
0.42 and 0.56. When the equivalence ratio is above 0.54, combustion appears to be complete. However, when the equivalence ratio
is below 0.54, the extent of combustion decreases precipitously
with increased height above the discharge due to mixing with
the surrounding unburnt premixed methane/air mixture. A similar
trend is seen in the measured gas temperatures. The gas temperature is moderately high (700–950 K) at a location of 3 mm downstream of the discharge over the range of equivalence ratios.
However, at equivalence ratios below 0.54, it decreases strongly
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Fig. 5. Methane consumption measured at 11 mm ﬂow downstream from discharges as functions of equivalence ratio for 10 kHz, 20 kHz, 30 kHz, 40 kHz, and
50 kHz discharge repetition rates.

Fig. 7. (a) Example of measured emission spectrum of N2 C–B (0, 2), (1, 3), (2, 4)
bands with its spectral ﬁt and (b) temporal evolutions of rotational temperature for
pure air and methane/air mixtures at / = 0.45 and 0.55, as well as those obtained
from 2-D kinetic simulations conducted at / = 0.45 and 0.55.

Fig. 6. (a) H2 and (b) CO concentrations measured at 11 mm ﬂow downstream
location from the discharge at discharge repetition rates between 10 kHz and
50 kHz.

with increasing distance above the discharge. Above an equivalence ratio of 0.54 it rises close to the laminar ﬂame temperature

with increased distance from the discharge. Interestingly, this
threshold equivalence ratio, 0.54, is very close to the known (undiluted zero stretch) lean ﬂammability limit of methane/air mixtures
(/ = 0.53 [32]). These results suggest that the extension in the lean
ﬂammability limit is not signiﬁcant, and is instead highly localized
with incomplete combustion.
H2 and CO concentrations are also measured along the ﬂow
direction downstream of the discharge. These measurements are
shown in Fig. 4a and b, respectively. When the equivalence ratio
is well below 0.54, H2 and CO concentrations are superequilibrium,
i.e., higher than those calculated for the thermally equilibrated
state and they tend to decrease with downstream distance due
to the mixing with the surrounding unburnt mixture. However,
when the equivalence ratio is above 0.54, these intermediate species are rapidly consumed in the ensuing ﬂame, and little or no H2
and CO is detected downstream of the discharge. We note that the
oxidation of CO, which results in a signiﬁcant portion of the heat
release of combustion, has a relatively high threshold temperature
(about 1500 K), therefore, it is expected that CO will persist downstream of the discharge at the relative cool stream temperature
when the equivalence ratio is below 0.54. At / = 0.53, H2 and CO
concentrations increase between 9 mm and 11 mm downstream
locations. This increase is a result of an extension of the location
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Fig. 8. Simulated spatial distributions of (a) gas temperature and (b) CH4, (c) CO2, (d) H2O, (e) H2, (f) CO, (g) O, (h) H, and (i) OH mole fractions when the ﬂow speed is 42.5 cm/
s, the discharge repetition rate is 30 kHz, and methane/air mixture is at / = 0.45.

Fig. 9. Simulated spatial distributions of (a) gas temperature and (b) CH4, (c) CO2, (d) H2O, (e) H2, (f) CO, (g) O, (h) H, and (i) OH mole fractions when the ﬂow speed is 42.5 cm/
s, the discharge repetition rate is 30 kHz, and methane/air mixture is at / = 0.55.
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Fig. 10. Comparison of (a) methane consumption (g), (b) CO, (c) H2 mole fractions and (d) gas temperature along discharge downstream locations between the simulation
and the experimental results for methane/air at / = 0.45 and 0.55.

where quenching of the combustion is taking place. H2 and CO concentrations are lower upstream of these locations because of their
consumption as a result of the plasma-assisted combustion.

ﬂammability limit results from downstream propagation of the
combustion process. On the other hand, the higher repetition rate
provides higher concentrations in these intermediates (H2 and CO)
when the equivalence ratio is below the limit.

4.2. Measurements made at different discharge repetition rates
5. Spectroscopic emission results
To determine if the discharge repetition rate has an effect on the
extension of the lean ﬂammability limit, sampling is carried out at
a ﬁxed downstream location of 11 mm while varying the equivalence ratio over a range of discharge repetition rates between
10 kHz and 50 kHz. The resulting measurements of methane consumption are shown in Fig. 5. We see that higher repetition rates
favor increased methane consumption for any given equivalence
ratio. We also conﬁrm that consumption increases with increasing
equivalence ratio from 0.42 to 0.605 for all tested repetition rates.
The equivalence ratio for complete combustion (as measured to
within an experimental error of about 2%) decreases substantially
with increasing repetition rate. However, we note that for the highest rate studied (50 kHz), the limit for complete combustion was
still only / = 0.53, lying just on the often quoted value for the lean
ﬂammability limit of about 0.53. While consumption (partial combustion) does take place below this limit, it is clear from Fig. 5, that
it is relatively incomplete over the range of discharge frequencies
examined here.
H2 and CO concentrations are measured at the ﬁxed downstream location of the discharge while varying discharge repetition
rates between 10 kHz and 50 kHz. The results are shown in Fig. 6a
and b, respectively. These species are found to be completely consumed for all tested frequencies as equivalence ratios reach values
slightly below the corresponding lean ﬂammability limits. This
conﬁrms that the depletion of these intermediates above the lean

Time-resolved N2 C–B emission spectra are recorded to obtain
the rotational and vibrational temperatures of the discharge. Figure 7a shows an example of spectrum (black) measured for methane/air at / = 0.55 at the time when the emission intensity is
highest and its spectral ﬁt (green) synthesized with Trot = 2100 K
and Tvib = 4000 K assuming that the energy state populations follow Boltzmann distributions. Their temporal evolutions in pure
air and methane/air at / = 0.45 and 0.55 are shown in Fig. 7b.
The rotational temperature increases extremely fast (35 K/ns) during the pulse duration while the vibrational temperature (not
shown) is kept at 4000 K. Since the rotational–translation (R–T)
relaxation time is shorter than the pulse duration at this (high)
pressure, this fast gas temperature increase is mostly due to collisional quenching of electronically excited species produced by
electron-impacts. The initial gas temperature is found to be initially elevated due to the repetitive pulses and increases with
increasing / because a higher / is generally associated with greater
heat release. However, a greater portion of the energy that results
in gas heating originates from the discharge through Ohmic dissipation rather than from the combustion process in the conditions
examined here. Meanwhile, the peak E/ns used in the simulations
are determined by matching the rises of the measured rotational
and simulated gas temperatures. The simulated gas temperatures
for methane/air at / = 0.45 and 0.55 are also shown in Fig. 7b.
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Fig. 11. Simulated temporal evolutions of (a) excited electronic states of N2 number densities, (b) electron number density, (c) CH4, O2, CO2, and H2O mole fractions, (d) CO, H,
H2, O, and OH mole fractions, and (e) gas temperature within the discharge during a single period when the ﬂow speed is 42.5 cm/s, the discharge repetition rate is 30 kHz,
and a methane/air is at / = 0.45.

6. Simulation results
The 2-D kinetic simulations are conducted for methane/air mixtures at / = 0.45 and 0.55 corresponding to values below and above
lean ﬂammability limits. The ﬂow speed and discharge repetition
rate are 42.5 cm/s and 30 kHz in accordance with the experiments.
The computation advances until properties (species mole fractions
and gas temperature) reach quasi steady state values.
6.1. Simulation results for methane/air mixture at / = 0.45
The spatial distributions of gas temperature and CH4, CO2, H2O,
H2, CO, O, H, and OH mole fractions for a methane/air mixture at /
= 0.45 are shown in Figs. 8a–i, respectively. Complete combustion
is achieved within the discharge region, but this extends only to
the immediate post-discharge region. In this region the CH4 is consumed and converted to CO2 and H2O. The radicals (O, H, and OH),
key species in the combustion process, participating branching/
propagation reactions are present in this region in signiﬁcant
amounts. However, the combustion process is seen to be quenched
as a result of mixing with the less-reactive and cooler surroundings. Reactions involving radicals are terminated and the partial
oxidation products (H2 and CO) begin to appear outside of the
immediate discharge region. The ﬂow is further diluted by both
diffusion and advection at the distant downstream locations. The
gas temperature is high (1724 K) within the discharge region due
to the discharge energy addition and heat of combustion but
decreases precipitously with downstream position.
6.2. Simulation results for methane/air mixture at / = 0.55
The spatial distributions of gas temperature and CH4, CO2, H2O,
H2, CO, O, H, and OH mole fractions for a methane/air mixture at /

= 0.55 are shown in Figs. 9a–i, respectively. At this equivalence ratio, the combustion induced by the discharge is seen to propagate
radially at downstream locations, establishing a thin radially-spanning self-sustained reaction zone (ﬂame front). The CH4 is found to
be entirely converted into CO2 and H2O behind the ﬂame, raising
the temperature to about 1600 K, close to the adiabatic ﬂame temperature of 1577 K. The intermediate species (H2 and CO) exist in
signiﬁcant amounts only within the ﬂame region, with radicals
existing within the ﬂame and the post-ﬂame region as a result of
the high post-ﬂame temperature. The gas temperature, as well as
intermediate species and radical mole fractions are highest within
the discharge, as expected, reaching quasi steady state temperatures of 1786 K.
6.3. Comparison between the simulation and experimental results
Comparisons are made between the results of our simulation
and experimental measurements of methane consumption (g),
H2, CO mole fractions, and gas temperature. In calculating simulated mole fractions, species number densities are integrated over
the sampling probe area to account for the ﬁnite diameter of the
probe. These comparisons are shown in Fig. 10a–d, respectively.
The predicted quenching of the combustion process at downstream locations when / = 0.45, and the sustained combustion
when / = 0.55, agree well with the simulation results, as determined by the predicted and measured methane consumption, g
(Fig. 10a). We attribute the slightly lower measured g to the
non-zero radial ﬂow velocity and weak quenching of combustion
by the intrusion of the sampling probe. For CO and H2, the simulated values are correspondingly slightly higher and lower than
the measurements respectively when / = 0.45. At / = 0.55, the
measured CO and H2 mole fractions are comparable to those predicted at a downstream sampling location of 4 mm, but both seem

3136

M.S. Bak et al. / Combustion and Flame 159 (2012) 3128–3137

Fig. 12. Simulated temporal evolutions of (a) excited electronic states of N2 number densities, (b) electron number density, (c) CH4, CO2, H2O, and O2 mole fractions, (d) CO, H,
H2, O, and OH mole fractions, and (e) gas temperature within the discharge during a single period when the ﬂow speed is 42.5 cm/s, the discharge repetition rate is 30 kHz,
and a methane/air is at / = 0.55.

to be below the predicted amounts at farther downstream locations. We attribute this to reactions that continue to occur within
the sampling probe. Also, discrepancies are seen between the simulated and measured gas temperature close to the discharge. We
believe that this is due to the intrusive nature of the thermocouple
probe, likely resulting in a strong quenching of combustion process, particularly in that region close to the discharge where the
combusting volume is relatively small.
6.4. Kinetics at the discharge region
The temporal variation in the number densities of excited electronic states of N2, and electrons, as well as the mole fractions of
major combustion species (CH4, O2, CO2, and H2O), minor combustion species (CO, H, H2, O, and OH), and gas temperature within the
discharge during a single period for methane/air at / = 0.45 are
shown in Figs. 11a–e, respectively. A relatively low methane mole
fraction persists over the entire time between pulses (Fig. 11c),
since species diffusion/advection is much slower than the reaction
time scale, and there is insufﬁcient time for methane to diffuse into
the reaction zone between pulses, from the surrounding unburnt
mixture. The electron number density peaks during the discharge
(Fig. 11b) at a value of about 1.6  1015 cm3, from an initial value
of about 1.1  1011 cm3. These electrons, strongly energized by
the pulsed electric ﬁeld, produce electronically excited species,
i.e., N2 (A, B, a0 , C), as seen in Fig. 11a. These excited species are
then quenched via collisions, mainly with N2 and O2, because of
the fuel-lean conditions of this study. Since these excited state
energies exceed that to dissociate O2, a signiﬁcant amount of O
atoms are produced (up to 1.9% in mole fraction) as a result of dissociative quenching, and the excess energy is released as energetic
O atoms which subsequently thermalize and rapidly heat the gas.

The generated atomic oxygen are also involved in reactions to form
intermediates such as OH, H, and H2. The mole fractions of these
active species, peaking in time well after the peak in electron number density, N2 excited state densities, and O atom density, are relatively high, and they diffuse out beyond the discharge region into
the surrounding ﬂow. The gas temperature, which rises rapidly
during the pulse, also decreases as a result of heat diffusion/
advection.
The same temporal variations of properties within the discharge
as those of Fig. 11, for the case of / = 0.55, are shown in Fig. 12. The
differences are minor, with only slight differences in the species
mole fractions, and the exception that initial gas temperature is
elevated because of the increased equivalence ratio, /.
7. Conclusions
We investigated the structure of nanosecond repetitive pulsed
discharge enhancement of laminar premixed methane/air combustion near the lean ﬂammability limit. Experiments characterized
the species mole fractions and temperature at locations downstream of the discharge. For equivalences ratios, / = 0.45, less than
that associated with the lean ﬂammability limit, the nonequilibrium plasma was able to sustain ignition of the ﬂow, but the extent
of combustion was seen to diminish with downstream position. At
an equivalence ratio / = 0.55, just above the lean limit, the combustion propagated beyond the discharge into the surrounding
ﬂow. 2-D kinetic simulations revealed that the discharge produces
a signiﬁcant amount of active species (O, H, OH, H2 and CO) and
heat indirectly through dissociative quenching of nitrogen by
molecular oxygen following the production of electronically excited N2 states via electron-impact. The localized discharge was
found to serve as a source of radicals and heat, which diffuse out
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into the surrounding ﬂow serving as a ﬂame-holder, sustaining
combustion under otherwise adverse conditions.
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