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Abstract 

This paper presents 3-D DNS and experimental schlieren results used to study a non-equilibrium plasma 
discharge in a lean methane-air mixture. A detailed combustion mechanism and a plasma model, developed 

in our previous work, are used in the 3-D computations in order to study the impact of gas flow recirculation 

on the temporal evolution of species and gas temperature in the vicinity of the discharge zone. The results 
show that the formation of a fresh gas counterflow, with stagnation plane at the centre of the discharge and 

parallel to the electrodes, changes the topology of the hot kernel from an initial cylindrical shape to a toroidal 
one. This phenomenon leads to an increase of the area/volume ratio of the reactive kernel, that may result 
under certain conditions in kernel extinction. The results also show the importance of considering this 3-D 

gas flow recirculation to correctly predict the temporal evolution of the hot kernel. In particular, we show 

that the temperature and species concentrations in the central region of the discharge return to fresh gas 
conditions shortly after the end of the pulse. In the experimental case investigated here, this time is of the 
order of 150 μs. This result is particularly important for ignition by Nanosecond Repetitively Pulsed (NRP) 
discharges, because the gas conditions at the beginning of each successive pulse depend strongly on the time 
interval between pulses, thus on the pulse frequency 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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Fig. 1. Measured voltage and current waveforms during 
and after a single discharge in air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Introduction 

The application of non-equilibrium plas-
as to lean premixed or partially premixed

ombustion regimes can decrease ignition delay
nd extend flame stability domains, as demon-
trated in several experimental works [1–8] . In
articular, non-equilibrium plasmas produced
y Nanosecond Repetitively Pulsed (NRP) dis-
harges are an energy-efficient way to generate O
adicals that readily react with the surrounding
uel molecules and enhance the combustion phe-
omena [9,10] . 2-D simulations of ignition of a
ydrogen-air mixture by single nanosecond pulse
ave been performed in Tholin et al. [11] . Bak et al.

12] numerically studied the flame stabilization by
ultiple nanosecond discharges. Nevertheless, the

as dynamics and the thermochemical coupling
etween non-equilibrium plasma discharges and
he reactive flow are still poorly understood. For
onventional spark discharges, the effects of gas
ynamics on ignition kernel propagation have
lready been widely studied. Thiele et al. [13,14 ]
umerically studied the entrainment of fresh gases
n the discharge channel following a spark dis-
harge. It was shown that the blast wave generated
y these spark discharges induces flow recircula-
ion in the vicinity of the discharge channel and
mpacts the ignition kernel topology. However, few
etails on the spatial and temporal evolution of 
he species are given in these studies. 

The problem becomes more complex for igni-
ion by NRP discharges when ignition occurs after
everal pulses. This is because the conditions seen
y the pulses are affected by the flow recirculation

nduced by previous pulses. Thus, it is important
o study the evolution of species concentration and
emperature field under the action of nanosecond
ulsed discharges. 

The aim of the present work is to study the im-
act of flow recirculation induced by nanosecond
ischarges on the ignition kernel. To this end, we
ave performed 3-D DNS computations with de-
ailed combustion chemistry and a plasma model
eveloped in our previous work [15] and we com-
are the simulation results with experiments. Com-
utational and experimental schlieren images are
ompared for discharges in air and a methane-
ir mixture. We then analyze the evolution of the
pecies and temperature fields after a discharge
ulse and the impact of gas recirculation on the ig-
ition/extinction of the kernel. 

. Methods 

.1. Experimental set-up 

Nanosecond discharges in pin-to-pin geometry
ere initiated in air and in a premixed lean ( φ = 0.7)
ethane-air mixture at pressure p = 1 atm and tem-
perature T = 300 K. The gap between the pins was
1 mm for all the presented experimental results.
The voltage pulses applied to the electrodes were
produced by a FID Technology FPG 30-100MS
pulse generator. The pulses had 20 ns duration and
a few tens of kV in amplitude. The electrode sys-
tem was mounted inside a constant volume cham-
ber (V = 100 cm 

3 ) in order to perform the experi-
ments in combustible mixture. Two sapphire optical
windows of 5 cm diameter each were installed into
the chamber walls to provide access for optical di-
agnostics. For each discharge, the voltage and the
current were measured with a LeCroy high-voltage
probe and a Pearson coil (model 6585), respectively.
Both signals were recorded with a 1 GHz Lecroy
WavePro 7100A oscilloscope. Typical voltage and
current temporal evolutions for the presented ex-
perimental results in air are shown in Fig. 1 . The
discharge energy, calculated from the profiles, is
approximately 1.4–1.5 mJ for both the air and
the methane-air mixture. The schlieren technique
was used to monitor the temporal evolution of 
the gas density distribution after the nanosecond
discharge. Phase-locked schlieren images were ob-
tained using a high-power diode laser light source
CAVILUX HF and a Pi-Max4 CCD camera, with
512 × 512 pixel resolution. The schlieren system
used in the present work is described in detail in
Xu et al. [1] . 

2.2. Numerical set-up 

Figure 2 shows a schematic representation of 
the computational domain. A 3-D cube with length
of each side L = 3.23 mm was discretized with
256 non-uniformly distributed grid points. The grid
spacing distribution is shown in Fig. 2 b. The mesh
size is around 10 μm inside the discharge chan-
nel. The overall domain contains 16.8 million grid
points. Nonreflecting boundaries were imposed in
all directions so that the kernel evolution occurs
at constant pressure. Electrode surfaces are not
taken into account in the computational domain.
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Fig. 2. Schematic representation of the 3-D computational domain used in the present work: (a) solution domain and 
boundary conditions. (b) mesh size distribution over the line AA 

′ . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For both the air and the methane-air cases, the
initial gas pressure and temperature are 1 atm
and 300 K, respectively. For the reactive case, a
quiescent mixture of methane-air with an equiv-
alence ratio of 0.7 is uniformly distributed over
the computational domain, at the beginning of 
the computations. The detailed combustion mech-
anism of Lindstedt [16] with 29 species and 141 el-
ementary reactions is used. 

2.3. Plasma-assisted combustion model 

The numerical model of the present work is
described in detail in Castela et al. [15] . Only a
brief discussion of the model concepts is given
here. During each high voltage nanosecond pulse,
there is an increase of the kinetic energy of the
electrons. The kinetic energy of the electrons is
then transferred to the surrounding heavy particles
through collisional processes. The rate at which
these collisional processes occur depends on the
reduced electric field E/N defined as the ratio of 
the electric field magnitude E , to the gas density N .
Several detailed plasma kinetic mechanisms have
been proposed in the literature [17–24] to model
non-equilibrium plasma effects on combustion
processes. The methods include solving the govern-
ing equations for the electric field and the electron
energy, the continuity equations for neutral and
excited species, and the energy, mass and momen-
tum balance equations for the gas mixture. At the
end of the discharge, the thermal non-equilibrium
state can be fully characterized using this modeling
strategy. However, this strategy requires prohibitive
computational resources for 3-D DNS computa-
tions. The model presented in Castela et al. [15] sig-
nificantly reduces these computational costs and
enables multi-dimensional DNS studies of plasma-
assisted ignition. Instead of solving a continuity
equation for each of the additional excited states
of molecules, the model captures non-equilibrium
plasma effects by additional source terms in the en-
ergy and species continuity equations. The model
is based on the observation that, for discharges
characterised by E/N in the range of 100–400 Td (1
Td = 10 −17 Vcm 

2 ), about 90% of the pulse energy
is stored in the electronic and vibrational states of 
N 2 molecules. The mechanism of excitation and 

relaxation of electronic states N 2 (A,B,C,a’, . . . ) is 
given by the following two-step reaction process: 

N 2 (X ) + e − → N 2 (A, B, C, a ′ , . . . ) + e − (1) 

N 2 (A, B, C, a ′ , . . . ) + O 2 → 2 O + N 2 (X ) + heat 

(2) 

N 2 (A,B,C,a’, . . . ) relaxa tion occurs mostly by dis- 
sociative quenching with O 2 molecules (reaction 

2), on time scales of a few tens of nanoseconds, 
at atmospheric pressure. Therefore, this two-step 

process results in an ultrafast heating of the gas 
and ultrafast dissociation of O 2 . The relaxation of 
vibrational states of N 2 occurs on a much longer 
times scales and results in slow gas heating [25] . 

According to this foregoing analysis, about 90% 

of the discharge energy translates into ultrafast 
heating and dissociation of O 2 molecules, and into 

slow gas heating. Thus, the model considers that the 
discharge power is divided into 3 contributions: 
˙ E 

p = 

˙ E 

p 
chem 

+ 

˙ E 

p 
heat + 

˙ E 

p 
vib (3) 

The chemical ˙ E 

p 
chem 

and thermal ˙ E 

p 
heat terms refer to 

the ultrafast dissociation of O 2 molecules and gas 
heating, respectively. The vibrational ˙ E 

p 
vib contribu- 

tion refers to the energy transferred into the vibra- 
tional states of N 2 . Accordingly, the proposed set 
of equations to model NRP discharges in reactive 
mixtures is as follows: 
∂ρ

∂t 
+ 

∂ (ρu i ) 
∂x i 

= 0 (4) 

∂ (ρu j ) 
∂t 

+ 

∂ (ρu i u j ) 
∂x i 

= − ∂ p 
∂x j 

+ 

∂τi j 

∂x i 
(5) 

∂ (ρe ) 
∂t 

+ 

∂ (ρu i e ) 
∂x i 

= − ∂q i 
∂x i 

+ 

∂ (σi j u i ) 
∂x i 

+ 

˙ E 

p 
chem 

+ 

˙ E 

p 
heat + 

˙ R 

p 
V T (6) 

∂ (ρe vib ) 
∂t 

+ 

∂ (ρu i e vib ) 
∂x i 

= 

∂ 

∂x i 

(
ρD 

∂e vib 

∂x i 

)
+ 

˙ E 

p 
vib − ˙ R 

p 
V T (7) 
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∂ (ρY k ) 
∂t 

+ 

∂ (ρu i Y k ) 
∂x i 

= −∂ (ρV k,i Y k ) 
∂x i 

+ W k ̇  ω 

c 
k + W k ̇  ω 

p 
k (8)

ith 

˙ 
 

p 
chem 

= η
Y O 2 

Y 

f 
O 2 

(
1 − W O 

W O 2 

e O 2 

e O 

)
˙ E 

p (9)

˙ 
 

p 
heat = 

[ 

α − η
Y O 2 

Y 

f 
O 2 

(
1 − W O 

W O 2 

e O 2 

e O 

)] 

˙ E 

p (10)

˙ 
 vib = (1 − α) ˙ E 

p (11)

˙ 
 

p 
V T = ρ

e vib − e eq 
vib (T ) 

τV T 
(12)

he energy equation, Eq. (6) , incorporates the ad-
itional source terms from the plasma discharge.
quation (7) is the additional conservation equa-

ion for the vibrational energy e vib , carried by N 2
olecules, and D is the diffusion coefficient of N 2 .
he term 

˙ R 

p 
V T in both Eqs. (6) and (7) refers to the

elaxation rate of vibrational energy into gas heat-
ng. In Eq. (12) the equilibrium value of the vibra-
ional energy at a given gas temperature T is given
y e eq 

vib (T ) = ( r 
1 ) / ( exp(
1 /T ) − 1 ) , where 
1 =
396 K and r = R/W N 2 , with R the gas constant
nd W N 2 the nitrogen molar mass. τVT is computed
s a function of τ k 

V T given by the experimental cor-
elation of [25] : 

τV T = 

( 

1 
τO 

V T 

+ 

1 

τ
O 2 
V T 

+ 

1 

τ
N 2 
V T 

) −1 

(13)

τ k 
V T = c/p k exp[ a k (T 

−1 / 3 − b k ) − 18 . 42] (14)

here τ k 
V T is the vibrational-translational relax-

tion time of N 2 molecules by the k 

th collisional
pecies partner (O 2 , O and N 2 ). c = 1 atm · s, p k
s the partial pressure of the k 

th species and a k
nd b k are experimental constants depending on
he k 

th species. In Eq. (8) , ˙ ω 

p 
k is the molar pro-

uction rate to model the ultrafast species disso-
iation/formation by the plasma discharge. In the
resent work only O 2 and O are considered: 

˙  p O 2 
= − W O 

W O 2 
˙ ω 

p 
O 

(15)

˙  p O 

= η
Y O 2 

Y 

f 
O 2 

˙ E 

p 

e O 

(16)

˙  p k = 0 if k � = O 2 , O (17)

s in Castela et al. [15] , the parameter α represents
he sum of the energy fractions transferred into ul-
rafast gas heating and dissociation of O 2 , and is
taken equal to 55% [26] . The parameter η repre-
sents the fraction of the pulse energy going into
the dissociation of O 2 molecules, and is taken equal
to 35%, according to [26] . Therefore, the fraction
of the pulse energy transferred into ultrafast gas
heating is given by Eq. 10 it is equal to α - η =
20% when the discharge is applied in fresh gas and
O 2 is not dissociated. Even though in the experi-
ment the electric energy is deposited within 20 ns,
the collisional processes leading to O 2 dissociation
and ultrafast increase of the gas temperature occur
during the relaxation of the electronic excited N 2
molecules. As the model does not consider the in-
termediate time steps of these processes, the energy
deposition characteristic time is modeled as the O 2
dissociation and temperature increase characteris-
tic time, which according to [26] and [27] is about 50
ns. The discharge energy per unit volume, referred
hereinafter as σ pulse , is therefore assumed uniformly
deposited within the characteristic time, τ pulse = 50
ns and 

˙ E 

p is modeled as follows: 

˙ E 

p (t per , x i ) = 

{ σpulse 
τpulse 

· F (r ) if t per ≤ τpulse 

0 if t per > τpulse 

(18)

The spatial function F (r ) defines the region where
the plasma discharge occurs and is given by: F (r ) =
er fc 

(
r 
a 

)b 
, where a = 690 ×10 −10 m, b = 5/2 and r

is the radial (2-D computations) and longitudinal
distance (3-D computations) to the centre of the
discharge channel. The values of these geometric
constants are fitted to model the experimental dis-
charge radius r = 225 μm. 

2.4. DNS solver 

The model is implemented in a structured
Direct Numerical Simulation solver - YWC - ded-
icated to compressible reactive flow simulations
with detailed chemistry and multicomponent mix-
ture averaged transport properties [28] . The spatial
derivatives are computed with a 4 th order centered
finite-difference scheme. An 8 th order filtering
scheme is used for stability purpose. The code is
explicit in time using a 4 th order Runge-Kutta
method. To capture stiff pressure waves induced
by each plasma discharge, the hyper-viscosity
technique developed in [29–31] is employed. 

2.5. Validation of the discharge energy deposition 
in the numerical simulations 

As discussed in Xu et al., [32] , the evolution of 
the pressure wave and hot kernel radius early after
the discharge pulse is a function of the gas temper-
ature inside the discharge channel and the energy
transferred into ultrafast gas heating. As will be
discussed in the results, the gas recirculation inten-
sity increases with the fraction of the pulse energy
transferred into ultrafast gas heating. For simplic-
ity, we keep the same values α and η as in the model

Benoit Fiorina
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Fig. 3. Temporal evolution of the pressure wave and hot kernel radius at early instants after the discharge pulse. Symbols: 
experiments; Lines: computations (methane-air). 

Fig. 4. Hot kernel topology captured at 5 instants after the plasma discharge in methane-air mixture: (a) Experimental 
(left side) and computational (right side) schlieren images. (b) Superposition of the computed gas temperature field and 
flow streamlines coloured by velocity magnitude. The same color map of velocity magnitude is used in for all images shown 
here, but the maximum value V max varies and is indicated above each image. 

 

 

 

 

 

 

 

 

 

 

 

 

of [15] and we adjust the total deposited energy
in order to correctly predict the experimental pres-
sure and hot kernel evolution at the first instants.
Figure 3 shows the temporal evolution of the pres-
sure wave and hot kernel radius at early instants af-
ter the discharge in air and methane-air mixture. A
good agreement between the experimental and nu-
merical hot kernel radius is obtained for an energy
deposition of 0.8 mJ, which agrees reasonably well
with the measured deposited energy of 1.4–1.5 mJ.

3. Results and discussion 

3.1. Gas dynamics induced by a single pulse 
discharge 

Figure 4 a shows side-by-side experimental (left)
and computational (right) schlieren images cap-
tured at 5 instants following the discharge pulse in 

the methane-air mixture. In both experimental and 

numerical images, the black and grey zones are rep- 
resentative of maximum and null gradients of the 
gas density in the x − axis direction, respectively. 
We define the extent of the hot kernel generated by 
the plasma discharge as the distance from the max- 
imum of the gas density gradient (identified by the 
red square in Fig. 4 a) to the center of the discharge 
channel ( x = 0). 

The ultrafast energy deposition leads to an ul- 
trafast increase of the gas temperature and pressure 
inside the discharge zone. Figure 4 a shows that, up 

to t ≈ 0.3 μs, the hot kernel radius remains approx- 
imately equal to the discharge radius. After the ul- 
trafast increase of the gas pressure, the gas expands. 
At t ≈ 0.3 μs, a blast wave detaches from the central 
hot core and propagates outwards through the sur- 
rounding mixture. At t = 2 μs, computational and 
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Fig. 5. Temporal and spatial evolution of the OH mass fraction after a single nanosecond plasma discharge. 

Fig. 6. Influence of gas recirculation on the evolution of the hot kernel radius . – With gas recirculation (3-D DNS), - - 
Without gas recirculation (2-D DNS). 
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xperimental results show the perturbation of the
as density associated with this blast wave, as well
s the increase of the hot kernel radius due to the
as expansion. The numerical simulations match
he temporal evolution of the experimental hot ker-
el extent until well after the end of the discharge
ulse. 

Figure 4 b shows the simulation results of the
ow streamlines superposed with the gas temper-
ture fields at the same instants as in Fig. 4 a. The
ulse energy is deposited inside a cylindrical chan-
el, and therefore, as shown at t = 2 μs, the fluid
otion induced by the blast wave in the x − axis di-

ection is stronger than along the z − axis . As ob-
erved at 9, 80 and 200 μs, this initial flow asym-
etry creates two recirculation zones that lead to

resh gas entrainment into the discharge channel.
he gas temperature at the centre of the discharge
ecreases from 2000 to 600 K between t = 9 μs
nd t = 200 μs, and the initially cylindrical hot ker-
el (at t = 2 μs) evolves into a toroidal shape. The
ow pattern resembles a counterflow with a stagna-
ion plane z = 0. Figure shows a 3-D visualization
of the spatial and temporal evolution of the OH
mass fraction. It clearly shows the evolution of the
initially cylindrical shaped into a toroidal shaped
kernel. 

To evaluate these 3-D effects on the hot kernel
growth, we performed a 2-D simulation in the plane
z = 0 (see Fig. 2 ). In this 2-D simulation, the flow
is symmetric and therefore, there is no gas entrain-
ment. The kernel growth is only controlled by gas
expansion. Figure 6 shows the temporal evolution
of the hot kernel extent with (3-D DNS) and with-
out (2-D DNS) gas recirculation. The results show
that the extent of the hot kernel is significantly un-
derestimated when gas recirculation is not consid-
ered. In contrast, the evolution of the hot kernel
extent is much better captured by the 3-D compu-
tations. Compared to the results presented in the
literature, for instance in Thiele et al. [13,14] where
the geometry of the electrodes is considered, the
results of the 3-D DNS presented in Fig. 6 show
that the primary trend of the flow pattern is well
captured by only considering the geometry of the
channel where the energy is deposited. 
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Fig. 7. Species mass fractions profiles along the line AA 

′ depicted in Fig. 2 . Species radial profiles plotted on the left side 
refer to the case with gas recirculation (3-D DNS), whereas the profiles plotted on the right side refer to the case without 
gas recirculation (2-D DNS). 

Fig. 8. Temperature radial profiles along the line AA 

′ depicted in Fig. 2 . The profiles on the left side refer to the case with 
gas recirculation (3-D DNS), whereas the profiles plotted on the right side refer to the case without gas recirculation (2-D 

DNS). 

 

 

 

 

 

 

 

 

 

 

 

3.2. Impact of gas recirculation on species and 
temperature profiles in the vicinity of the discharge 
zone 

Figure 7 shows the radial profiles in the plane
z = 0, of major species mass fractions, at 3 differ-
ent instants. Figure 8 shows the temperature radial
profiles in the same plane z = 0 at the same instants
plotted in Fig. 7 . The radial profiles plotted on the
left side of Figs. 7 and 8 refer to the case with gas re-
circulation (3-D DNS), whereas the profiles on the
right side refer to the case without gas recirculation
(2-D DNS). The results show, at t = 20 μs, the igni-
tion of the mixture at the centre of the discharge. It
also shows that the species radial profiles are simi-
lar in the 2-D and 3-D cases, which means that gas 
recirculation has a minimal impact up to at least 
t = 20 μs. At 80 μs, however, the species and tem- 
perature radial profiles differ significantly: for the 
case with recirculation, the mass fractions of CH 4 , 
HCO and CH 2 O increase at the centre of the dis- 
charge channel, and those of O and OH decrease. 
This is due to the recirculation flow, which cools 
down the channel. The mass fractions of O and OH 

decreases because these species recombine rapidly. 
CH 2 O and HCO, which were initially present only 
at the edges of the reaction zone, are entrained into 

the central part of the channel and, therefore, their 
mass fractions increase at the centre of the dis- 
charge. The results also show that the thin reaction 
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one, present at t = 20 μs around x ≈ −0.4 mm,
oes not continue to propagate through the sur-
ounding fresh mixture afterwards, in contrast to
he 2-D case, in which the reaction zone success-
ully evolves into a flame front. The 3-D DNS is in
greement with the experimental results in which
he ignition event was not successful after a single
ulse. In fact, the extinction of the ignition kernel

n the 3-D case is due to the low gas temperature up-
tream of the reaction zone as shown in Fig. 8 and
o an increase of the diffusion heat losses, since the
oroidal shape of the 3-D hot kernel has a smaller
adius than cylindrical shape of the 2-D hot kernel.
ndeed, the results show that at t = 138 μs if gas
ecirculation is not taken into account (profiles on
ight side), the ignition kernel propagates through
he surrounding fresh mixture. 

The temporal evolution of the O, OH and
H 2 O mass fractions that remain inside the dis-

harge channel will determine the minimum value
f the pulse frequency at which nanosecond dis-
harge pulses should be applied, to successfully ig-
ite and propagate the flame kernel. For example, if 
lasma discharges are applied at pulse frequencies

ower than 5 kHz, (which corresponds to a pulse
eriod higher than 200 μs), both the gas temper-
ture and the concentration of radicals inside the
ischarge channel become similar to those in the
resh gases. Therefore, the cumulative effect of mul-
iple discharges is minimal. On the other hand, gas
ecirculation may enhance the initial flame kernel
ropagation at lower pulse frequencies as it spreads

ong-lasting intermediate combustion species, such
s CH 2 O and HCO around the discharge zone. By
preading these intermediate species and increas-
ng the gas energy around the discharge zone, more
avorable thermochemical conditions are created.
his may explain the flame speed enhancement ob-

erved experimentally by Xu et al. [1] when using
RP discharges vs. conventional spark discharges.

. Conclusions 

In the present work we have studied the ef-
ect of the gas recirculation generated by a non-
quilibrium plasma discharge in a methane-air
ixture. 3-D DNS computations, with detailed

ombustion chemistry and a plasma model devel-
ped in our previous work, were performed to bet-
er understand the plasma/flow/combustion inter-
ctions in mixture ignition by NRP discharges. The
esults show that the entrainment of fresh gases to-
ards the centre of the discharge channel signifi-

antly reduces the hot kernel temperature and in-
reases the diffusion losses due to the evolution of 
he initially cylindrical kernel into a toroidal shape.
he local decrease of the gas temperature and rad-

cals concentration ultimately leads to kernel ex-
inction. This is particularly critical for simulations
f ignition by repetitively pulsed discharges at low
pulse frequencies. For the present case, the results
show that at pulse frequencies lower than 5 kHz, the
thermochemical conditions at the centre of the dis-
charge channel, by the time of the following pulse,
are similar to those in fresh mixture. Therefore, the
synergistic effect of multiple discharges on mixture
ignition can only be reached if nanosecond dis-
charges are applied at high pulse frequencies. 
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