N
N

N

HAL

open science

Numerical investigations of turbulent premixed flame
ignition by a series of Nanosecond Repetitively Pulsed
discharges

Yacine Bechane, Benoit Fiorina

» To cite this version:

Yacine Bechane, Benoit Fiorina. Numerical investigations of turbulent premixed flame ignition by a
series of Nanosecond Repetitively Pulsed discharges. Proceedings of the Combustion Institute, 2021,

38 (4), pp.6575-6582. 10.1016/j.proci.2020.06.258 . hal-03542877

HAL Id: hal-03542877
https://centralesupelec.hal.science/hal-03542877

Submitted on 25 Jan 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://centralesupelec.hal.science/hal-03542877
https://hal.archives-ouvertes.fr

Numerical investigations of turbulent premixed flame
ignition by a series of Nanosecond Repetitively Pulsed
discharges

Yacine Bechane®*, Benoit Fiorina®

@ Laboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay, 3, Joliot
Curie, 91192 Gif-sur-Ywvette, France

Abstract

Nanosecond Repetitively Pulsed (NRP) discharges are an efficient way to
promote turbulent flame ignition in lean regimes. The energy released by
NRP discharges leads first to an ultra-fast species dissociation and heating
phenomena, followed by a slow heating process. A phenomenological plasma
model is presented to capture the influence of NRP discharges on the com-
bustion process at low CPU cost. The model is here implemented in a LES
flow solver to simulate the ignition sequence of a bluff-body turbulent pre-
mixed flame by a series of NRP discharges. Two numerical computations are
performed. First, only the thermal effects of the discharge (ultra-fast heat-
ing and slow heating due to vibrational energy relaxation) are taken into
account. Then both the thermal and chemical effects (mainly Oy dissocia-
tion into O) are considered. The results show that in the first simulation the
ignition never occur, whereas in the second simulation flame ignition occurs

after only 5 pulses. The ignition success or failure results from a competition
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between the residence time of the reacting gases in the discharge channel and
the combustion chemistry time scale. A low-order model based on a perfectly
stirred reactor (PSR) is then derived. It confirms that the atomic O produced
during the discharge enhances the methane oxidation reactions, reducing the
combustion chemistry time scale and leading to a successful ignition. PSR re-
sults are used to build-up a plasma-assisted ignition diagram which indicates
the number of pulses required to form a turbulent flame kernel.
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1. Introduction

To reduce pollutant emissions such as nitrogen oxides, lean combustion
chambers are under development in many energy-related sectors. However, a
recurring problem to industrial applications is that lowering the flame tem-
perature slows the chemical reactions, causing difficulties to ensure successful
ignitions over the wide range of operating conditions covered by practical ap-
plications.

An emerging solution to promote ignition is to generate high-voltage

electric discharges between two electrodes located inside the combustion



chamber. It generates locally a plasma, which interacts with the combus-
tion. Beneficial effects of plasma-assisted combustion have been observed in
laboratory-scale burners under the action of microwave discharges, gliding
arc discharges, plasma torches, nanosecond dielectric barrier discharges or
Nanosecond Repetitively Pulsed (NRP) discharges [1, 2]. Among these var-
ious types of discharges, Nanosecond Repetitively Pulsed (NRP) discharges
[3, 4] have shown to be a particularly energy-efficient way to initiate and
control combustion processes especially when conventional ignition systems
such as spark plugs are rather ineffective or too energy costly [2].

Efficiency of NRP discharges is high because the energy of the electric
discharge is not only spent to increase the gas temperature but also to gener-
ate active species [5]. In typical conditions, around 35% of molecular oxygen
is dissociated in the inter-electrode region [5, 6]. This high concentration of
radicals has a positive effect on ignition phenomena [7]. Experiments con-
ducted in closed vessel showed that NRP discharges greatly improve ignition
probability over different flow conditions [8] but also revealed the complexity
of the ignition mechanism. For instance, a larger amount of energy depo-
sition or higher pulse frequency do not necessarily lead to a higher ignition
probability [9]. To fully control the ignition by NRP discharge a complete
understanding of the governing physics and the impact of the different dis-
charge parameters is necessary.

Numerical simulations are a good candidate to investigate the fundamen-
tal mechanisms of plasma-assisted ignition. For example, the phenomenolog-
ical plasma-assisted combustion model developed by Castela et al [10] has

highlighted the key role played by the radicals created by the NRP discharges



in the turbulent flame ignition. These simulations also evidenced the flow
recirculation induced by the discharge which strongly impact the probability
of ignition success [11]. While these simulations gave a first understanding
of plasma-assisted ignition, the mechanisms of turbulent flame ignition by a
series of NRP discharge remains unknown.

The objectives of the present work are to understand, through numeri-
cal investigations, the mechanisms of turbulent premixed flame ignition by
a series of NRP discharges. Simulations of a bluff-body premixed turbulent
burner, designed and experimented at EM2C laboratory, are performed for
that purpose. The numerical strategy relies on the implementation of the
recently developed plasma combustion model [10] in an Large Eddy Simu-
lations (LES) flow solver. The modeling approach is described in Sec. 2,
whereas the configuration is detailed in Sec. 3 and results are presented in
Sec. 4. Finally, a scenario of plasma assisted ignition mechanism supported

by a low-order model is proposed in Sec. 5.

2. Modeling plasma-assisted turbulent combustion
2.1. Nanoseconds pulsed discharges model

NRP discharges are characterized by high voltage pulses (5 to 20 kV) that
last few nanoseconds and are repeated at frequencies of the order of tens of
kHz. Each NRP pulse causes an increase of the electrons kinetic energy,
which is transferred to the surrounding heavy particles through collisional
processes. 0D modeling studies [12, 13] on the influence of the atomic par-
ticles (O, H, N) and excited species (Oy(a'A,), Ha(v), No(A,B,C,a) , ...),

produced by nanosecond discharges, identified new kinetic pathways in the



combustion process. 1-D and 2-D simulations of lean laminar flame ignition
by NRP discharges [14-16] showed a discharge chemical effects on the com-
bustion with an important production of radicals such as O, OH, H, CH3 that
causes a kinetic enhancement and a thermal effect that leads to a thermal
enhancement. These numerical methods aims to solve the governing equa-
tions for the electric field and the electron energy, as well as the continuity
equations for neutral and excited species, and the energy, mass and momen-
tum balance equations for the gas mixture. Despite their accuracy, these
strategies require high computational resources which are too expensive for
3-D turbulent flame simulations.

A semi-empirical model has been proposed by Castela et al. [10] to cap-
ture the effects of the NRP discharge on combustion without solving the
electric field and the detailed plasma chemistry. The model considers that
the NRP discharges induces mainly an electronic and vibrational excitation
of nitrogen molecules as observed in [17]. The nano-second scale relaxation
of nitrogen electronic states leads to an ultra-fast increase of gas temperature
and dioxygen dissociation into atomic oxygen [5], whereas the relaxation of
the vibrational states causes a a slow gas heating at the milliseconds scale.
Ultra-fast and slow processes are modeled by spliting the rate of energy EP
deposited at each pulse in the reactive mixture into three contributions:

[ S ) (1)

eat

The chemical them and thermal Eﬁeat terms refer to the amount of energy
transferred into the ultra-fast dissociation of Oy molecules and gas heating,

respectively. The rate of energy Efib contributes to the vibrational excitation



of Ny. According to [10], these energy contributions are modeled as follow:
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where Yé; represents the mass fraction of O, in the fresh mixture prior to
each pulse. e is the internal energy of species in mass units. « is the ratio
of energy deposited at the ultra-fast time scale, whereas 7 is the amount of
O, dissociated into O atoms. These parameters are here set to a = 55%
and n = 35%, according to experimental [5] and numerical [18] studies of
the NRP discharge properties. The ability of the NRPD model to reproduce
the discharge effects (Oy dissociation, ultra-fast and slow heating) has been
validated against measurements in [10].
2.2. LES balance equations

The plasma-combustion is coupled with the LES reactive flow govern-
ing equations combined with the Thickened Flame model for TFLES [19].
It consists in artificially thickening the reaction zone to enable the proper
resolution of the flame front on a practical LES grid. In addition to the
mass and momentum equations, the following balance equations are solved

for total energy e, vibrational energy e,; and species mass fractions Yj:
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P, are the viscosity, the Schmidt and Prandtl numbers, respectively, where ¢
superscript denotes for turbulent quantities. The dynamical formulation of
the thickening factor reads F' = 1 4 (Fiuax — 1)S, where the flame sensor S
equals 0 and 1 outside an inside the reactive layer, respectively. = is the sub-
grid scale flame wrinkling. @), the chemical reaction rate due to combustion,
is modeled by a detailed mechanism.

The plasma chemical reaction rate &, is closed to account for the O,

dissociation induced by the electrical discharge:
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Wy =0 ifk# O, O (10)

As the plasma chemistry is much faster than flow mixing, sub-grid scale
interactions between turbulence and plasma chemistry have been neglected.
The term RY,,. in both Eq. (5) and Eq. (6) refers to the relaxation rate of the
vibrational energy into gas heating. It is modelled considering the Landau-

Teller harmonic oscillator approach [20]:

= Cuin — (1)
Ryr=p : (11)
VT

where the equilibrium value of the vibrational energy, ;% (T) , at a given
gas temperature T, is given by e %, (T) =7 ©1/(exp (0,/T) — 1), with ©; =
3396 K and r = R/Wy,, R being the gas constant and Wy, the molar mass
of nitrogen. 7y is computed according to [10]. The filtered rate of energy,

= —=p —p
E E, . and E, are closed from Eq. (2), Eq. (3) and Eq. (4) by neglecting

chem>

sub-grid scale contribution, i.e. by assuming that EP = Eé’(?ow E ).

3. MiniPAC configuration

3.1. Experimental set up

The MiniPAC configuration, sketched in Fig.1(a), is a premixed methane-
air bluff-body stabilized turbulent flame. The injection tube and the bluff-
body diameters are D; = 1.6 cm and D, = 1 cm, respectively. The burner is
fed with a methane-air mixture (¢ = 0.95), injected at a constant mass flow
rate 1 = 15 m® h~! which corresponds to a bulk velocity U, = 37.5 m.s~!.
10 kV discharges, corresponding to a reduced electric field (E/N) of 100 Td
to 300 Td (1Td = 10~2'V.m?) are applied using a 2 mm diameter electrode

positioned 5 mm above the bluff body and connected to a high frequency
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pulse generator. The images of the discharge during the pulses show that
the discharge has a quasi-cylindrical shape of 5 mm length corresponding
to the inter-electrode distance, and a radius equal to 1.75 mm. Electrical
measurements of the voltage and the current showed that each discharge
pulse transfers 3.5 mJ to the flow. The deposit lasts 50 ns and is repeated
at a frequency of 20 kHz.

Electrode
5mm
A

IAir + CH4|

mixture

(a) (b)
Figure 1: (a) MiniPAC burner scheme. (b) mesh in the near-electrode region

3.2. Numerical set up

LES of the MiniPAC burner ignition sequence are performed using the
YALES2 unstructured finite-volume low-Mach number solver [21]. The time
integration is performed using a fourth-order temporal scheme with a centred
fourth order scheme for spatial discretization. The sub-grid Reynolds stresses
tensor is closed using the Dynamic Smagorinsky model [22]. The COFFEE
kinetic scheme involving 14 species and 38 reactions is used for the methane-
air mixture chemistry [23], species equations are coupled with turbulence
using the Thickened Flame model for LES (TFLES) [19] and the Charlette
sub-grid scale flame wrinkling model [24].

The discharges properties have been set to be consistent with experi-

mental measurements for the temperature and the atomic oxygen spatial
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distribution and the deposited energy. The discharge has a cylindrical shape
filtered with the spatial function F(r) = erfc[(r/a)’] where r is the radial
distance from the discharge axis. a and b are geometric parameters, fitted
to model the measured discharge radius and to ensure a sufficient numerical
resolution of the discharge interface.

A fraction of the energy deposited by the discharge leaves the domain in
the form of acoustic waves causing locally a temperature decay [10]. Since the
low-Mach number formulation can not capture acoustic waves, the amount
of acoustic discharge energy leaving the domain has been evaluated from
the DNS computations [10] and then deducted from the amount of energy
deposited in the low-Mach LES solver [21].

The computational domain includes half of the injection tube and covers
35 Dy, and 30 D, in downstream and radial directions, respectively. To iden-
tify the optimal spatial resolution of the the plasma, a series of five electrical
pulses has been computed on three different grids characterized by cells sizes
of 25 um, 50 um, and 100 pm in the discharge zone. Figure. 2 shows that
the evolution of the maximum temperature and O concentration in the dis-
charge zone is similar on each grid, even on the coarser mesh 100 pm which
is therefore retained to conduct the LES. As the discharge interface is well
resolved by this grid, no influence of TFLES model is expected in this region.
The final mesh therefore consists of 40 millions of tetrahedral elements. In
the plasma discharge zone the cells size equals 0.1 mm while in the flame
zone it ranges from 0.1 mm to 0.5 mm. A 2-D view of the mesh in (x,z)
plane is illustrated in Fig. 1(b) in the near-electrode region.

Two different simulations, indicated as cases LES-T and LES-TC in

10
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Figure 2: Sensitivity study of the grid resolution in the discharge zone. Temporal evolution
of maximal values of temperature and atomic oxygen O concentration reached in the
discharge are plotted during 5 pulses. Three different mesh size are tested, corresponding
to cell size of 25 um (black), 50um (blue) and 100 um (red, retained for the LES) in the

discharge zone.

Tab. 1, are performed to understand the role of species dissociation in the
turbulent flame ignition mechanism. In both simulations, 55% of the energy
is deposited at the ultra-fast scale (o = 0.55) whereas 45% is transferred into
the vibrational energy, which relax slowly into gas heating. In LES-T case,
only thermal effects are considered in the plasma discharge model (n = 0). In
LES-TC case, in accordance with experimental and numerical observations
5, 18] 35 % of Oy is dissociated into O atoms during the pulse. For both
cases, the same amount of energy of 3.5 mJ per pulse is transferred to the

flow.
4. Results

For both cases, the NRP discharges are applied at time ¢ = 0 with a pulse
frequency of 20 kHz. Figure 3 shows a series of 2-D instantaneous snapshots

in the plane (y,z) of the temperature field for case LES-T, where only thermal
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Case « i Discharge properties
LES-T  0.55 0.0 heating
LES-TC 0.55 0.35 heating and O, dissociation

Table 1: Numerical case properties. The same amount of energy per pulse £,=3.5 mJ is

deposited for each case.

effects of the plasma are considered. The temperature in the discharge zone
increases after each pulse until it reaches a steady state after approximately
15 pulses. The heat brought by the discharge diffuses in the recirculation
zone located downstream the bluff body but the mixture does not ignite.
Although the pulse generator is always turned on, no flame kernel is formed.
Figure 4 shows instantaneous fields of temperature for LES-TC solution,
where both thermal and chemical properties of the plasma are considered.
A reactive kernel is now clearly identified after only 5 pulses at t = 200 us,
leading to local ignition. Even if the pulse generator is turned off after the
10" discharges, the kernel still growths and transits to a turbulent V shaped
flame, which reach a steady-state regime at t = 7.5 ms.

These observations are confirmed by the temporal evolution of computa-
tional domain maximum temperature, plotted in Fig. 5. When only thermal
effects are considered, the temperature never reaches the burnt gases tem-
perature level, despite the unceasing plasma pulsations. Indeed, despite two
peaks at 2000 K observed at t = 0.75 ms and ¢ = 2.75 ms, the maximal tem-
perature fluctuates around 1200 K. At the opposite, when both chemical and
thermal plasma effects are considered, ignition is clearly identified after the

5" pulse. A peak above 4000 K is then reached at the center of the discharge.

12



(a) Discharge On (b) Discharge On (c) Discharge On (d) Discharge On (e) Discharge On

1% pulse 10th pulse 30t pulse 60t pulse 90t pulse
t=0.0ms t=0.45ms t= 1.45ms t= 2.95ms t=4.45ms

T

3.0e+02 1000 2000 4.0e+03
Temperature [K]

Figure 3: Simulation of the ignition attempt of the MiniPAC configuration by a series
of NRP discharges, case LES-T, Only the thermal effects are taken in account (n = 0).
Instantaneous 2-D temperature fields are shown at the: 1% (a), 10t" (b), 30t" (c), 60"

(d), 90*" (e) plasma pulses. Ignition never occur even after 90 pulses.

(a) Discharge On (b) Discharge On (¢) Discharge On (d)

1% pulse 5t pulse 10t pulse
t=00ms t=0.2ms t=0.45ms

e WY

3.0e+02 1000 2000 4.0e+03
Temperature [K]

Figure 4: Simulation of the ignition attempt of the MiniPAC configuration by a series
of NRP discharges, case LES-TC, both the thermal and the chemical effects are taken in
account (n = 0.35). Instantaneous 2-D temperature fields are shown at the: 15¢ (a), 5"
(b), 10" (c) plasma pulse and at t = 5.8 ms (d) and t = 7.5 ms when the pulses generator
is off. The flame ignites at the 5! pulse (b) and transits to form a V flame in (d) and (e).

The combustion is even sustained when the NRP discharges are turned off
after the 10™* pulse. Figure. 6 shows the temporal evolution of the maximal

O concentration computed in the LES. The LES-TC case exhibits a signifi-
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cant production of atomic oxygen O by the discharge whose concentrations
reach 1.2 mol.m™3 just before ignition. When the discharge is turned off,
atomic oxygen O concentration decreases to equilibrium conditions. Situa-
tion is very different in LES-T case, where the oxygen concentration remains
equal to zero and no ignition is observed.

These results are qualitatively consistent with undergoing experiments
campaigns conducted at EM2C laboratory, where flame ignition is always
successful after a series of NRP discharges. Unfortunately, the exact number
of discharges required to ignite the flame is not known, preventing quantita-
tive validation of the simulations against experimental measurements. How-
ever, to further understand the mechanism of turbulent flame ignition by the
plasma, an analysis based on a Perfectly Stirred Reactor (PSR) analogy is

proposed in the following section.

— LES-T :9=0.0
4000 — LES-TC:7=0.35

0 1 2 3 4 5
Time [ms]

Figure 5: Temporal evolution of the maximum value of gas temperature in the MiniPAC
simulations. The mixture ignites after 5 pulses for case LES-TC (red), whereas ignition

never occurs for case LES-T (blue).
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Figure 6: Temporal evolution of the maximum atomic oxygen O concentration in the

MiniPAC simulations, LES-TC (red), LES-T (blue)

5. Scenario of ignition mechanism by NRP discharge

The NRP energy deposition causes an ultra-fast increase of the gas tem-
perature, which generates a gas expansion. It creates two recirculation zones,
promoting fresh gas entrainment into the discharge channel [11]. This phe-
nomena is evidenced in Fig. 7(a), which shows the velocity stream-lines super-
imposed on the temperature field in the inter-electrode region, at t = 25 us
after a pulse discharge. Ignition success or failure results from competition
between the residence time of the reacting gases in the discharge zone and
the combustion chemistry time scale. This phenomena is modeled by a PSR
schematized in Fig. 7(b), whose volume matches the discharge channel of
diameter d. The flow of gas passing through the PSR reproduces the recir-

culating gases at velocity V.

Residence time of the mixture in the PSR is therefore given by 7 = d/V.
The PSR balance equations reads:

15
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where 0 subscript denotes fresh gases properties flowing in the PSR. The rate

of deposited thermal and chemical energies E”

p p
chem> Pheat a0d E,, are closed

according to Eq. (2), Eq. (3) and Eq. (4). The relaxation rate of vibrational
energy R’"/T is modeled by Eq. (11) and the plasma chemistry sources terms

wy is closed by Eq. (8), Eq. (9) and Eq. (10).
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Figure 7: (a) flow recirculation in the discharge channel after a pulse. (b) PSR modeling

of plasma-assisted ignition mechanism.

PSR-T refers to simulations conducted by considering only thermal ef-
fects, whereas PSR-TC computations accounts for chemical plasma proper-

ties. Examples of PSR-T and PSR-TC solutions are plotted in Fig.8 for
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¢ = 0.95 at a residence time 7 = 3.107* s, with the same discharge prop-
erties as those used in Sec. 3. PSR-T simulation requires 12 pulses to ignite
the mixture whereas only 6 pulses are needed by PSR-TC. In accordance
with [10], for the same amount of deposited energy, the chemical effect of O
radical is more important than the temperature on the ignition process. Due
to its high reactivity, the atomic oxygen O enhances the hydrocarbon oxida-
tion reactions even at low gas temperatures, which reduces the combustion
chemistry time scale and therefore the ignition delays.

PSR results are used to established a plasma-assisted ignition diagram.
For each PSR simulation, the pulse generator is maintained until 80% of
the fuel mass fraction is consumed. Following this criteria, the minimal
number of pulses required to form a flame kernel is plotted in term of the
recirculation zone residence time in Fig. 9. Blue and red symbols correspond
to PSR-T and PSR-TC solutions, respectively. Production of atomic oxygen
significantly reduces the number of pulses needed for ignition. Difference
between PSR-T and PSR-TC is even more pronounced when the residence
times decreases. The critical residence below which ignition never occurs
equals 0.15 ms for pure thermal discharges, whereas it decreases to 0.08 ms

when chemical effects are accounted for.

Practical residence times are estimated from the maximal velocity reached
within the recirculation vortices induced by the discharge. By this way, two
residence times 0.05 ms < 70 < 0.08 ms and 0.2 ms < 7r¢ < 0.3 ms are
estimated from LES-T and LES-TC solutions, respectively. Note that a
higher amount of heat is deposited in LES-T, the gas expansion is more

important and the velocity is larger than in LES-TC. It explains why 7 <
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Figure 8: temperature temporal evolution for both PSR-T (blue) and PSR-TC (red)
simulations for 7 = 0.3 ms. For PSR-TC case, ignition occurs after 6 pulses, whereas for

PSR-T case, ignition occurs after 12 pulses.

Trc . Residence times 77 and 7p¢ encountered in the LES are indicated in
Fig. 9 by red and blue area. According to the PSR-TC diagram, the flame
should ignite after 6-7 pulses. This is consistent with LES-TC simulations
where ignition occurs between 5 and 10 pulses. The blue area is however
located outside the ignition conditions whatever the number of discharges,

which is consistent with the ignition failure observation in LES-T.

6. Conclusion

This article presents the first LES of turbulent flame ignition by a series
of NRP discharges. The numerical investigations have been conducted with
the massively parallel YALES2 solver in which a phenomenological plasma-
assisted combustion model has been implemented. The retained configura-
tion is a premixed bluff-body turbulent flame where successful ignition by
NRP discharges has been experimentally observed at EM2C.

Ignition is also observed in the simulation but only if the ultra-fast dis-
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Figure 9: plasma-assisted ignition diagram. The number of pulses required to form a flame
kernel in terms of the residence time. Blue symbols correspond to the PSR-T case. Red
symbols correspond to the PSR-TC case. Residence times 7 for the LES-T case and 7r¢

for the LES-TC case are indicated by the red and the blue hatched area, respectively.

sociation of species O, into O induced by the NRP discharge is accounted
for. LES data post-processing shows that the flow recirculation induced by
the energy deposition promotes fresh gases entrainment in the discharge zone
and plays a crucial role in the ignition process. Analysis of simulation results
suggests that ignition success or failure results from a competition between
flow mixing and combustion chemical time scales. Based on this hypothe-
sis, a plasma-assisted combustion diagram, generated from PSR calculations,
gives the number of pulse required to ignite the initial turbulent flame ker-
nel. This PSR analogy is limited to phenomenological analysis. Whereas it
helps to understand the mechanism of plasma assisted combustion, too many
parameters are uncertain for being predictive.

Results presented in this article confirms that the major interest of NRP
discharges is the production of radical species which directly interact with

the combustion chemistry mechanism. The simulations has here been per-
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formed by assuming that the production of O species by the discharge is
the key chemical effect of plasma on combustion chemistry. This assump-
tion is not restrictive with respect to the modeling strategy, which will be
extended in the future to account for other radicals production and possible

fuel dissociation induced by the plasma discharge.
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