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Stabilization of a thermoacoustically unstable sequential
combustor using non-equilibrium plasma: Largeleddy:
simulation and experiments
Quentin Malé*, Sergey Shcherbanev, Matteo Impagnatiello,"Nicolas Noiray*

CAPS Laboratory, Department of Mechanical and Process Engineering, ETH ZiirichwZiirich 8092, Switzerland

Abstract

Plasma-assisted combustion using Nanosecond,Repetitively Pulsed Discharges (NRPDs) is an emerging technol-
ogy that enhances the reactivity of fuel-airjfixtures, offering significant improvements in operational and fuel
flexibility—two crucial features for future sustainable gas turbin€s. Thesmechanisms that enable the stabilization
of thermoacoustically unstable burneps;*hewever, remain uncleatr. Thus, to investigate the physical phenomena
involved, we performed a massively parallel Large Eddy Simulation (LES) of the stabilization of a thermoacous-
tically unstable sequential combustor by NRPDs_ at atmospheric pressure. LES is combined with an accurate
description of the combustion,chemistry and a statesof-the-art phenomenological model for the non-equilibrium
plasma effects. In this work, weshave validated théysimulation framework by comparison with experimental data
including acoustic pressute andsHeat Release/Rate (HRR) signals in both stages of the sequential combustor, and
OH-planar laser-induced fllorescence imagesyin the second stage combustion chamber. Hence, this study pro-
vides a robust RES framéWwork to study/the effects of NRPDs on Thermoacoustic Instabilities (TIs). In addition,
the analysis of the, LES data reyeals a Significant decrease of the acoustic energy production in the sequential
combustorgthanks, to the NRPDS. Surprisingly, the steady NRPD actuation generates HRR fluctuations upstream
of the gombustion chamber, whichyaresfin phase opposition to the acoustic pressure, inducing locally a sink term
in the ‘agoustie energy balanee equation. Moreover, an analysis of the acoustic energy production during the onset
of theWIT teveals the predonfindnt role of the second stage in developing and sustaining the self-excited TI. The
effect of plasma is theéréforemwery effective in stabilizing the system by reducing the acoustic energy production in
the seéquential stage:

Keywords: Plasma assisted combustion; Thermoacoustic instability; Large eddy simulation; Turbulent combustion; Multiphysics
computation
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LES of the suppression of a Thermoacoustic Instability (TI) inside a sequential combustor using NRPDs is suc-
cessfully performed for the first time. The simulation framework is validated by comparison with experi

data including pressure and Heat Release Rate (HRR) signals in both stages, and OH-PLIF in the sequenti ©
LES data unravel a damping of the acoustic energy production due to NRPDs. NRPDs generate H ua-
tions in phase opposition to pressure fluctuations, inducing a sink term in the acoustic energy b tion.
Furthermore, an analysis of the acoustic energy production in both stages shows that the §&cond sta sa

predominant role in the development and sustaining of the self-excited TI. All the aforem
puts bring relevant knowledge for the community to successfully implement NRPD in r
improve operational and fuel flexibility, crucial features for future sustainable combusti
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1. Introduction

Combustion systems globally play a dominant role
in electric power generation and transportation. Yet,
they are the cause of climate change because of their
associated CO;, emissions. Disruptive technologies
enabling clean and decarbonized combustion pro-
cesses are therefore essential for establishing sustain-
able energy networks. Plasma Assisted Combustion
(PAC) is an emerging technology that can play a key
role in the development of cleaner and more effi-
cient energy systems [1]. Indeed, Non Equilibrium
Plasmas (NEPs) that can be obtained by Nanosecond
Repetitively Pulsed Discharges (NRPDs) have been
shown to improve ignition and flame stability [2-7]
and thus enhance fuel flexibility, which will become
more and more important in the future. Moreover,
controlling Thermoacoustic Instabilities (TIs) is of
major interest to enable lean premixed combustion of
sustainable fuels at very low pollutant emission lev-
els.

Research work on the suppression of TIs by NEP
is still limited, but promising. The work of Lacoste et
al. [2] showed that NRPDs significantly change the
response of a lean premixed swirl flame to acoustic
perturbations. The authors also investigated a config-
uration where the flame features a self-sustained TI¢
NRPDs have been shown to effectively mitigatesthis
instability. Later, the capability of NRPDs toymiti-
gate the response of a lean premixed swirlflameyto
acoustic excitations has been demonstrated at'pres-
sures up to 3 bar [6]. The plasma indtices a change
in the phase of the Heat Release Rate (HRR) fluctua-
tions in the lower part of the flamé. Ehesefluctuations
are then in phase oppositionto the fluétuations in the
upper part of the flame. Thistmechanism has been
identified as potentially_responsible for the atteénua<
tion of the flame response to excitation. In<additien,
the capability of NRPDS to'mitigate the Flwof aywall-
stabilized lamindr flame was investigated in Ref. [5].
Recently, it hds, been,shown thatNRPDs ean’be used
in a turbulgfifisequential combustor to control TIs with
ultra-low*plasma power [7]. Alsojwunder certain con-
ditions; the plasma was found to induce a TI involving
an6thex aceustic mode.

Explaining how theyplasma’ controls TIs remains
an open question that requires in-depth investigation.
Addressing this<issuetis crucial for designing effec-
tive systerfis for realleombustors that operate across a
wide range of conditions. Understanding the under-
lying méChanisms can only be done with the help of
accurate, simulation tools that enable the description
of the aeréthermochemical state at any point in time
and space in complex, realistic, combustors. Some
numerical studies of PAC have demonstrated the fea-
sibility of such simulations to study the extension of
the lean flame blow-off/stability limit [8§—10], the en-
hancement of ignition [11], and even the formation of
pollutants due to NEP [12]. However, the control of
TIs by NRPDs has never been studied using numer-
ical simulations. The aim of this work is to fill this
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gap by performing a joint experimental and numeri-
cal study on the control of a thermoacoustically insta-
ble atmospheric pressure sequential combustor using
NRPDs. To achieve this goal, we have first performed
experimental tests using a sequential combustor with
adjustable acoustic boundary conditions. Then, we
have used massively parallel Large Eddy Simulation,
(LES) of the full domain to retrieve the selfsexcited
TI observed in the experiments. Subsequefitly, $tabi-
lization by plasma has been simulated asingystate-of-
the-art modeling of the NEP effeets [d3].

This paper reports the joint%experimental and nu-
merical study of the plasma coptrohof the TI, togethen
with the simulation framework that has been suctess~
fully set up for this purpgse. DFirst, the experimental
configuration is presented\(Section 2). Then,the Sim-
ulation methods arefdescribed (Section3). Einally,
the experimental.andfmumerical results<are ‘discussed
(Section 4). The LES,data are analyzed toexplain the
damping ofsthe Tland to describe*the Tlghat settles
in the sequentialjcombustor.

2. Experimental setup

The experiments.are performed using a laboratory
scale sequential gombustor operated at atmospheric
pressure (Fig.gl). “The first stage consists of an ar-
ray of 44 premixed jet flames. The sequential stage
features atdilution air mixer with large lateral vortex
generators and multiple air injection holes for rapid
mixing, a Seéquential Burner (SB) in which fuel is in-
jected axially and mixes with the co-flow of hot vi-
tiatedair, a pin-to-pin electrodes arrangement in the
SB/which enables NRPD generation upstream of the
SB outlet, and the second stage Combustion Cham-
ber (CC). The test rig features an adjustable acoustic
outlet boundary condition based on the control of the
outlet cross-sectional area during operation, using a
conical piston. Varying this area changes the acoustic
reflection coefficient. The piston position is set so that
the sequential combustor is thermoacoustically unsta-
ble before NRPDs are applied.

Throughout this study, the first stage is fed with
17.7 g/s of premixed CHy-air mixture at an equiva-
lence ratio of 0.7 and a temperature of 518 K. After
combustion, the hot products are diluted with 18 g/s
of air at ambient temperature. A CHy-H, fuel blend
is used in the sequential stage. The mass flows of
methane and hydrogen are 0.6 g/s and 0.07 g/s, re-
spectively. The global equivalence ratio in the second
stage is 0.55. The thermal power of the first stage is
35 kW, and of the second stage 38.4 kW. High voltage
pulses are applied at a pulse repetition frequency of
10 kHz to locally generate multiple NRPDs between
the electrodes. The applied voltage is 9 kV, result-
ing in a mean deposited energy E¥ = 3.56 mJ. More
details on the discharge characteristics are given in
the supplementary materials. Two different cases are
investigated: “NRPD OFF” where the combustor is
thermoacoustically unstable with a predominant TT at
308 Hz and “NRPD ON” where the combustor is sta-
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Fig. 1: Diagram of the sequential combustor used for the experiments and numerical simulations.
iso-surfaces of HRR depict the two flames. The inset on the bottom right shows a view of the mesh in

the characteristic cell size annotated.

bilized by the NRPDs (Fig. 2).
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peed cameras are used™to visualize the

istribution of th " chemiluminescence,
e to the significantly

- ced OH" chemilumi-

otential damage to the equip-
r Laser-Induced Fluorescence (PLIF)
second stage CC to visualize the effects
on the flame. The laser sheet is gener-
ated in the x-z plane, while the ICCD camera is ori-
ented in the y-direction. PLIF images are acquired at
a sampling rate of 10 Hz and are corrected for the in-
tensity distribution along the laser sheet. More details
on the experimental setup including optical diagnos-
tics are given in the supplementary materials.

3. Numerical model and methods
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3.1. Plasma modeli@ 2 \0
Solving the g? field, the e &&ergy, the
continuity, G for charged d species,
i e Navier-St uations for reac-
§ is very challengi equires very high
tational resource ]. Still, the integra-
threesdi i

n of NEP effects in mensional simulations
ws inside complex geometries

plified models that incor-
sma effects for the considered

veloped by Barléon et al. .[13] is used. As
e discharge power E? is divided into
utions:

(O]

€ Qlchem, (heat aNd awip are the discharge en-
ergy fractions that go into chemical effects, fast gas
heating and vibrational excitation, respectively. The
chemical energy fraction is divided into P = 5 global
Processes Qichem = Zf:l «; taking into account the
dissociation of O, CH4, H>O and CO». The discharge
energy fraction coefficients « characterize the dis-
charge effects. They are computed from an analysis
of the species production rate from plasma processes
issuing from detailed plasma-combustion kinetics cal-
culations [13, 18]. More details on the processes con-
sidered and on the determination of the coefficients
are given in the supplementary materials. For the dis-
charge characteristics that are considered in this work,
the energy fractions are estimated as cchem = 0.358,
Oheat = 0.346 and avi, = 0.296. The main chemi-
cal process involved is the dissociation of O, by direct
electron impact or dissociative quenching of electron-
ically excited N». The discharge energy fraction go-
ing into this process is estimated to be 0.184.

This modeling approach has been successfully ap-
plied in a LES framework to study turbulent flame
ignition [11], turbulent combustion enhancement [8],
lean stability limit extension [9, 10] and even NOy
formation [12].

_ P
= (achem + Qheat + avib) E 5

3.2. Large eddy simulation



LES is performed using the AVBP [19, 20] un-
structured cell-vertex massively parallel code solving
the compressible multi-species Navier-Stokes equa-
tions. A third order accurate Taylor—Galerkin scheme
is adopted for discretization of the convective terms
[21]. The effects of the unresolved small-scale fluid
motion are modeled using the SIGMA subgrid-scale
model [22]. Navier-Stokes Characteristic Boundary
Conditions (NSCBCs) [23] are imposed at the in-
lets and at the outlet. The main inlet and the outlet
are located far enough so that non-reflective bound-
ary conditions can be realistically set. The acoustic
boundaries of the sequential combustor are imposed
by the geometry of the upstream and downstream
cross-sectional area restrictions (Fig. 1). Boundary
layers are handled with a law-of-the-wall formulation
[24]. Walls are modeled as isothermal with a tem-
perature of 600 and 400 K for the air-cooled quartz
windows and water-cooled aluminium parts, respec-
tively. The quartz parts are the side walls of the SB
and the CCs, designed for optical access. Description
of the chemical kinetics relies on Analytically Re-
duced Chemistry (ARC) to accurately describe auto-
ignition, plasma-enhanced reactivity, flame consump-
tion rate and stretch response. The ARC mechanism
has been specially constructed for the conditions of
the sequential combustor including PAC [9], starting
from the CRECK mechanism [25]. The final ARC
mechanism contains 23 species (7 of them, in quasi-
steady state) and 154 reactions (see supplementary
materials of Ref. [9]). The mixture transport proper-
ties are modeled using a constant Prandtfaumber and
a constant Schmidt number specifie for each species.
The premixed turbulent flames dreéymodeéled via the
dynamic Thickened Flame (TF) modelFapproach [26)
Unresolved flame wrinkling effects are accountedsfor
using an efficiency function, based on the wrinkling
factor of Ref. [27]. Flame thickening is not4figgered
in the discharge regionfupo the outlet ofsthe'SB so
that it does aotiififluénce the ignition induced by the
NRPDs. To erisureia correct resglution of thefphysical
phenomend telated to the NRPDs, a very fine mesh
is used Hetweemthe discharge zone,and the outlet of
the SB:,Thisyapproach has.already proved to be able
tofaccountfor plasma physies in the same combustor
[9312].JA complete deseription of the LES governing
eguations combined with'the dynamic TF model and
integrating the phenomenological NEP model is given
in Refs [10,,12]. ‘Since plasma chemistry is much
faster than‘flow mixing, its subgrid-scale interaction
with tugbulenceyis neglected [11].

Thellentire combustor geometry represented in
Fig. 1 is siffiulated, including the upstream and down-
strem plenums, so that the LES code exhibits self-
excited thermoacoustic modes, as in the experiments.
The domain is discretized using 74 million tetrahedral
elements, body fitted to the combustor geometry. The
characteristic cell size is 550 pm in the first and sec-
ond stage CCs and 800 pum in the dilution air mixer
and SB. The grid is further refined to 350 ym in the
injection zone for dilution air and fuel, to 130 pm in
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the discharge region and to 220 pm in the SB after
the electrodes where autoignition and/or plasma as-
sisted ignition may occur. The planar cut of the mesh
shown in Fig. 1 illustrates the refinement specific to
the plasma discharge zone.

4. Results and discussion
4.1. Effects of NRPDs

The LES setup faithfully reproducesfthesself-
excited TI observed in the expétiment when NRPD is
off (Fig. 3). The fundamental fféqueney of the TI de;
termined by the LES at fr.gg =,324'Hz closely aligns
with the experimental oneffexp.. = 308 Hz. Thephase
shift between the acoustiefressure signal in, the first
and second stage is dbout 180° in both,the)éxperiment
and the LES. Applyihg NRPDs with tHe parameters
described in Séctiong2 results in a significant reduc-
tion in the FIn(Figs«?). This is reffievediby the LES
in which, @fter 3)to 4 periods, fluet#ations in pressure
PLand volumefaveraged hedt releade”Q’ are strongly
attenuated,(Fig. 3 and animation in‘the supplementary
materials).

Q' [au]

Q' [a.u]

NRPD OFF # ¢/7.y, [-] NRPDON

54 11* stager 1
5 2
2% 0 -0 =
[ <

-5 4 1

5 2" stage} 1
% 0 -0 =
n, . <

_5- T T T 71
0 5 10 15 20

NRPD OFF % ¢/7i g [-] NRPDON

Fig. 3: Fluctuations in pressure P’ (black lines) and volume-
averaged heat release Q' (red lines) in the first and sec-
ond stages for both experiments (top) and LES (bottom).
The time abscissa is normalized by the period of the in-
stability Texp. = 1/fexp. and TLps = 1/fLgs with
fexp. = 308 Hz and fr,gs = 324 Hz. NRPDs are applied
from ¢/7 = 6. P’ and Q' from a continued LES without
NRPD are added to highlight the effect of the NRPDs.

The dynamics of the first and second stage flames
are well captured by the LES. This is illustrated in
Fig. 4 by comparing the Line-of-Sight (LOS) average



20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
38
39
40
1
42
43
44
45
46
47
48
49
50

of the HRR for the LES with the OH" chemilumines-
cence for the experiments (camera gate 40 pus). The
variations in both HRR intensity and flame position
are significant for the case “NRPD OFF”. The com-
bustion inside the sequential combustor experiences
a pronounced oscillation, with the flames contracting
periodically before expanding along the CCs and then
contracting again. The snapshots in Fig. 4 show a full
cycle. For “NRPD ON”, the variations in HRR inten-
sity and flame position are small and no longer coher-
ent.

LES data can now be analyzed to study the distri-
bution of acoustic energy production both when the
combustor is unstable and during the stabilization in-
duced by the NRPDs. In a low Mach number flow,
neglecting viscous terms and variations in molecular
weights, a balance equation for the acoustic energy
density e; can be written using the linearized equa-
tions for pressure and velocity perturbations as [28]

%JrV'fl:ﬁ,

ot @

with

(v =

T = )p1(:d%~ and f1 =pi1ui, (3)
where the heat capacity ratio v and the mean pres-
sure po are constant. pi, w; and w, arg the per=
turbations of pressure, chemical heat releaselandive-
locity, respectively. The r; term on the rightshand
side of Eq. (2) expresses the correlation*between un-
steady pressure p; and heat release @ and depends
on space and time. When the pressuze oseillations are
in phase with the unsteady heat releasef’r; is positive
and locally, there is a produCtion of acoustic enexgy.
Some regions may promoteythe oscillations by,burns
ing more or less in plase with pressure, while other
regions may mitigate ‘the oscillations by burning out
of phase with préssute.  To study the spatial distribu-
tion of r1, andinteégration over the transvese dimen-
sion of thes€€s 1§, performed:

z+A
Ri(A) = /// Mz, y, 2", t)dzdydz",

—A.

)
with'A, = 1.5 mmy The'R] term is distributed along
the"CCs (Fig. 5)-4lts value is globally positive, driv-
ing the instability, even though it takes negative values
for limited‘times. When the NRPDs are activated, a
zone ofgficgative source term rapidly develops in the
SB (z 'K 125 mm). In this zone, HRR fluctuations
are out of*phase with pressure oscillations and pro-
vide damping of the acoustic energy. This brings the
whole system to a new state where the balance be-
tween acoustic energy production and acoustic energy
losses is no longer favorable to the development of the
TI and thermoacoustic limit cycles. The magnitude of
the source term for acoustic energy approaches zero in
the first CC, and remains relatively low in the second
CC. The integral of the mapped R term in time and
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space yields the famous Rayleight integral. Even in
the absence of any TI in the combustor, this integral
is necessarily positive in a statistically steady state to
compensate for losses at the boundaries [28, 29]. The
analysis of the acoustic energy budget highlights the
role of HRR in the SB to locally act as a sink in pres-
ence of NRPDs, reducing the overall acoustic efiergy.
production. The chemical activity in the SB,is"due
to plama-induced reactive kernels formation and ad-
vection (Fig. 4). This phenomena hassalready/been
described by LES and Direct Numetical Simulation
(DNS) in Refs [9, 12]. It has beefyshown that these
ignition kernels, initiated after ghe'discharges, provide
burning pockets to the sequential flame. Howevety the
characterisation of these plasma-ifiduced kernels has
never been done experimefitally. In this work, OH-
PLIF identifies thes¢ advected reactive kemdels\whose
morphology is amalogous to that obsetvedynumeri-
cally (Fig. 6). (The flame topology-interagting with
the kernelsgisyalSevery similar. Ahis reinforces our
conclusions about the capability ofithe numerical LES
setup 40 aceurdtely reprodu¢e the plasma effects on
the main‘flame.

4.2, Thermoacoustic instability onset

The onset of the,TI and the transition to the limit
cycle age now analyzed starting from the stable state
enabled by, the NRPDs. In agreement with the ex-
periments, the TI naturally develops once the NRPDs
aregd€activated (Fig. 7). Pressure fluctuations in the
twon€Cs exhibit an exponential growth followed by
anyovershoot before reaching the limit cycle where
acoustic energy production and losses are balanced.

Here again, LES data can be used to characterize
the acoustic energy production in both stages (Fig. 8).
In order to quantify the contribution of each stage to
the production of acoustic energy, the source term
(Eq. (3)) is integrated within the i™ CC volume V;:

R;‘(t):/// ri(z,y, z,t)dV fori =1,2. (5)
Vi

The R} terms naturally oscillate at twice the TI fre-
quency, with periodic maxima at the TI frequency
when both pressure and HRR fluctuations are posi-
tive. Averaging R} over a few oscillation periods pro-
vides information on the growth of the instability:
R7(t) (©)

~2r

1 t+71 .
/ Ri(t)dt fori=1,2,

t—1

with 7 = 7Lgs = 1/fues. The R]" terms grow
as the TI develops, before reaching a steady state at
the limit cycle (Fig. 8). An overshoot period is visi-
ble on the RI’I term that may be responsible for the
overshoot in pressure fluctuations (Fig. 7). During
the growth of the instability, the overshoot period and
the limit cycle, R;’Z is about five times greater than
RT. Therefore, despite the two stages featuring sim-
ilar thermal power, the acoustic energy production in
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the second CC significantly contributes to the overall
acoustic energy budget, playing a crucial role in the
development of the self-excited TI. This could ex-
plain why, in addition to being placed in a favorable
environment (i.e., hot reactive mixture), NRPDs ap-
plied in the SB are so effective [7].

5. Conclusion

s (camera gati
our different instan

, recorded from the x-direction).
in the’thermoacoustic cycle are shown

ith an accura 2rad.
L 2

&\simulation of the stabilization of a ther-
%cally unstable combustor using NRPDs is
S Ily performed for the first time. This has
een’ achieved through the use of a massively paral-

LES solver combined with a precise description
of the chemical kinetics and a state-of-the-art model
for the plasma effects, together with an experimental
platform for validation.

The plasma-induced reactive kernels initiated in
the SB of the sequential combustor that are observed
in the present simulation and in Refs [9, 12] are char-
acterized experimentally using OH-PLIF. An analy-
sis of the source term in the acoustic energy balance
equation reveals that these kernels generate heat re-
lease fluctuations that are in phase opposition to those
associated with the acoustic pressure in the SB. It
induces locally a sink term in the acoustic energy bal-
ance equation that reduces the overall acoustic en-
ergy production in the second stage. The combustor
then reaches a new state of equilibrium where it is no
longer thermoacoustically unstable.

In addition, the evolution of the acoustic energy
source term is studied during the onset of the TI.
The magnitude of the source term is about five times
greater in the second stage than in the first, both dur-
ing the growth and the limit cycle. This demonstrates
that the second stage plays a major role in the TI ob-
served for the conditions of operation considered in
this study.

This work not only sheds light on plasma thermoa-
coustic stabilization mechanisms, but also provides a
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tor, paving studies in other config-

urations and/o ergperating conditions. This is
e case, Xam f another study conducted by
the author: currently with the present work [30],

c of ultra-low power plasma [7] on the
% of a sequential combustor are studied.
The study*uses special forced flow simulations that
cannot be achieved experimentally, but that are cru-
cial for predicting the acoustic amplification potential
of the sequential stage at a given condition.
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