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Decarbonizing combustion

Development of new combustion systems based on low-carbon
and carbon-free fuels

Hydrogen H,

* Prevent CO, emissions
* Prevent Soots emissions
* Don't prevent NO, emissions

Ammonia NH;

Fig: Hydrogen fueled aircraft engine

* Prevent CO, emissions
° Prevent Soots emissions How Sustainable Aviation Fuel works
* Don't prevent NO, emissions Faecitock emiemisaty
T collected :;’:ﬁﬁnf,‘,‘ll& - 4 l‘,
waste ! . .

. ° . On average
Sustainable aviation fuels (SAF) Loweramisions 5 ()%, e
flights using SAF (o) converted -
. . . reduction in CO: to SAF
* Reduce C0O, emissions . from fighs Mo
. . H using SAF
* Reduce Soots emissions
s . . Distribution at airports 4 3 SAF blended with
d DO Nt preve Nt NOx emissions and into aircraft wings traditional jet fuel
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Nitrogen Dioxides (NOx) emissions

Nitrogen Dioxides (NOy) B
 Form at high temperature (T >1800 K ) ' 5

* Global warming potential 300 times
higher than €O,
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Temperature range of

1000K <— conventional combustors — > 2500K
H + NCN = N + HCN N+ O2= 0 + NO Fig: Influence of temperature on CO and Nox emissions [1]
O + NCN = CN + NO N+ OH = H + NO 2800
2
CL acetylene
Limit NOx emissions by maintaining a low flame | o
temperature inside combustion chambers = e g Y
;:' henz\\
Reduce flame temperature by operating - \hK\
at lean combustion regimes

0.5 1 15 2 25
Equivalence ratio, ¢

[1]Lefebvre & Ballal (2010) Fig: Adiabatic flame temperature as function of the
[2] Law (2006) equivalence ratio [2]
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Lean combustion regimes

Drawbacks of lean combustion regimes:

- Ignition failures
. Incomplete combustion
. Flames instabilities (oscillation, blowout)

[1]1 T. LIEUWEN and V. Y. (Eds). Combustion Instabilities in Gas Turbine engines. Operationnal Experience, Fundamental mechanisms, and Modelling, volume

Fig: Damaged combustor [1].

Development of passive and active methods to
enhance and control lean combustion

210. American Institute of Aeronautics and Astronautics, 2005.
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Passive flame stabilization techniques

Passive control methods are based on geometrical modification of
combustion chambers.

Bluff body

« Create a low velocity recirculation zone
« Enhance flame anchoring.

10 mm

Accroche-flamme

<

Swirler

* Create a low velocity zone
* Improve the mixing of reactants and

recirculating products. @
Trapped vortex combustor

Limits of passive methods:

Flame stabilization by a bluff-body Flame stabilized on a bluff-body [1].

Flexibility | ) N
b o . Flame stabilization by a swirler [2] Swirled flame stabilized above the injector [3].
Efficiency at very lean regimes

[1] T. Guiberti,. Analysis of the topology of premixed swirl stabilized confined flames. Thesis (2015)

[2] P. Jourdaine. Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées. Thesis (2017)
[3] Durox et al (2013). Flame dynamics of a variable swirl number system and instability control. Combustion and Flame 160 (9), 1729 1742.
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Active flame stabilization techniques

Plasma-assisted combustion Flame front
*  Apply electrical discharges to generate a plasma Combustion
 Plasma initiates and enhances combustion through thermal, Plasma
chemical and hydrodynamic effects \a
A variety of electric discharges ‘Fuem
mixture

Gliding Ar

Electron temperature, eV

0.1 CFlame > mHp >

100 10 102 102
Electron number density, 1/m?

Fig : Schematic of electron temperature and number density for different discharges [1]

[1] Ju, Y. and W. Sun. Plasma assisted combustion: Dynamics and chemistry. Progress in Energy and Combustion Science 48, 21-83. (2015)
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Flame ignition by plasma discharges

= Spark arc electric discharges cper P9

Ignite internal and aircraft combustion engine

Initiate combustion via thermal effect Applied voltage

High temperatures Spark arc discharge

(10 000 to 50 000 K) (e.g. automobile spark plugs)
H. h to J I >
| ner nsumption i

g SIS gy GBI p © milliseconds Time

. Flame
Spark plug discharge Automobile gasoline internal engine

Spark ignition

= Microwave discharges
« Ignition of lean internal combustion engine -

Microwave plasma ignition

» Gliding arc discharges

* Ignition of supersonic reactive flows

« Reduce the ignition delay time
« Extend the ignition limit
« Consume less energy

. N
~
J y
. e k. AY /
> = ~ ' -

Gliding arc discharges in a step cavity ignite a cross-flow of H, at Mach 2.0 [2]

[1] Ikeda Y, Nishiyama A, Kaneko M. In: 47th AIAA-2009-223.
[2] Leonov et al (2006) Plasma-assisted ignition and flameholding in high-speed flow. In: 44th AIAA-2006-563.

codia @ LU INSA

INSTITUT NATIONAL

APPLGUEES. CNRS - UNIVERSITE et INSA de Rouen 6

ROUEN NORMANDIE




Flame stabilization by plasma discharges

. . . DC discharge off DC discharge on
Direct-current (DC) discharges wowel. D

 Flame stabilization via chemical effects

Lean propane-air flame. (left) DC discharge off, (right) DC discharge on. [1]

= Dielectric-barrier discharge (DBD)

* Flame stabilization via hydrodynamic effects

° |m prove ﬂ ame Sta bl | |ty Direct photographs of CH4/air flames (a) without and (b) with DBD discharge [2]

e Extend lean Blow-Off limit (LBO)

[1] Ganguly BN. Hydrocarbon combustion enhancement by applied electric field and plasma kinetics. Plasma Phys Control Fusion (2007) ;49:B239.
[2] Versailles P, Chishty WA, Vo HD. Application of dielectric barrier discharge to improve the flashback limit of a lean premixed dump combustor. J Eng GasTurbines Power (2012)
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NRP discharges

Nanosecond Repetitively-Pulsed (NRP) discharges

+ High voltage pulses of few nanoseconds
 Pulse applied repetitively at high frequencies

NRP Discharge
s voltage
100 ps
: ] I I I l
<>

10 ns time

Schematic representation of NRP discharges voltage
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Electric arc formation

|. Electron avalanche

@ electron

@ positive ion

+ Cathode

— electron
+ positive ion

e +A—e +e +ATHI5Y
e +A—e +A"

e Electrodes induced electric field

lll. Breakdown

ll. Streamers

NSy '\)\: }~

* Space charge induced electric field
+ Charges velocity (10°- 10°m/s)
* Low electric current — Low conductivity - Low gas temperature

V. arc
- +
—{ ¥t 1 1 l1.I"' [ B lll-_
o, Foady w0 Fa Yy,

* Multiple streamers merge
* An electrical path between the anode and cathode is created
* Increase of electric current, conductivity end temperature

* High electric current — High conductivity - High gas temperature
* Fully ionized gas
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The emergence of NRP discharges
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Fig: (a) Diagram of voltage, (b) current during ignition, indicating steps of ignition [1]

Pre-breakdown phase Breakdown phase Arc phase Glow phase
t ~1e-9s t ~1e-8s t ~1e-6s t ~1e-3s
* Streamers propagation * Bridged gap + electric current * Heating of the hot
*  Non-equilibrium plasma + Transition to equilibrium * ionized gas cools burnt gases
(T.(10000K), T, (1000K) plasma (T, = T, = 60000K) down » Gases radiation
* lons - electrons
» Partially ionized molecules » Fully dissociated and recombination 94% discharge energy
» Strong molecular excitation ionized molecules « Joule effect
(endothermic process) * Gases radiation
1% discharge energy » Strong shock wave
3% discharge energy
2% discharge energy

Energy efficiencies of spark ignition is around 10% to 30%

[1] Maly and Vogel (1979)
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NRP discharges

Nanosecond Repetitively-Pulsed (NRP) discharges

+ High voltage pulses of few nanoseconds
 Pulse applied repetitively at high frequencies

NRP Discharge
s voltage
100 ps
<>
10 ns time Corona Glow Spark
Schematic representation of NRP discharges voltage Digital camera images of NRP discharges corona, glow and spark regimes in air

1 atm air at 1000K and PRF of 10 kHz. 5kV, 5,5 kV and 6 kV

codia @ LU INSA

* small pulse energy < 1 pJ| | » pulse energy < 100pJ * pulse energy ~ mJ
* light emission  small gas heating * moderate gas heating
* active species production| | « important active species
production
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Flame ignition by NRP discharges

Plasma-assisted ignition of lean propane-air mixtures

Two different Ignition system

Conventional 5ms = L Vs HIl

conventional .
(Audi coil) NRP discharges
18
16 A Audi p
. ® FID-82pulses ®
14 B NRPD »°
12 oo®’ AA4
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g 10 ...+ as
4 8 o® At
° 1
® 6 o LaAd C i
*® .4 onventional
4 00’ a4
0%, AA
2 f:A‘A
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0 2 4 6 8 10 12 14 16 18
Time (ms)

Same deposited energy Propane-air flame radius [1].

Ignition kernel propagates about 18% faster

when mixture is ignited by NRP discharges

[1] Xu, Lacoste, Laux. Plasma Chemistry and Plasma Processing Vol.36 (1) (2016)
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Flame stabilization by NRP discharges

Plasma-assisted methane-air flame stabilization

Premixed CHjy-air flame

- =08
Discharge: Non-assisted Plasma-
e duration: 10 ns flame assisted

flame

» voltage: 6.8 kV
* energy: 2.0 mJ
* frequency: 20 kHz

* gap: 5mm
N Pelec _
Pflame N 03 %

Photographs of the lean flame (¢ = 0.8) without (left)
and with (right) NRP discharges applied at 20 kHz.

[1] G. Pilla, D. Galley, D A. Lacoste, F. Lacas, D. Veynante and C O. Laux IEEE TRANSACTIONS ON PLASMA SCIENCE 2006
0 RUNIVERSITE DES SOENGES
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Flame stabilization by NRP discharges

Plasma-assisted extension of Lean Blow Off (LBO) limit

without plasma with plasma

Take-off stage
multipoint
injection

Pilot stage
single
injection

swirler

=5 CH4
—) air
Premixed air+CH4

Take-off stage
air swirler

BIMER aeronautical combustor

Flame extinction limit [1]

An important increase of flame stability domain was obtained

with NRP discharge

[1] S. Barbosa, G. Pilla, D. Lacoste, P. Scouflaire, S. Ducruix, C. Laux & D. Veynante Philosophical transactions A, 2015
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Flame stabilization by NRP discharges

Plasma-assisted dynamic control of thermo-acoustic instabilities

NRP discharges

* Pulse duration 10 ns
* Pulse repetition frequency 10 - 50 kHz

Turbulent swirled flame

350 .
r no plasma
43 kW - 300F 20 kHz
& 250 50 kHz
[P
=
combustion %_ 200F
chamber £
: < 150}
Pdischargcs = thcml c;_._.)
NRP 2 100}
discharges Volt £
oltage sob
0 : . A
50 100 150 200 250 300
\]‘ time frequency (Hz)
Fiel - N ¢ = 0.66, Qun = 43KW

Important decrease of thermo-acoustic instabilities with

NRP discharges

[1] Lacoste, Moeck, Durox, Laux, Schuller. Effect of Nanosecond Repetitively Pulsed Discharges on the Dynamics of a Swirl-Stabilized Lean Premixed Flame. J. Eng. Gas
Turbines Power (2013)
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Experiments of Plasma assisted combustion

Low NRP discharge power < 1%

Experiment MiniPac Multi-point Mercato EM2C/TU Berlin FGC/NASA
Pilla 2008 Barbosa 2015 Heid 2008 Moeck 2015 2016

Type of burner Bluff-body Swirled DEM21 Swirled 7-LDI

mechanical
injector

Gas mixture Methane/air  Propane/air Kerosene (L) Natural gas/air Methane/air
Propane/air Air (150°C) ¢ = 0.66 (0.6)

Pressure 1 bar 1 bar 3 bar 1 bar 1 bar

Thermal power (Qy,) 11 kW 52 kW 50 kW 43 kW 20 kW

Plasma power (Ppjasma) 70 W 350 W Max 500 W 315W @50 kHz <200 W

P piasmal Qs 0.6% 0.7% 1.5% 0.7% <1%

Pulser frequency 30 kHz 30 kHz 30 kHz 10-50 kHz ?

Result LBO LBO: LBO: Elimination of Elimination of
reduced by 0.47-0.11 0.44>0.21 thermoacoustic thermoacoustic
~10% (global) instabilities instabilities

20t ROUEN INSN fig%f%f::ﬁ CNRS - UNIVERSITE et INSA de Rouen 16




NRP discharges effects on combustion

H2
. TURBULENT FLAME FRONT 0
NRP discharges effects -
NOx
« Thermal effect : moderate s
increase of the temperature electrodes COMBUSTION
(1000 to 3000 K) /' VvV . CHEMISTRY
Voltage (I-l; ' C
100 us o -
« Chemical effects : production of 10k, z 5
highly reactive chemical species (O, a NO* S
OH,...) =
peee = ¢ | Heat
o time 1 < etc.
Nanosecond o PLASMA

A CHEMISTRY

Repetitively Pulsed

O

T T T TURBULENCE
Fuel and Air FIeIIndTAir
Plasma-flame interaction mechanisms ?
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Plasma assisted combustion

« Through what mechanisms do the thermal and chemical effects of NRP
discharges affect combustion?

« What set of parameters ensures optimal efficiency of NRP discharges?
(electrode position, pulse repetition frequency, pulse energy)

« What tool can researchers or engineers specializing in combustion use to
evaluate the performance of NRP discharges in practical combustion systems?

Numerical simulations required to design plasma-assisted reactive systems

° AUNIVERSTE R EE@R BRY | !srmrwanoia
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. General context

Il.  Numerical modeling of plasma-assisted combustion
lll. Numerical simulations of flames ignition by NRP discharges

IV. Numerical simulations of flame stabilization by NRP discharges

V. New modelling

° AUNIVERSTE R EE@R BRY | !srmrwanoia
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Numerical modeling of plasma-assisted
combustion

20



Governing equation

Plasma discharge Combustion

v

A

Drift-Diffusion equations Navier-Stokes equations
) — - = dp | 9(pui) 0
One +V - (neVe — DeVne) =S¢ + Spp FYl oz
oy, + V- (0 v, — D,Vn,) =35, I(pu;) N Ipusu;) _op N OTij
Onp +V - (npV, — DpVn,) =S, + Spn ot oz; dz; = Ox;
Qe d(pe)  O(puse) 9q;  O(oyju;)
V2V=—-"(n,—n, —n P i€ _ _ 94 j
€0 ( P " e) ot + 81:1 al'z + 83:1
E—=-VV A(pYr) = O(puYs O(pViiYs ,
F} 1 (gtk) N (f(;u . B _ (Pak.. k) Wi
Plasma/combustion chemistry
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Governing equation

Plasma chemistry Combustion chemistry
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Simulation of NRP discharge in air

2-D simulation of a single NRP discharge pulse in air

e Airinitial conditions

— x [em]
- T() - 1 0 0 0 K 4 1_Electric field [KV cm™) Electron density [cm®]  Energy density [J cm] Temperature [K]
- PO = 1 atm 1.05 S

* NRP discharge parameters
- Pulse voltage 5 kV
- Pulse duration 10 ns

During the voltage pulse

 Solving Drift-Diffusion streamers
equations.

Simulation results

* Increase of electron density due to air ionization
» Establishment of a conductive current
« Formation of a hot cylinder in the discharge zone

Fig : Cross-sectional views of the magnitude of the
electric field, electron density, discharge energy density
and neutral gas temperature [1]

[1] Tholin, F. and A. Bourdon (2013). Simulation of the hydrodynamic expansion following a nanosecond pulsed spark discharge in air at atmospheric
pressure. Journal of Physics D: Applied Physics 46, 365205.
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Simulation of H,-air flame ignition by NRP discharge

2-D simulation of a lean H;-air mixture by a single NRP discharge pulse

* H,-air initial conditions
- T, = 1000 K
-Pp = 1atm Im
-b=0.3 I

15

£+ 1600

* NRP discharge parameters
- Pulse voltage 5 kV
- Pulse duration 10 ns -

I 1000

Temperature [K]

4 1400

(0] [x 107 cm3]

0

. Fig : 2D distribution of gas temperature and the density of
Charged species atomic oxygen at t = 20 ns [1].
* Solving Drift-Diffusion equations o lem  [HOINx107emd)
+ Using an air plasma chemical mechanism ik
5 0.7
. 4 0.6
Neutral species
3 + 05
* Solving Navier-Stokes equations. » Baa
» Using Hy-air combustion chemical ..
mechanism
y °%2 0.1 0 0.1 0.2

rcm]

Fig : 2D distribution of the H20 density for the ignition of a
lean H2—air mixture by a single NRP discharge pulse [1].

[1] Tholin, F., D. Lacoste, and A. Bourdon (2014). Influence of fast-heating processes and o atom production by a nanosecond spark discharge on the
ignition of a lean h2/air premixed flame. Combustion and Flame 161 (5), 1235-1246.
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Numerical simulations of plasma assisted combustion

2-D simulation of a lean CH,4-air mixture by a series of NRP discharge pulses

* CH,-air initial conditions
-To =300K f=50 kHz

- PO =1 atm 3000

_ ¢ ) 0.8 _Ulco

 NRP discharge parameters 0
- Pulse duration 10 ns

- Pulse frequency 50 kHz D

ﬂ 2400
— . 1500
3
i 580
2

1

Charged species

* Solving Drift-Diffusion equations
 Using an air plasma chemical mechanism

-1 0
x [mm)]

. Fig : 2D distribution of temperature for the ignition of a
Neutral species lean CH4-air mixture by a single NRP discharge pulse [1].

* Solving Navier-Stokes equations.
» Using CH4-air combustion chemical
mechanism

[1] Barleon, N., L. Cheng, B. Cuenota, O. Vermorel, and A. Bourdon (2022). Investigation of the impact of nrp discharge frequency on the ignition of a
lean methane-air mixture using fully coupled plasma-combustion nu- merical simulations. Proceedings of the Combustion Institute.
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Plasma assisted combustion simulations

0 = sizes of flow
v - e
° ame plasma shear layers,
Capture NRP discharges 100 —— | inicknesses| | discharge | [ ete)
effects using semi empirical 10°
plasma source terms o
100 —— Thermal NOx
100 —— co con;;::’tion
1 e L |.(|:eg§|ng Hi‘:xg mixing
prompt NOx
Combustion T | om
108 —f— o Ultrafast
) Heating
104 cH 0
( ‘* s c;ilgl: (s) coI:nbL{s:Ion plasma turbulence
) ) chemistry chemistry
Oy 28
Navier-Stokes equations Reduced computational cost for 3-D

turbulent combustion
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Phenomenological model of plasma-
assisted combustion



NRP discharges physics

During the pulse

Spark NRP discharges

-@
- NN + 10 =
g O N, elect |
: : . elect.
1. Creation of a high electric field 2 2
L S 0.6- ‘\ i}
2. Increase of electrons kinetic energy T a
o
3. Collision of the electrons with heavy particles %’ 0.4- |
4. Electrons impacts lead to : IS 1-a
- species excitation S 0.2- ]
- species lonization o
- species dissociation i/,)omﬁ
. ) 0 Lot . —_—
Y

50 100 150 200 250 300

f(E/N) E/N (10" Vem?)
Reduced electric field

Fig: Fractional of power transferred by electrons to heavy particles as a

Spark NRP discharges (100 - 300 Td) function of E/N [1]

About 90 % of the discharge energy is transferred
into electronic and vibrational excitation of N2 molecules

[1] N. L. Aleksandrov “Electron distribution function in 4:1 N2_0O2 mixture” Teplofiz. Vys. Temp, vol, 19,No. 1, pp 22-27, 1981.
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NRP discharges physics

Ultrafast phenomena (5o nanoseconds) :

: : 300
1V /\ E (a)i2s0

/\; 200 ©
J - 150 £

condactn / \ | (6)

; \ N VN
Temperatureé VM ’ ‘ ‘ ‘ ‘(C),

Voltage (kV)
OoO=_2NWhOIO®

Relaxation of electronic states of N2

e Ultrafast increase of O atoms concentration
* Ultrafast increase gas temperature

=N Wb
©cocoooo

, Current (A)

-

N
a
o
o

No(X)+ e~ = No(A,B.C.d,..)+ e~
N2(A,B,C,a,...) + Oy = 20 + Nao(X) + heat

—=— from N,(C-B)
-- - from N,(B-A)

T T T I T

S W S
)

2000

Temperature (K)

1500

1x10"8 71—
1x10"%1 O (P
8x10"”
6x10'7
4x10'74
2x10"7 1 H

1075
1016
10
1014
1013
10"
3x10'°

Ny(X)+e — Na(v) +e” Electons : X

)

-3

SIOW phenomena (micro - milliseconds) :

(e)]

N,(A)

Relaxation of vibrational states of N,

Absolute densities (cm

2x10"8

f:

. B . 15 i |

Na(v) — No(X) + heat o

-10 0 16 20 30 40 50
Time (ns)

[1] N. Popov, Investigation of the mechanism for rapid heating of nitrogen and air in gas discharges., Plasma Physics Reports 27 (10), 886-896. (p. 25, 39, 49) (2001) (2001).
[2] N. Popov, Fast gas heating in a nitrogen oxygen discharge plasma: |. kinetic mechanism. Journal of Physics D: Applied Physics 44 (28) (2011).
[3] D. L. Rusterholtz Ultrafast heating and oxygen dissociation in atmospheric pressure air by nanosecond repetitively pulsed discharges., Journal of Physics D: Applied Physics 46, 464010.
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NRP discharges Model

old a
Echcm ( ) Ultrafast
dissociation of species
EI‘
Discharge energy heat (b) ‘
deposition rate Ultrafast
. p gas heating
E .

vib P
Ry
(©) Ultrafast v (d)
increase of 9 Slow

s ibrational pas heatin
Ultrafast phenomena Mossh i A Slow phenomena PO

Tpulse TVT 1101000 s time scales

Energy deposited
by the discharge (E,)
|

Relaxation of the remaining
energy into heating

Energy %

. Remaining energy
Stored as remaining energy (45%) Eromn

Fast gas heating (20%)
Total energy

Fast gas dissociation (35%) Etot

Time

Tp ~ 50 ns Tyt ~ 10 us

Ultra-fast Slow
phenomena phenomena

[1] M. Castela, B. Fiorina, A. Coussement, O. Gicquel, N. Darabiha, C.O.Laux, Modelling the impact of non-equilibrium discharges on reactive mixtures for simulations of
plasma-assisted ignition in turbulent flows, Combustion and Flame 166 133-147 (2016).

coia @ (UIEE INSA =

Cle CNRS - UNIVERSITE et INSA de Rouen 30

ROUEN NORMANDIE




NRP discharges Model

The impact of the plasma is captured by additional source terms

Model equations 1 (Navier-Stokes equations)

I(pu;) N d(puiu;) _ Op n 0T

d(pe)  O(puje) 0q¢; 8(aijui)+[-p }( ) D
— E r R
ot + 8331 83’,‘1 + 8331 chem Eheat + vT
O(pY) | O(puiYy)  9(pVi,iYr) e p . _
o T om - om VR + Slow vibrational energy

_ relaxation into heat
-5

a(pevib) 8(puievib) _ 0 ( aem’b) P
( ot N 8.1'1 B 81’2 pD 81’1 N Evi

[1] M. Castela, B. Fiorina, A. Coussement, O. Gicquel, N. Darabiha, C.O.Laux, Modelling the impact of non-equilibrium discharges on reactive mixtures
for simulations of plasma-assisted ignition in turbulent flows, Combustion and Flame 166 133-147 (2016).
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NRP discharges Model

NRP discharges source terms

No(X)+e™ = Ny(A,B,C.a',..)+e~  8eV

Ny(A,B,C,a,...) + Oy — 20 + Ny(X) + heat 5.2 eV

’t/_/‘
65 %

35%

w

o
L
1

C
.©
4=
® 25 - .
(S
; < 2 20 - 1
E E E .p Yo EP s} .
i P i 2
EEp: V 7_ 9 1ftper<7_p§ wO Yofz EOWO § 15_ -
L PP P Wo P 2]
O Wo, O O 10 - E
wy, =0, if k#{0,02} 5
. D 5 . =
50 100 150 200 250 300
E/N, Td
Heat = 20% a = 55% n =35%

Fast gas heating in a nitrogen—oxygen discharge plasma [1,2]

(1—a) =45%

[1] N. Popov,. Journal of Physics D: Applied Physics 44 (28) (2011).
[2] D. L. Rusterholtz Ultrafast heating and oxygen dissociation in atmospheric pressure air by nanosecond repetitively pulsed discharges., Journal of Physics D: Applied Physics 46, 464010.
[3] M. Castela, B. Fiorina, A. Coussement, O. Gicquel, N. Darabiha, C.O.Laux,, Combustion and Flame 166 133-147 (2016).
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NRP discharge in the air

Pin-to-pin configuration 2-D computational
domain and boundary conditions

non-reflecting
outflow

Single nanosecond pulse in air

D, - Discharge channel diameter
Ly - Discharge channcl length

2.5
=@= Numerical (7 = 0.35), present work 3500 =
=&~ Numerical (7 = 0.35), Castela et al. (2016) /-4==-_-_¢.-_-_-_10-_-_==|
o m Experimental, Rusterholtz et al. (2013)
2.0 3000 o »
" o mwkr==ig===N
g 1.5 = - .F==F=.==i=.==5=.= 2500 o 1
[ & —_
E M
o [ - 2000
2 1.0- .
Ny 1500
Q. =4#= Numerical (7 = 0.0), present work
- =%= Numerical (f1 = 0.0), Castela et al. (2016)
0.5 1 - 1000 - =§= Numerical (1 = 0.35), present work
== Numerical (4 = 0.35), Castela et al. (2016)
500 + m Experimental, Rusterholtz et al. (2013)
0-0 L] | | | | | | | | L] L] L] |
0 20 40 60 80 100 0 20 40 60 80 100
time [ns] time [ns]

The model is able to capture the ultrafast increase of O atoms and temperature.
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Numerical simulations of flame ignition
by NRP discharges



Methane-air mixture ignition by NRP discharges

4000
|.  Only thermal effects are considered : 3500 -
3000 4 :hg“
- Mixture i.gnites 2500 i s
after 4 discharges H H ‘ ‘ = 20004 | T
|
- Gas temperature rises 2o IL"c .
up to 3600 K >> Tad e Y S
5009 1 —a =00, Castela et al. (2016)
0 1(.10 2(.10 3;)0 4(.10 560 6(.)0 700
ll. Both thermal and chemical effects are 2500 e
considered :
2000 - M* e e
- Mixture ignites 4
after 2 discharges g 1500
- Gas temperature rises ) 1000 4
up to 2400 K g
5004 —e- 1 = 0.35, present work
] =&~ = 0.35, Castela et al. (2016)
Enhances chain-branching reactions 0 100 200 300 400 500 600 700
even at low gas temperatures e
Oxidation of molecules
RH+0O — R+OH
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Hydrodynamic effects of NRP discharges

Experimental and numerical investigations of methane-air mixture ignition by a single

P
NRP discharge pulse

T ’j Pressure transducer J — Non_reéle(:ting 3_D
. . . 1 T - outlovs Electrode
Methane-air mixture : s seess R
. . Teflon c: odeAnode!!‘

- Equivalence ratio = 0.8 \ il I g

* TlNT = 300 K _=( &R;;gc;\;rg;sgéner;tor ::3

’ P - 1 bar Combustion chamb Z 2D /

o Electrode 3.24 mm
3.24 mm

Methane-air mixture ——> =&‘ { == ——> Vacuum pump
X a)
—

Pressure gage
Fig :Schematic representation of

NRP discharges ‘
. 1 |5e Fig :Schematic representation
Py of the experimental setup the 3-D computational domain

- Energy per pulse = 0.8 mJ

[1] M. Castela, S. Stepanyan, B. Fiorina, A. Coussement, O. Gicquel, N. Darabiha and C.O. Laux. A 3-D DNS and experimental study of the effect of the recirculating flow pattern inside

a reactive kernel produced by nanosecond plasma discharges in a methane-air mixture. Proc. Combust. Inst. Vol 36 (2) (2017).
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Hydrodynamic effects of NRP discharges

3-D simulation of methane-air mixture ignition by a single NRP discharge pulse

The hydrodynamic effects of NRP
discharges induce :

« The entrainment of fresh gases toward
the center of the ignition kernel

« The Collapse and evolution of the kernel
from a cylindrical shape to a toroidal
shape

e The extinction of the kernel

Vorticity equation
DS oo oo 1o S Y
ﬁ—(w-V)u w(V-u)+p2[Vp><Vp]+VVw

Baroclinic instabilities

1.6 |5

0.8 |

0

-1.6)-

t=0.3 ps

s
A
Exp.'; i-S-DﬂB

Vmex =320 m/'s

3-DDNS

|
.16 08 0 08 1.6
X (mm)

t=0.3 ps

t=9pus t=80 ps t=200 pus

o B 3
A

Vmax =15nvys Vmex=9m/s Vmex=68m/'s
. ."‘ LV.‘ |

\ [ (14
!

P |

300 900 1500 2100
Temperature (K)

pone
Pt

“erenn.

0 -
t=19.7us t=74.1ps . t=110.1ps

OH mass fraction [ ININN

1.510* 10° 5x10° 10?

[1] M. Castela, S. Stepanyan, B. Fiorina, A. Coussement, O. Gicquel, N. Darabiha and C.O. Laux. A 3-D DNS and experimental study of the effect of the recirculating flow pattern inside
a reactive kernel produced by nanosecond plasma discharges in a methane-air mixture. Proc. Combust. Inst. Vol 36 (2) (2017).
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Flow tunnel configuration

Flow tunnel : methane-air premixed burner p1.

Depending on the flow inlet velocity and pulse
repetition frequency, three pulses interaction regimes
can be obtained:

Micrometer

Inflow

- Decoupled regime (zero ignition probability) ] Rl T
Windows |
Outflow
. . . . . ]_InertFlow
- Fully coupled regime (high ignition probability) oy
- HDO6104
Monitor '7— Oscilloscope
‘ Input
! ‘ Output
TPS —| BNC 577
Power Pulse
Source Generator

of the experimental setup

[11J. K. Lefkowitz , T. Ombrello . An exploration of inter-pulse coupling in nanosecond pulsed high frequency discharge ignition. Combustion and Flame 180 (2017) 136147
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LES of flow tunnel ignition by NRP discharges

Simulations objectives

* Validation of the phenomenological plasma-assisted combustion model
against experimental data

Two parametric studies
* Influence of the flow inlet velocity on pulses interaction regimes and mixture ignition

* Influence of the pulse repetition frequency on pulses interaction regimes and mixture

ignition
U=2.5m/s U=5m/s U=10m/s

..,.-.‘»—*A-\-

[11J. K. Lefkowitz , T. Ombrello . An exploration of inter-pulse coupling in nanosecond pulsed high frequency discharge ignition. Combustion and Flame 180 (2017) 136147
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LES of flow tunnel ignition by NRP discharges

Influence of flow velocity

Operating conditions :

Pulses interaction | Mixture ignition

- =06 regime (simulation)
* Upper =2.5m.s71
* PRF =5KHz Uinter = 2.5m.s~1 Fully coupled yes

1

® Epulse = 2.9 m]

! Uintet = 5m.s™
« Series of 10 pulses

1

Uintet =10m.s~

— 3.4e+03
— 2000

E 1000

— 500

Temperature [K]

— 2.5e+02

Temperature [k]

[11 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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LES of flow tunnel ignition by NRP discharges

Influence of flow velocity

el —
Operating conditions :

Pulses interaction | Mixture ignition

- =06 regime (simulation)
e Upper = 5m.s™ !
* PRF =5KHz Uiniet = 2.5m.s™" Fully coupled yes

1

® Epulse = 2.9 m]

: Uiniet = S5m.s~
« Series of 10 pulses

Fully coupled yes

1

Uintet = 10 m. s~

— 3.4e+03
— 2000

E 1000

— 500

Temperature [K]

— 2.5e+02

Temperature [k]

[11 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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LES of flow tunnel ignition by NRP discharges

Influence of flow velocity

Operating conditions :

Pulses interaction | Mixture ignition

- =06 regime (simulation)
© Uper = 10m.s71
e PRF=5KHz Uiniet = 2.5m.s™1 Fully coupled yes
* Epufse =29m] Uinter = 5m.s™1 Fully coupled yes
e Series of 10 pulses 3 :
Uintet = 10 m.. s Partially coupled no

— 3.4e+03
— 2000

E 1000

— 500

Temperature [K]

— 2.5e+02

Temperature [k]

[11 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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LES of flow tunnel ignition by NRP discharges

Influence of pulse repetition frequency (PRF)

Operating conditions :

Pulses interaction | Mixture ignition

- =06 regime (simulation)
© Uper = 10m.s71
* PRF=2KHz PRF = 2 KHz Decoupled no
¢ Epu'lse =29mJ PRF = 5 KHz Partially coupled no
« Series of 10 pulses
PRF = 10 KHz
PRF = 50 KHz

— 3.4e+03
— 2000

E 1000

— 500

Temperature [K]

— 2.5e+02

Temperature [k]

[11 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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LES of flow tunnel ignition by NRP discharges

Influence of pulse repetition frequency (PRF)

Operating conditions : | -
Pulses interaction | Mixture ignition

c =06 regime (simulation)
* Uper = 10m.s™1
 PRF=10KHz PRF = 2 KHz Decoupled no
’ Epu,lse =29m PRF = 5 KHz Partially coupled no
« Series of 10 pulses

PRF = 10 KHz Fully coupled yes

PRF = 50 KHz

— 3.4e+03
— 2000

E 1000

— 500

Temperature [K]

— 2.5e+02

Temperature [k]

[11 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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LES of flow tunnel ignition by NRP discharges

Influence of pulse repetition frequency (PRF)

Operating conditions :

Pulses interaction | Mixture ignition

- =06 regime (simulation)
© Uper = 10m.s71
 PRF=50KHz PRF = 2 KHz Decoupled no
¢ Epu'lse =29mJ PRF = 5 KHz Partially coupled no
« Series of 10 pulses
PRF = 10 KHz Fully coupled yes
PRF = 50 KHz Fully coupled yes

— 3.4e+03
— 2000

E 1000

— 500

Temperature [K]

— 2.5e+02

Temperature [k]

[11 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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Comparison with the experiment

Number of pixels with detectable OH :
- OH-PLIF measurements
- Numerical simulations

Discharge zone Discharge zone

25000
4500
4000
20000 -
3500
, 3000 £ 15000 1
2 2500 3
© @
g 2000 £ 10000 1
[aW
1500
1000 5000 o
500
O | 0 N P N Py |
0.0 02 04 0.6 0.8 10 0.00 025 050 075 1.00 125 150 175 2.00
. Time (ms)
Time (ms)

Number of pixels in region of interest with detectable OH (Concentration [1], PLIF

Number of pixels in region of interest with detectable OH (Concentration [1], PLIF
signal [2]) for various pulses frequency conditions.

signal [2]) for various pulses frequency conditions.

[11Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
[2] J. K. Lefkowitz , S. D. Hammack , C. Carter, T. Ombrello . Elevated OH production from NPHFD and its effect on ignition. Proceedings of the Combustion Institute 000 (2020) 1-8
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Pulses interaction regimes

Dimensionless Analysis

Pulses interaction regimes control parameters

/,’
1. Gases residence time in the discharge zone ,’
dp /
TI'ES ~ u ,
flow I
2. Inter-pulse time I /‘ :
1 I Utlow
Tip = g I '
1
. . T ‘
Pulse Interaction Regime (1;: PIR = = \

Tip \
\\ J

Cumulative effect requires : Tres > Tip ® PIR > 1 \\\ Ytuel Yair

[1]1 Y. Bechane , B. Fiorina. A numerical investigation of plasma-assisted ignition by a burst of nanosecond repetitively pulsed discharges. Combustion and Flame, Volume 259 (2024)
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Pulses interaction regimes

Dimensionless Analysis

1 1

uflOW =25m.s” uflOW =5m.s”

!
f, = 50 KHz M. PR = 236 | #A®. PIR = 118
. , .
fp =10KHz : “h PR =8
i R S
' i
fo=5kHz (R M) g |

fp =2KHz " . RIRe="16 - %" PIR=0.8 i PIR =9~

fp =1KHz L PIR = 0.8 IW PIR = 0.4 | —PIR==0 P # S L
zero ignition High ignition
probability probability

Dimensionless approach is limited:

« Does not give the number of pulses required

+ Estimation of residence time not straightforward (recirculating flow pattern
between electrodes has not been considered)
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Low-order modeling of Ignition by NRPDs
Perfectly-Stirred Reactor (PSR) modeling 11

Detailed finite-rate
Flow dynamics chemistry (combustion)

)

Number
Pulse E of pulse
dvy |1 vir v+ [Wszl (a7 Uttra-fast plasma ulse Energy

Tt _— k L J LpJ phenomena H/\

INFLOW
P p 5P
@ | ZY"%’” S Vil +[Ec’;m ¥ Ehpw}[RgT] J H H Sorow
res _1 .

" " 1/f,
dey = ] (ein _ e'u) + Emb RVT
dt Tres ) )

|

Pulse Rep. Freq.

Nap
P =pRT Z E Slow plasma Residence time T
P Wy phenomena

Considered fixed:
Equivalence ratio ¢
Temperature T

Pressure P

Plasma geometry d, and L,
Pulse duration T,

[11 S.Q.E. Wang, Y. Bechane, N. Darabiha, B. Fiorina. Efficiency analysis of ignition by Nanosecond Repetitively Pulsed discharges using a low-order model. Appl. Energy
Combust. Sci. 15, 2023.
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Low-order modeling of Ignition by NRPDs
Effect: Residence Time

Ep = 3.5m] Tp = 50 ns
f, = 20 kHz $ =0.95
at Tres = 10 ms D Ot P 1atm
3500 |- o res = Tres = 0. to ms = latm
| Minimum number of pulse = 4
B ) i ; 4
B N L 5 T AR
= L
C A T
q) e
R B | 2T O O O SN SRR SN SR R
= i
o
c 10 AW
= W e Y
L B R A& AR S GRS
No ignition o
100 3 3 M Y | P | A A ey |
10 104 103 102

Residence time T,gg [S]

For a given E, and f, = the number of pulse n, increaes when 1,5 decreases.
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Low-order modeling of Ignition by NRPDs

Effect: Pulse Rep. Freq. Bp=35m/  1,=50ns
fp, = 1to 100 kHz $ = 0.95
N np=1tooo T =300K
W fp=2kHz fp=10kHz fp=60kHz 4 ~=0.01to10ms P =1atm
® f,=6kHz fp = 20 kHz
v v L | v v LA 1
102 - . -
- A _
s 2 8
K i |
(O]
% . -
> o
> EREEET
o 10°F A Qo | , E
:.é 22“""’" Tl e 606
(@) A4 s CAaaananss /R4 k4 LJ;‘A‘A‘A‘_
— R : TANAAAAL
100 i e a e sl i e a e sl i e a e sl
10°° 107 103 1072

Residence time T,qg [S]

Increasing Pulse Rep. Freq.:

=> Extend the ignition domain o = To be energy-efficient: Increase f,,
=» Decrease the number of pulse to ignite
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Low-order modeling of Ignition by NRPDs

Effect: Pulse Energy E,=0.5t05.0m]  t,=50ns
f, = 20 kHz ¢ = 0.95
B E,=05mJ) A E,=20mJ Ep=5.0mJ np =1toco T=300K
Tres = 0.01 to 10 ms P =1atm
® FE,=1.0mJ Ep=3.5mJ
yr
102 - A : S : : -
— A b
o SHEN RN ‘ ' ;
CQ- ' ‘ ' ]
< AA o .'l\
€ O el 1] ™
> qk o
g' ol L A, T o o000
:-g : AA““‘“‘M A A AAAMAM :
5
100 i A | iaal i A |
10° 104 103 102
Residence time T,qg [S]
Increasing Pulse Energy: = To be energy-efficient:
=>» Extend the ignition domain Increase / Decrease n;,?
=>» Decrease the number of pulse to ignite Increase / Decrease Ep?
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Low-order modeling of Ignition by NRPDs

. . . tot _ Ep=0.5t05.0m] rp=50ns
Total Ignition Energy defined as: E;** = nyE; = 20 KHz b= 095
n, =1to T=300K
Tres = 0.01 to 10 ms P =1atm
b | T — T L R R |
q
E
{.’uo. 102 L ] m E,;=05mJ
> ® E,=1.0mJ
>
o) A E,=20mJ
C
t E,=3.5mJ
C
2 E,=5.0mJ
c
O)
- A Axtth
101 L ..m -
10°® 102
Residence time T,qg [S]
For short Tres o For |ong Tres
more energy-efficient: more energy-efficient:
high E, (and low n,) low E, (and high n,,)
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Low-order modeling of Ignition by NRPDs

T < Teritical | No ignition Epuise = 5mJ and PRF = 20 kHz = T¢yipicqr = 6.107% s and Pt = 155 m/
T 2 Teritical Ignition Epuise = 3.5m] and PRF = 50 kHZ = Teriticqr = 4.107° s and E°t = 91mJ
tot _
Ep” =n,Ep Epuise = 3.5mJ and PRF = 200 kHz = Tepigicq = 2. 1075 s and Bt = 42m)
1073 1073 200
B Toitical @ B Toitical
® Eua 200 ® Ecota
—_ u = — =
o = o 150 !
[++] b ) |
E ol B E 5
()] o 3] o
2 ® o a2 o
g e 3 $ 107 4 100 3
z 100 G @ m e 2
—_ o o @]
i . = — (=}
8 104 4 ® ’g g [ | %
£ ] 3 & 50 3
(= [ | 50 = (_"'J ® 1S
© ° u = n =
° m
| | | | | | n n O 10_5 L] | | L | O
1 2 3 4 5 50 150 200

Energy per pulse [m]] Pulse repetition frequency [kHz]

Critical residence time Tcpiricqr (black square) and total
deposited energy at this residence time Eyyq; (red circle) for
different values of pulse repetition frequency PRF with a
constant pulse repetition frequency Epyise = 3.5 mJ.

Critical residence time 7Tgpiticqr (black square) and total
deposited energy at this residence time Eytg (red circle) for
different values of pulse energy Epyse with a constant pulse
repetition frequency PRF = 20 kHz.
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LES of the flow tunnel

Conclusions

* The LES phenomenological plasma-assisted combustion model predicts well
pulses interaction regime and flames ignition.

* To ensure efficient ignition by NRP discharge the pulses should be applied :

- In low velocity region (high gases residence time)
- At high pulse repetition frequencies
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Numerical simulations of flame
Stabilization by NRP discharges
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Mini-PAC Burner

Choice of an operating point close to lean blow-out where NRP discharge
effects are the most relevant

Premixed CHj -air flame

* ¢=08 Non-assisted Plasma-
flame assisted
flame

P.u Ise Electrode

discharge 5 mm gap

generator A

Bluff-body
10 mm
. PRa N
Discharge: N
» duration: 10 ns 16 mm
* energy: 2.0 mJ
+ frequency: 20 kHz
* gap: 5mm
. Ppei = 03 % Air + CH4
flame i
mixture
ini- Photographs of the lean flame (¢ = 0.8) without
Mlnl Pac burner[ﬂ (left) and with (right) NRP discharges applied at
20 kHz [2].

[1] Y. Bechane, B. Fiorina. Numerical investigations of turbulent premixed flame ignition by a series of Nanosecond Repetitively Pulsed discharges. Proceedings of the Combustion Institute
[2] V.P. Blanchard, N. Q. Minesi, S. Stepanyan, G.D. Stancu, C. O. Laux Dynamics of a lean flame stabilized by nanosecond discharges AIAA Scitech 2021 Forum
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LES of the Mini-PAC burner

Premixed CHjy-air flame
- $=08

Without NRP discharge

« Weak flame
* Flame confined in the bluff-body

recirculation zone

Mean Y(CH4) [-]

1.0e+09 ¥
8e+8 S

v
- Ge+8 H
v

2e+8

[ ( 4e+8 &

0.0e+00 8
-

(a) Mean temperature. (b) Mean heat release

INSTITUT NATIONAL
e CNRS - UNIVERSITE et INSA de Rouen 58

ROUEN NORMANDIE

codia @ Lt INSA



LES of the Mini-PAC burner

Premixed CHjy-air flame
- $=08

Non-assisted
flame [NP]

3.5e+09
le+9 :I
le+8 —
le+7 1
le+6 ]
1.0e+05
<

With NRP discharge R-

Without NRP discharge

« Weak flame
« Flame confined in the bluff-body
recirculation zone

Heat release rate [J/m3/s]

* Developed flame
 Flame propagates outside the
bluff-body recirculation zone

In agreement with the eXperiment Flarﬁe surface colored byr the heat release (left) without

NRP discharge (right) with NRP discharge

codia @ Lien INSA
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LES of the Mini-PAC burner

Influence of NRP discharges on the flame power and surface

2200 0.020
N flame = Flame surface (assmte(.i flame)
2000+ ____ Assisted flame == Flame surface(non-assisted flame)
0.018 -
1800 -~ -
p— N
= 1600 - E 0.016 -
> 2
R P [ses on €
Ll £ 0.014-
1200 - %
o
E J Q
< 1000 - £ 0.012 A
= L
800 - P
0.010 -
600 -
400 | | L | | | | | | | | | 0.008 T T T T T T T T
-5 0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30
Time [ms] Time [ms]
Transition150 — 200 pulses
Flame power: P = [ (E/F)wgdV Flame surface: 4 = / =|Ve|dV
\%
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LES of the Mini-PAC burner

Influence of NRP discharges on the flame power and surface

(Pnp) : Total time average flame power without plasma

(Pp) : Total time average flame power with plasma

Gain in power: np = (Pp) / (Pnp)

(Anp) : Total time average flame surface without plasma

(Ap) :Total time average flame surface with plasma

Gain in flame surface : 94 = (Ap) / (AnP)
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LES of the Mini-PAC burner

Influence of NRP discharges on the flame power and surface

2200 0.020

- Non-assited flame == Flame surface (assisted flame)
2000 ~ Assisted flame = Flame surface(non-assisted flame)
0.018 -
1800 - —_
p— N
2. 1600 - E 0.016
S 1400 - &
o 5 0.014 -
= 1200 - @
Q
E 1000 A E 0.012 -
- =
800 -
0.010 -
600 -
400 T L] T | | L T T T 00008 L] L] L] L] L] T T T
-5 0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30
Time [ms] Time [ms]
np = (Pp) / (Pnp) = 2.13 na = (Ap) / (Anp) = 1.54

70% of the gain in flame power is explained by an increase in flame surface
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Mechanisms of flame stabilization

Question

* By what mechanisms does NRP discharge improve the combustion ?

* Where do the remaining 30% of flame power increase come from ?
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Simulation - experiment comparison :Temperature

Gas temperature measured by Optical Emission Spectroscopy (OES) at
the center of the discharge 1

Plasma-assisted flame

4500

—— numerical results - LES

®  experimental results
4000 +

Temperature [K]
N w w
Ul S a
= = =
(=] (=] (=

| ] [ ] [

&
()
g
=)
=
<]
S
o
o
£
[
~

2500

2000 + |

2000 -

1500 *+———— 7" 77T T T T T T T 7T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1500 L] L] n L] L] n L] L] L] L] L] L] L] L] L]

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time [ms]

Very good agreement with the experiment

[1] V.P. Blanchard, N. Q. Minesi, S. Stepanyan, G.D. Stancu, C. O. Laux Dynamics of a lean flame stabilized by nanosecond discharges AIAA Scitech 2021 Forum
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Simulation - experiment comparison : OH density

OH density measured by Laser Induced Fluorescence (LIF) i

Plasma-assisted flame

-  non-assisted
= pulse 100 + 45 us

)
£
=
o
E
=
&
=
<]
=
(=
[
o
c
@
O
T
(o)

OH LIF signal / OH number density [cm~3]

Position (mm)

Very good agreement with the experiment

[1] N.Minesi. Thermal spark formation and plasma-assisted combustion by nanosecond repetitive discharges. Thesis (2020) Université Paris-Sacly
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Stabilization mechanism

Chemical analysis in the discharge zone

Plasma-assisted flame

[ Chemical pathways during

|

the pulse
013
[l.5e 012
-
[¢]
012 2 0,
— 0.1 c
= +N;,e”
~008 3 2
—00s £ OH +
004 ©
002 § H 0
X
~0.0e+00F H, +
+ H20 + Hzo
OH

Oxidation of H,0 by O
Production of O, OH and H

codia @ Ui INSA
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Chemical pathways after
the pulse

+M
€0, > 0 +
+H
M+ OH+
+H @
SNT

Thermo-dissociation of CO,
Production of H,, CO and O,
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Stabilization mechanism

Convection in the recirculation zone

Plasma-assisted flame

Chemical species 1-D profiles

1.5e-01 2 40 X107 5 0X1071
S~ . .
[0.]2 2 OH o - Nmf-assmted H20 Cco2
o £ T 30 —— Assisted i 15
— 0. = - !  ~ N 1= A} N pgTTTTITT=N
— 008 2 3 S
S g g
—006 E g 5
—004 § = =
—002 §
— 0.0e+00 5
co ~—— Non-assisted
— - —— Assisted
S S
g g
0 B
> = _/\_/\./\_
-5 0 5
X [mm]

Convection of the produce species from
the discharge zone toward the flame front
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Stabilization mechanism

Chemical analysis at the flame front

Plasma-assisted flame

[ CH, consumption at the flame front ]

2'59"093 == Non-assisted flame
2e+9 E
B 1.5e+9 g
o e EEEmEEEmf T m———————— 1
j-1e+9 8 i 23Kg.m™3.s71 + OH i
_ 1
~ 5e+8 _g l M + H,0
(]
— 0.0e+00T
CH4 ---------------------------------- - CH3 + Hz
10kg.m3.st \+H
t +0OH
7Kg.m3.s1 +0

The chemical pathways of CH 4 consumption are
enhance by the NRP discharges produced species

i BUNIVERSITE INSA i
?O Ia @ DE,ROUEN \ e CNRS - UNIVERSITE et INSA de Rouen

68



Stabilization mechanism

Chemical analysis at the flame front

Plasma-assisted flame

Heat release and CH, species 1-D profiles

2.5e+09
2e+9 T
1.5e+9 ; 2

— let+9

1e9

--- Non-assisted flame
—— Assisted flame

1
w

— 5e+8

Heat release rate (J/m3/s)

x10*1

~3.5711 Mean HR [J.mm

— 0.0e+00

-8 -6 -4 -2 0 2 4 6 8
X [mm]

Mean CH; sou term [Kg.m
|
%]

—— -

===

mp=—=="

—‘ﬁs

The increase CH, consumption leads to an
increase of the heat release and the flame speed
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Stabilization mechanism

; . It increases the flame speed. The
It increases the heat release . L
: total flame surface is increased

(30% of gain in flame power) *25 XSl (70% of gain in flame power)

OH, O and H are convected to
the flame front thanks to the
bluff-body recirculation zone

In the discharge zone, the NRPD
produces O atom and heat

« O reacts with H,0 to form OH, O, H.
« CO2 dissociates to form OH, H, and O2

In the flame front, OH,
O and H enhance the

consumption of CH,

70
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Numerical simulation of flame lean
blowout limit extension by NRP
discharges



SICCA-H2 combustion chamber

Extend the Lean Blow-Off (LBO) limit

Nanosecond repetitive pulsed
(NRP) discharges

Pulsing pattern

i

/ d. = 70 mm \

g
; d, =8 mm
[ }
'J: - — /
OH* filter - é ...... ! hI‘ / by
ICCD camera g Anode | {/////
Injector — I //
I |
| Ai
. 1r
I
T4 17
Plenum
Air

Flame front

I . .
—— An electrode is inserted into the

|
D =23mm I chamber

_________

3%%47%5% %

1_+— The cathode is the injector

\\

Partially-premixed burner with
crossflow injection of H, 1]

hydrogen/air swirled flame

[1] J.B. Perrin-Terrin, N. Vaysse, D. Durox, R. Vicquelin, S. Candel, C. Laux, A. Renaud, Proceedings of the Combustion Institute 40 (1-4) (2024) 105546.
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SICCA-H2 combustion chamber
Extend the Lean Blow-Off (LBO) limit

These parameters are simulated: 15 kHz, E, = 1.5 m]

— Anode [ — — —_— I
d, = 8 mm // D =23mm - [ E i i i
. W/ / g 081 . = ;
2 _— 2 | No remaining Hy detected |
&E 0.6} No plasma
5 [
g [ D mJ, rge = 0.45|]
' N ' c 04f vf—30kHaE—075mJ
Air |[H; | [Air 2 |
g 0.2f
© [
H H O [ A 2 1 i A . 1 A i i 1 i A i 1 A i 2
Increasing the air flow 0 05 0 0 03 .
l Equivalence ratio ¢

The hydrogen mass flow is held constant
Increasing the air flow

[1] J.B. Perrin-Terrin, N. Vaysse, D. Durox, R. Vicquelin, S. Candel, C. Laux, A. Renaud, Proceedings of the Combustion Institute 40 (1-4) (2024) 105546.
73
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LES SICCA-H2 LBO simulations

codia @ Lt INSA

Numerical set-up
o VDS : Variable Density Solver
o Time discretisation: TFV4A 4-step, 4" order

o Space discretisation :

o Space discretisation : Central 4" order scheme
o Turbulence model : Dynamic Smagorinsky
o Kinetic scheme :

il

* SanDiego mechanism (9 species, 21 reactions)
*  TFLES combustion model
 Charlette model I Mesh size ~ 10 M I

Discharge parameters

o Pulse repetition frequency : f,= 15 KHz. A=0.2 mm
o Pulse energy : Ep=1.5mJ.

Operating conditions
o Simulations start from ¢;y.:= 0.240. (NP, PAC)

o The same increase in air flow is imposed on the NP — o e
and PAC cases (6.70- 10A3 (NL/min)/s)

A=0.1 mm A=0.05mm | Plasma discharges

INSTITUT NATIONAL [1] Henry et al., 2015, Journal of Computational Physics.
Des S CNRS — UNIVERSITE et INSA de Rouen 74
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LES SICCA-H2 LBO simulations

Extend the Lean Blow-Off (LBO) limit p

¢ HRR (GW/m3)
00 02 04 06 08 1.1 0.0 5 10 150

—— | — | O ee—
NP 800

\/

600

500 -

400 -

300 A

200 A

Flame power [W]

PAC

100 -

0 T T T T T T
024 023 o032 o021 020 019 0.18I 0.17
|
¢inlet v
v
.

¢LBO,NP,EXP ¢LBO,PAC,EXP

Very good agreement with the experiment

[1] B. Kruljevic et al Numerical study on the impact of Nanosecond Repetitively Pulsed discharges on the lean blowout limit for a hydrogen/air swirled flame. Combustion and
Flame 277 (2025)
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LES SICCA-H2 LBO simulations

Lean Blow-Off (LBO) mechanism -NP

800
— NPIC1
HRR (GW/m3) & PV 700 -
00 5 10 150 00 02 04 06 08 11 00 02 04 06 08 1.0 600 1
! Do e 0w s’ e s
. ¥ = 500
2
5 400
L /NG
, | = 001
“s :
100 |
| |
0240 0.235 0.230 0.2:25 0.2"?6' 0.215
Dintet v lvy
/ A IC
/ B
¥G
&7
Fresh gases
mix with burnt
V & gases
Wy

[1] B. Kruljevic et al Numerical study on the impact of Nanosecond Repetitively Pulsed discharges on the lean blowout limit for a hydrogen/air swirled flame. Combustion and
Flame 277 (2025)
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LES SICCA-H2 LBO simulations

Lean Blow-Off (LBO) extension mechanism - PAC

PV Wy, HRR (GW/m3)
00 02 04 06 08 10 2000 -150 -100 -50 13.0 00 5 10 15.0 800 — eacicl
— o —— ' | L —

700 -

600 -

w
o
o

w
o
o

\

4

Flame power [W]
5
o

o
\A

200 4

0 T T T
0.24 0.23 022 0.21

Before the plasma pulse
During the plasma pulse

[1] B. Kruljevic et al Numerical study on the impact of Nanosecond Repetitively Pulsed discharges on the lean blowout limit for a hydrogen/air swirled flame. Combustion and
Flame 277 (2025)
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LES SICCA-H2 LBO simulations

Lean Blow-Off (LBO) extension mechanism - PAC

. — PACIC1
HRR [GW/mS) PV ¢ 700 -
0.0 5 10 150 00 02 04 06 08 10 00 02 04 06 08 1.1
! D e— — e ——— o — 6001

500 +

400 +

A

300 1

Flame power [W]

200 +

100 A

% 022 023 o022 o21] 020 o0io o0is 017 o016
B l(pinlet
400
350 4
300 4
250 1
200 1
%

o

150 4

‘ 100 4

50

0 1
T I
0.210 0.208 0.206

/./ hnt?
N

X
b [

[1] B. Kruljevic et al Numerical study on the impact of Nanosecond Repetitively Pulsed discharges on the lean blowout limit for a hydrogen/air swirled flame. Combustion and
Flame 277 (2025)
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LES SICCA-H2 LBO simulations

Chemical analysis

— OH — 0 H2 H H20

0.05 0.25

Pulse 1 Pulse 2

Plasma in fresh gases = °* 020
O+H, >H+0H (R1) | £ °= 015 L
OH + H, - H+ H,0 (R2) = oz 010 ST

O0+0H->H+0, (R3) | 55
0.01 1 0.05
/\ e .
9-8% 508 0.1904 0.1900 0:00
¢inlet
0.05 0.25
Pulse 2

Plasma in products ~ — 004] Pulesd 0.20
H,0+ 0 - 20H (R4) g 0.03 ]
0+0H - H*0; (R3) = 002 010 B

A
0.01 1 £0.05
009500 0,025 0050 0075 0100 0125 0.15°°
Time [ms]

Fig : Top: The mass fractions of O, H, OH, H2 and H2 O during two pulses, in the
case when fresh gases enter the discharge zone. Bottom: The mass fractions of
O, H, OH, H2 and H2 O during two pulses at stable conditions for ¢G = 0.231.
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LES SICCA-H2 LBO simulations

Good agreement between the LES/PAC and experiments for the LBO limit

* The LBO is well predicted for both the PAC and unassisted cases
« The good agreement is true also for different initial conditions

The NRP discharges are producing radicals and heat inside of the recirculation
region — stabilizing the flame

* Hydrogen is consumed when the fresh gases enter the recirculation zone
* Water is consumed when the plasma acts on the burnt gases
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New modelling



Phenomenology of NRP discharges

Relaxation of the
excited N, molecule

Electronic
Ny + e — N; + e
o Discharge energy <
No +e7 — N§ + e™
Vibrational
Energy deposited

Relaxation of the remaining
energy into heating

by the discharge (Ep)
Energy % .

—

Remaining energy

Stored as remaining energy (45%) — Erem

Fast gas heating (20%) - i
—— : Total energy
: - ! .
Fast gas dissociation (35%) = tot .
| | Time
Tp ~ 10 ns Tyt ~ 10 ps
Ultra-fast Slow
phenomena phenomena

[1]1 D.L. Rusterholtz et al., J. Phys. D: Appl. Phys. 46, 2013.
[2] N.A. Popov, 51st AIAA Aerospace Sciences Meeting, Grapevine, Texas, USA, 2013.
[3] M. Castela et al., Combust. Flame 166, 2016.
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Phenomenology of NRP discharges

Relaxation of the
excited N, molecule
Electronic

No + e — N; + e
o Discharge energy <

Ny +e7 — N + e~
Vibrational

In pure air

NE‘F 02 —>N2‘|‘O‘|‘ O ‘|‘€}(L)2 N12)+M—>N2+M+€glow

=» Model of: Castela et al., Combust. Flame 166, 2016.

In burnt gases

* h
N5+ O — No+ O + O +¢eg, Ny 4+ M - Nod M +ch
Ns + Hy — No + H + H 4 &g,
N5 + H, O — N, + OH+ H + ¢} => Model the dissociation of other
N3 + COy — Ny + CO + O + 5%2 species!

N5 + CO — No + CO + ehg Model of: Blanchard (Ph.D. thesis, Univ. Paris-Saclay,
tee France, 2023)
N5 + Ny — Ny + N, + &R,
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LES of the Mini-PAC burner

Evolution: Flame power 150

1400 7 e Non-assisted
- Plasma-assisted - Castela et al.
12004 — Plasma-assisted - Blanchard et al.

—

=.1000-
o
S
a 800 1
(]
£
©
L 600 1 — 40e+03
72000
400- .
200 T T T T T T T ,{‘j : 3.0e+02
0.0 2.5 5.0 7.5 10.0 12.5 15.0
Time [ms]
¢ 2 t
X 2 Y N
6@ > Q’DQ\ {’.QQQ*
IS Lo FSP
N\ O‘\' g '\Q\O x@ $° O :
oN P SNS o O with Blanchard’s model

=» Overall: similar results for Mini-PAC

[1] S.Q.E. Wang, Y. Bechane, V. P. Blanchard, C. Lacour, C. O. Laux and B. Fiorina. Impact of N2* quenching process modeling on large-eddy simulation of plasma-assisted
combustion.CST-MCS (2025)
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LES of the Mini-PAC burner

Evolution: Gas temperature

Plasma-assisted flame 4500
4000 A
Wwwu\ul\\\\\\l\\\ll“ T e
I i
235001 1A A e \\-.{;\\
=, 'm\l‘“ 1 \_= |
L i,
2 30001 Al
— 4.0e+03 g “,l —- 4000 A
7 1 e = \ "o 3500
S 20000 £ 2500 1 £
‘QL [moo § |2 ! §3000‘
é Fo § 200014 — Castelactal. & ]
— 3.0e+02 2000
| —— Blanchard et al.
1500 - B Experiments 00 0.2 04 0.6 08 1.0 12 14
Time [ms]
0 1 2 3 4 5)

Time [ms]

= Overall: similar results for Mini-PAC

[1] S.Q.E. Wang, Y. Bechane, V. P. Blanchard, C. Lacour, C. O. Laux and B. Fiorina. Impact of N2* quenching process modeling on large-eddy simulation of plasma-assisted
combustion.CST-MCS (2025)
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LES of the Mini-PAC burner

Evolution: OH number density
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Comparison Castela’s/Blanchard’s model:
O Similar results at steady-state pulsing and growing regimes.
Q Slight better performance of Blanchard’s during transient phase.

[1]1 S.Q.E. Wang, Y. Bechane, V. P. Blanchard, C. Lacour, C. O. Laux and B. Fiorina. Impact of N2* quenching process modeling on large-eddy simulation of plasma-assisted
combustion. CST-MCS (2025)
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Question

* What about Nox production?
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