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Plasmaassisted combustion for zeoarbon and nekzero aviation

Jemperature
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Figure adapted from: Gas Turbine
Combustion, Lefebvre arigialla) 2010

A\ Approach Short residence time at high temperature, low temperature preferred

/J} ChallengesOperate fuel lean, unstable, extinction, high altitude relight, theanoustic instabilities
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Demonstration: Plasma on (industgtevant) flames

Nanosecond pulsed plasmas extend static and dynamic stability limits of lean flames, albeit variable
response

without plasma with plasma

d’g
Swirkstabilized burner
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Pinring electrodes
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Desired outcome
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How can we maximize actuation authority?
S What controls the plasmaenergy deposition and energy pathways? .
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WHY Nanosecond Repetitively Pulsed Discharges (NRPD)

Nonthermal .
A Electrons have much higher energy than heavy V
species ™ Q'Y< Y Y] 7Y
A Low ionization fraction At
A Most collisions are electroaneutral 1/f
Access high E/N Electrical parameters
Local Field Approximatioigsimplified) ' electronic - Gas gap: L.0mm
. . %
A Electrons gain energy from the field 508 Sibeation - Electrical: 10kV, 20ns;100kHz
" Q¢0p " O -g 0.6 - Energy per pulse: 16-10mJ
A And spend it in coIIision§ (locally). For low _f, il - Power: 0.11000W
energy electrons ~2 eV: £
a o, g -
N e’ Ca—j E'Q"Y Y @ 0.2} i Pplasma{ I:)flame< 1%
- E/N ~ 186500 Td
A Electron temperature/ energy is defined 0 10 10 0
by the reduced electric field Reduced Electric Field, E/N (Td)
N N O Y "QOI0

SNagarajeet al. J. Phys. D: Appl. Phys. 46 (2013) 155205
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What impacts combustion

Chain-initiation

Combustion chemistry involves a reactions of the form: (R1)
kf
A+B=C (R2)
ky (R3)
d[C] OH + Hy = H,0 + H (R4)
¢ = Fr(DIA]B] = k(T)[C] HO; + H = OH + OH (RS)
H.0: = OH + OH (R6)
ki(T) = AT Chain-termination
H + Oy(+M) = HOy{ +M) (R7)
. ] . HO; +H=Hy + 05 (R1)
U Thermal effects: accelerate Arrhenius rates Tectronand N Tmact d5socaton
e _ : ! ,
U Kinetic effects: bypass slow reactions e+0; =0+ 0(D) (R8a)
e+0i=0+0 (R8b)
107 g : 107
10° g. i _O_2+TO:OLD1+6’_5(?T_d R IS .l _____ : a—) g 10% ®)
?j 10° f 0,+e=0+0('D)+e, 200 Td ng 102 L _Ofe=0t0(Dyre,p0Td . -
g 07 _ Rl R
S O+H,=OH+H = 10 rO,+e=0+0(' D)+e, 200 Td— el
S 4t ke - . | e ® L
g 10_” ] A SR T ! 3 10 k // i ,+* H,0,M=20H+M.~"~
E 10 [ . N _; _ o H+OZ=OH+O ] 5 19: (" ‘\ O+H2=OH+H ’,’ .,_,./
6 10" . i /_/‘ \ e é 1018 : /: :" ,',./
et ’o‘ . ,l 3°
5 10Mf d g1y 2 K e Example from Ju & Sun,
- -15 ./ H,0,+M=20H+M -~ -1 % 10"k / ! KA )
0% .y 3 P g [ F & TLFOFHOE Progress in Energy and
10/ /./ﬁ’;o_&‘ Boqetf rosom0 o Combustion Scienet8 (2015)
10-17 F { . 1 .." \ Pl g = 2_-. 2 1015 i I' ] x l'l 1.'/ 1 a 1 "
500 1000 1500 2000 2500 500 1000 1500 2000 2500

Temperature (K) Temperature (K)
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Mechanisms of plasrdéame interaction (0D)

Fundamental mechanisms: E/N and energy deposition (electron temperature and electron density)
determine the plasma-activated chemistry i OD problem

Plasma Energy . . . .
/ \ First level of energy transfeElectronimpact excitation (Popov,
Translational Dnssocnnon Rotational, Vibrational & Electronic Ionization Plasma Phys' Rep' 2001)
L e\ ” .
0 0 (L) Q
0 QO 0 (Oh)mm)S) Q
g (N(i?;:z.ﬁm) (O.H.Ol:,dg:ll;.l.etc-) (o,(j:::f:,(sg’eﬁli:)’,eu_) Rlocrees 0 ‘QO |0 0 Q
\M Radicals
[ Thermal Effects Enhancement Kinetic Effects |
T.Ombrelloet al. Comb and Flame 157 (2010) .
N,|electronic < — e
075} atiachment

I CH4 inelastic

02 rot
I 02 vib

02 electronic
I N2 rot

N2 vib

vibrational-

N2(B)
. N2(aY)
N2(C)
0.25 r TIEEERE N2 high ex.
O | . B Pulse Shape (normalized)
b electron J
0.00 - - . = !

0 10 20 30 40 50
Time (ns)

Case: stoichiometric methane/air mixture

Energy loss fraction
pa
N




Mechanisms of plasrdéame interaction (0D)

Fundamental mechanisms: E/N and energy (electron temperature and electron density)
determine the plasma-activated chemistry i OD problem

Vibrational (Gas Heating Dissociations
Plasma Energy BN () M Elastic Heating O = 0+ 0
/ \ mEm () WM Elec. Quenching CH, — CHy+ H
Transhational Dissociation Rotational, Vibrational & Electronic  Ionization L EIERY V-T Relaxation H,0 = O+ H+H
. N,(y,) M lons Recomb. €O, »C0+0 What impacts combustian
e Fodited Our Electronic A Accelerated Arrhenius rates
' ; _ _ Na(vg) lons V(A A . f g hai
T_—— (N(i?(‘;:z':;l_uicc.) (o,a,olg,d::;,,,m.) (o;(j;::::(sg’eﬁl':)’,em) E:::t:':as . V() L -1"'7.; co 2 N, (B) BypaSSIng of slower chain
_— () 0; H0" Ny(a') initiation and branching steps
—— Total . CH| Ny(C)

—

| Thermal Effects Enhancement Kinetic Effects ]

Case: stoichiometric 100 ¢

_ . methane/air, 700K r‘_‘_‘_
L Q0)

Slow heating

T.Ombrelloet al. Comb and Flame 157 (2010) 8

._
L]
=

Second level of energy transfer 100 -

A Quenching of elec. states: Kinetic
effects and thermal energy ims

A Quenching of/ib. states:

Thermal energy ins

- ()

et

N
1

Bl

Energﬂn 1. fem”]

ol A

Reduced Electric Field [1'd]
Energy [m.J/cm”]

20

Contribution to Final Energy [%]

: T - —— —_—)
R.Dijoud N. Laws, and C. Guef@arcia. 30 A0 50 G0 70 S0 i 200 400 GO0 SO0 L0600
Combustion and Flam&71, 1137932025 Time since Start of Pulse [ns] Time [fs]
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Influence of mixture composition on mechanisms of interaction

Challenge: E/N and energy deposition are coupled to the mixture composition and state
Systematic evaluation of the impact of NRP plasmas on energy deposition and energy pathways

- . - .‘ 2 a7 | .
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Voltage and energy depend on electrical circuit and load

Challenge: voltage and energy deposition are dependent on load properties and circuit.
Tel egr apher 0npeeddolpe usedtodnterpret electrical measurements and translate
power source information into values on load

Measurement @load

[FLoad A—Load B—Load C—Load D -Incident Pulse]

V/ Ve

HV £ dx {,dx

m 0.2
Cde_ ro’igu:x_]_ 0.1
1 —]— 2 —|— » , , . I ]
P0w§r=51?pply l — 0 5 10 15 0 5 10 15
Shielding (Ground) = . Time (t/ten)
@mld -Cable 0.5 Reported Energy
2t ‘ '
oW __ [0 z]d][v B VAYAS4
—_— = — ] —— s, $03f
ot I ZC 0 0x I = \ X < oo}
T 0.1
2 5 10 15 % 5 10 15
Load Description RL/Zc Cr/Cen Time (/t.1)
A High Ry /high C. 10 01 A High R(A&B): voltage ~doubled, _Iower energy, higher .disto.rtion by C
B High Ry/low Cr. 10 0.01 A Low R (C&D): voltage reduced, higher energy, small distortion by C
C Low Rp/high Cp, 0.5 0.1 ; . ; ;
b Low Reflow Cs g 0l A Plasma is more c_omplex. starts from highaRd end_s in low R |
A Careful how you interpret measurements depending on probe location,

probe selectiongtc
C. A. Pavan*, S. Rao*, and C. Gu&azcia (*1st). TUTORIAL.: Electrical Measurements in Nanosecond Pulsed Plasma ReRiaysrd): Appl. Ph§s.0325022025
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Plasma on fundamental flames

Systematic evaluation of the impact of NRP plasmas on laminar flame speed

A Laminar flames present a 1D platform to systematically explore the influence of:
- Fuel, composition, pressure, temperature, kinetdgscan be accessed in 0D
- Electrical parameters (e.qaulse repetition frequencyA can be accessed in 0D
- Actuation strategy (e.gpositioningof plasma with respect to flame fron§ Need 1D

____________ [ [
Flame ; — 1.0mm
4.2mm = | Discharge Region | v Premixed
ront ! ge ~egion remixe
____________ g CH,/ Air
) 200mm ’
[
z HV Pulser

C. A. Pavan, C. Guef@arcia 2025 Laminar Flame Speed Modification by Nanosecond Repetitively /0 P8 ¢latm, 300K0 ¢ w7
Pulsed Discharges. Part II: Experiments. Combustion & Flame. Electrode gap 3-B.7mm, length 30mmx36mm
https:// doi.org/10.1016/j.combustflame.2025.114475 NRPD @-8kHz,V,22.5kV



Plasma on fundamental flames @

Systematic evaluation of the impact of NRP plasmas on laminar flame speed

A Laminar flames present a 1D platform to systematically explore the influence of: f
- Fuel, composition, pressure, temperature, kinetdgscan be accessed in 0D
- Electrical parameters (e.qaulse repetition frequencyA can be accessed in 0D
- Actuation strategy (e.gpositioningof plasma with respect to flame fron§ Need 1D

Time=0.0ms

C. PavarC. GuerreGarcia. Imaging of Dynamic Plas@ambustion Interactions Through a Transparent Electrode.
Frontiers in Physics 13 165472025)
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Experimental & numerical calculatlon of laminar flame speed

Walls at 300K Electrode N Flame Front

, | ‘ ~ @tt=0) | A Flame tracking gived ohw
rrug  Dischage | [ A Velocity calculated by:
P e  Region " Orey o

([w ohw ]
i Q
30mm ; |
100mm = Time=1ms

Diagram not to
scale

A Convectiondiffusion equations for mass, momentum,
energy, species

I
Ty D .
dt+dl (up+ D) =S;+8 0r
— — — — — — — - ? 10 —
P 0 0 0 i
U _ar =20 i !
¢ = ’ . D= . ! . Sy = . o s Sr= ! I/ /
pe —)\% + ijhk —P% —L q.'picw 30 ‘
) ) 0 50 100 150
_{)Y_ | 7 ] i 0 1 | w ] x (mm) j
W e T " 80
A Solution by operator splitting scheme A1Z 60
S 15 ‘ \ 40
C. A. Pavan, C. Guef@arcia 2025 Combustion & Flame. Z2 ( N
https://doi.org/10.1016/j.combustflame.2025.114475 25 )

https://doi.org/10.1016/j.combustflame.2025.114484

Time (ms)



https://doi.org/10.1016/j.combustflame.2025.114475
https://doi.org/10.1016/j.combustflame.2025.114484

T(K)

P(Pa)
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Influence of positioning on mechanisms of interaction and impact
flame speed

Strategy 1: Plasma far ahead of flame Wallsatook Elecrode

—— (at t=0)

A Interaction via acoustic waves ‘ r = 300 ‘ e ( h ‘

u =S¢

P=1latm o) Region
A Flame speed decrease of up to 30%

T I —
i »

15mm

30mm

Numerical Experimental rime = 1 ms
Time=-0.10ms FlameiSpEes
2500 it
=
1.0 = 30
2000 | :“;
= 20
(B 08 = g
1500 | cm 2 10
£ o . ‘ : .
1000 0.6 ;-‘1 00 02 04 06 08 .
< Time (ms) Flame front at 5ms increments
a,
0.4
500 | 0
Total Input Energy
{per unit cross section)
. ‘ A 1 02 & 100
0 2 —10
0 10 20 30 40 B s g
(mmm) " Na2
= 050 = 20
;C 0.25
00 4 200 @
= 0.00 . s . i ’
00 02 04 06 08 150
s0 b 1 150 Time (ms)
80
= AP at x=10,0mm =
0 e 100 £ 1.00 60 E
2 o7 40"5
-50 | 1 50 < oso -
a, 20 Z
0.25 =
-100 | ) 1 1 0 0.00 L . L L .
0 10 20 30 40 00 02 04 06 OB
x (mm) Time (ms)
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flame speed
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Influence of positioning on mechanisms of interaction and impact

Strategy 2: Preonditioning of reactants

A Interaction visacoustic waves long livedhlasmaspecies

A Initial disruption due to pressure waves
A Flame speed increase of up to 30%

L)

T = 300K
P =1latm
u= Sf

Walls at 300K Electrode
——
‘ : Discharge :
Region
22mm —
I 27mm
30mm

(

1d”

10—5 L

1070

10—15 [

10—25

2500

2000 -

1500

1000

500

Time=-0.10ms Flame Speed
[ . 40
—0 S ®
ol fre— = 30
—— CH, I.‘,\‘I T —— 3]
— n — 3
-— il B 5]
il i & 10
— i | 4
‘-,"-'.'|l | a L L L I I
i
i1 '| 00 02 04 06 08
"."f I| I‘ Time (ms)
I ‘
Total Input Energy
per unit cross section)
o~ 1.00
£
N
o)
= 050
e
20 025
L =1
0 10 20 30 0 M 0.0 . . : :
z (mm) 00 02 04 06 08
Time (ms)
200 Densities at x=24.5mm
;
150 .
——— Gas Velocity 100 T
S T
=
50 =
: -, 0 10 . L | —l
o 10 20 30 40 0.0 0.2 0.4 0.6 0.8

x (mm ime (ms)
) i

Time=1ms

Flame front at 5ms increments

O -
=10
= | I
= | |
= 20 i l
| |
I |
30 L y I I \
0 50 100 150
X (mm)
N » g .‘ ' g, v' ; 80 R
( » ¥ W ‘. " :
i - . 60 f{/
40 ;i
w2
©
20 &
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Influence of positioning on mechanisms of interaction and impact

flame speed

Strategy 31n-situ plasma (plasma overlapping flame)
A Interaction viaacoustic waves long livedlasmaspecies

T = 300K
P = latm

Walls at 300K

Electrode

m—)

4
Discharge N
u=5 Region
22mm _
‘ 27mm ' i
30mm

A Initial disruption due to pressure waves
A Flame speed increase of up to 50%

Numerical Experimental
Time=1ms
a0 + e
(/” \\".
Vi . Wy,
yoal \
30 b e R P W ;\ ]
—_ S B (NSl ssstsaatands Wi~ Y S Flame front at 5ms increments
“‘-U-.’. ‘I',I\'--.V : — - - --:_'____.--" o
£ _
8] _
o ,: 10 -
© 40 :
20 - £
S R - 20l
n ¥ 30 —— I
i 20 F II;."-’: ,.". 150
3 \ ."I |I. /
10 & 10 ¢ W/ \/ -
2khz 5 \ aQ
Skhz 0 L . . . £ 10 60 2
8khz 2.00 2.05 210 2.15 ETN =
Avg no-discharge Speed time (ms) -} 15 e 40 2
‘s 20 g
0 1 1 1 1 an} ) 20 é
0 10 20 30 40 25
time (ms)




A uniform prescribed E/N profile is a blind guess: Need to accour
for the backward problem

Electrical breakdown happens in a nonuniform and inhomogeneous multi-phase flow environment, in contrast
to idealized conditions in classical gas discharge physics (constant pressure, temperature, composition)

Textbook conditions (1D uniform) Discharge gaps in combustion environments anode
anode
N >\ T T f s LIl flame reactants
'\e' e € e ee o e-/ D — i Q €<
d ? \e- l l— e-/ ? g A A Fridman Plasma € Yp Yz €«
? N/ ? °  Chemistry, Cambridge €« <«
(’f e e @f University Press, D <«
T y  Cambridge 2012 D — <«
X
cathode cathode

Time=0.0ms

A Discharge regimes & energy delivery driven by
flame passage

o0 Microdischarges in cold reactants
o Uniform discharge in hot products
C. GuerrgGarcia and C. A. Pavan. The backward problem in plassisted

combustion: Experiments of nanosecond pulsed discharges driven by flame
Applications in Energy and Combustion Scien¢2dX3 100155

vl




19/41

Control of combustion dynamics @MIT ———

I I Institute of
Technology

Quartz Tube !
|
Swirler i

Discharge Location \ 1 Air + CH4 Blend
".' :'
i

= l 1+

i ‘
Injector Plate/ Ground Pin Electrode ! 5/35'5751‘1’

Electrode |

Video of flame (1/67 playback speed)
A 50kWtrated swirlstabilized combustor with methane/air blends
A Operation point: 14kW power, = 0.78
A Experiences 120Hz acoustic instability

A Pinto-cvlinder electrodes: V T "OBRE T "O"0& S. JShanbhogugeC. A. Pavah). E. Weibelr. Gomez del CampG, Guerra
y ' < Q P : Garcia, andA. F.Ghoniem Journal of Propulsion and Pow2023
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Discharge regimesimaging and electrical measurements

15
; 10F A | : ]:]; :] C [: [ Low E-nerg:y i B Reflection on quartz
= ———— Intermediate Energy
gb 5 : : : ------------- High Energy
= 0 AN M A ATt
= | | | |
1 I 1 I 1 || 1 |
-50 0 50 100 150 200 250 300

Time (ns)

Main filament (over-exposed)

Streamer corona (low  Nsspark
energy) (high energy)

-50 0 50 100 150 200 250 300

30 .
=)
Z20r
g 10 |
& | Reported Pulse Energy
0 1 | ! L L - -
50 0 50 100 150 200 250 300 Streamergo spark S_parkto Sf[reamers
Time (ns) (intermediate energy) (intermediate energy)

Burner with inaccessible geometgydiagnose discharge with energy measurements

C. A. Pavarg. JShanbhogugeD. E. WeibeF. Gomez del CampA, F.Ghoniem and C. Guerr&arcia. Dynamic response of hanosecond repetitively pulsed discharges to combustion dynamics: regime trdriggioby flame
oscillations, Plasma Sources Science and Technology 33, 025016203pp)
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NRPD to suppress instabilities-&#/ coupled problem

Forward problem

Tests at ¢ = 0.79 — 0.80
5000

——no plasma, testl
—20 kV, 9kHz, test1

4000
= Y I no plasma, test2
=~ T 20 kV, 9kHz, test2
o 3000
M)
2
2.2000
g
<

al

0 100 200 300 400 500
Frequency (Hz)

A Oscillations are -#% of mean pressure, compared to ~0.1% in
prior works

A NRPD applied close to flame anchoring point, premixed strearn

A Significant reduction of strong limétycle combustion but
instability not fully suppressed

S. JShanbhogugeC. A. Pava). E. WeibeF. Gomez del Camp@, GuerrgGarcia, andh. F.Ghoniem
Control of LargeAmplitude Combustion Oscillations Using Nanosecond Repetitively Pulsed Plasmas.

Journal of Propulsion and Pow@623 https://doi.org/10.2514/1 B38883

Backward problem

4 T T T T T T 30
& 2r ", 0=
o O 108

2+

320 380 400 468

Time since plasma on (ms)

50 _ o Main filament (over-exposed)

45 + o)

i o A Energy deposition is controlled
= 9] .
S35 ‘ by electrical parameters and
e o gas dynamics
Z 2 ? - A High energy mode has greater
2 207 actuation authority
i O PRF=9kHz . .
7150 O pRe-gkHz U Redesign system to access
- PRF=7kHz .

1071 o pR=sKHz high energy mode regardless

5710 pRecas of flame location
010 1I5 26 25 3I0 3‘5

Fraction not in streamer mode (%)

C. A. Pavarg. JShanbhogugeD. E. WeibeF. Gomez del CampA, F.Ghoniem and C. Guerr&arcia. Dynamic
response of nanosecond repetitively pulsed discharges to combustion dynamics: regime transitions driven
flame oscillations, Plasma Sources Science and Technology 33, 02501 82(Z%pp)


https://doi.org/10.2514/1.B38883

22/41

NRPD to suppress instabilities-&#/ coupled problem

Backward problem

A New injector/ electrodegap (Specter Aerospace - Vieak = 628KV, Ppigana = 51W
gap is 4.55 mm vs. original 12.7 mm OHW dk \\.'\\" \ NN
A Discharge affected by electroamp geometry 2000 W’”"“‘W T ST s
pr a plasma —
A Discharge regime 2000y = | ]
. 9 9 o AN AN AAAAAAALNAANANNNAAANAAAAAAAA
A Discharge energy 000 ~ s S
:"; pr ak =T. 04’%1’/ P;nr’rmrm = 65W E/
> 2000 ———————— 0 B
w ATVAAAA N \ I;"‘ f NA A/ VY VY S ér
% 200([;] H\_:'I ‘I'\).-‘I ll".‘.-'l ‘ll\ _,-‘I .I\.II, \U l'\'."l W‘\‘\"Xv\; VAVAYATACAS Y e o N o 5 ::a'
:% ) pz ak — =T. 24/%]/ Ppr’mmu = 69W _.%
g 2000 =
. g III '\ ‘II nl' ‘I\I' l\ \' ‘ll 'l"\ \ A\ AW AV A VAT v e e ,,_ 10 -
A For power > 69W instability suppressed for O PV WApmmAlALansamamaass 1
. -2000 5
thIS 6kW ﬂame pmk = T7.63kV ) Pp"nsmu = T8W
. 2000
A At these voltage levels, the discharge remains o\ AN\ \ 1, I Ayt |10
consistent across the oscillation and no 2000 S 5
. H "’}mk = 8.68kV ) P;nlasmu = 99W
regimefluctuations are observed 2000 .
\ -\ -\ fl - NN ’ ' : -~ 10
or '\ '\:' "U" \'-.,-'I l'l,-‘l\l\. \& \I\.\‘ I \ \ v \ VAV AV, VoS PPN D A s O
— -200[-]50 0 50 100 150 208

Time since Plasma ON (ms)

S. JShanbhogugeR.Dijoud, C. A. Pavarg. Rao, F. Gomez del Cam@oGuerraGarcia, andA. F.Ghoniem Improvements in Premixed CH4/NH3 swirling flames with
nanosecond pulsed discharges. AIAA Aviation F@Q24 Las Vegas, NV, ARB243898



NRPD to suppress instabilities-&#/ coupled problem

Forward problem

A Combustion affected by new geometry

A Flame macrostructure

A Combustion dynamic stability

Pressure (Pa)

400

3007

(=]
(=3
(=]
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PLASMA

CH,/air, ¢ = 1.0; NRPD with 91—,’
1000

0 | @A A A A A A S A A A S P
-1000

2.85

2.9 2.95 3 3.05
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400 ¢
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3007
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.,
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<
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S. JShanbhogugR.Dijoud, C. A. Pavarg. Rao, F. Gomez del CamPoGuerrgGarcia, andA. F.Ghoniem Improvements in Premixed
CH4/NH3 swirling flames with nanosecond pulsed discharges. AIAA Aviation Fa2drhas Vegas, NV, AKRA243898
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Summary

A Plasma-flame interactions need to account for
considerations from gas discharge physics,
combustion, and pulsed-power engineering

A The two-way coupled problem can rarely be
bypassed: plasma influences combustion &
combustion influences plasma

A EIN and energy are key to controlling the
mechanisms of interaction, but they are affected
by gas state, mixture composition, electrical
parameters, and circuit elements in complex ways

A Plasmas can have both beneficial and adverse
effects on flames, positioning and timing are key in
achieving a favorable outcome

C. PavarC. GuerraGarcia. Imaging of Dynamic Plas@ambustion Interactions Through a
Transparent Electrode. Frontiers in Physics 13 1658X12b)
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Mission of the Aerospace Plasma Group

AEROSPACE PLASMA GROUP

Unvell the physics of transient electrical discharges to understand our natural
environmentand enable their control for the benefit of our planet and beyond

= o Credit: Sales Wick, BeyondClouds

Lightning safety
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Lightning swept strokereal time

N Jenkinsd SM Thesis June 2024 (numerical simulation)
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Lightning swept strokeslow motion

Current

% of maximun

N Jenkinsd SM Thesis June 2024 (nOmIerISical simulati on)
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Experimental arrangements for the swept stroke

Inclined Tungsten electrode

Moving surface experiments

Fuel tank

Tungsten vertical electrode

Electric arc

Arc root
Test sample

Electromagnetic launcher. Andraud et al., J
Phys D: Appl. Phys., 57, 2024

Free flight

Elastic -propelled sample. Plumer, ICLP, 2012

Truck -propelled sample. Plumer, ICLP, 2012

Flight tests: 1980s NASA Storm Hazards Program (SHP)

Wind tunnel tests. Clifford et al., NASA Report, 1974

Overhead Rajl

B. D. Fisher, G. L. Keyser, P. L. Deal, NASA TP 2087 1982
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Wind tunnel experiments of long arcs in crossflow

B Em Massachusetts UNIVERSITAT POLITECNICA DE CATALUNYA
I I Institute of BARCELONATECH
Technology Escola Superior d’Enginyeries Industrial,

Aeroespacial i Audiovisual de Terrassa

imx. ONERA  INGESCO

THE FRENCH AEROSPACE LAB

Upper Electrode: Ball or Hail
Wind Speed Angle of Attack Folarity Airfoil
/5] ldegl
1.2.4 0, 10 2 Posifive Megative

—Voltage [kV]

electrodes

0 AbBwA ’ . s lower ball to airfoil |
-50 0 50 100 150 200 250 300 350 400 450
Time [ms]

Guerra-Garcia, et al. (September 2024). Wind Tunnel Experiments of Long Arcs in Crossflow. International Conference on Lightning and Static Electricity
https://doi.org/10.5281/zenodo.13845312 (2" Best Paper Award)
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Imaging the arc and tHowfield

A Whatodos t he i fiofvfleld@nhe &c coldmn tdinamics?
A Whatoés the influence of ardreot dyhames?boundary
Visualize both the arc and the flowfield 50-
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~ High Speed Video 175~ Ny
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F. Lin, VAndraud G.Tobellg J. Montanya, R. Sousa Martins, &dGuerraGarcia (2025). Wind tunnel experiments of long arcs in crossflow: anodic roots
and influence of flow field, Journal of Physics D: Applied Physics, vol. 58, n. 35, B&Ha0kjoi.org/10.1088/13616463/adfcel

[s/w] IAl Awoolap
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Boundary layer influence on arc root/ column dynamics

Baseline: 0 deg. AoA, Anode Separation: 20 deg. AoA, Anode
50- I' : 1i 2.8
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= oo ' U Arc column is advected by the flow
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A Streamlines parallel to airfoil A Flow separation
A Root skips by 6.5mm every 7ms A Root stays in place at separation

A Arc column advected by flow A Arc column follows separation



