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Plasma-assisted combustion for zero-carbon and net-zero aviation
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L?.’s Requirement: Eliminate CO, emissions but not offset other emissions!
A Approach: Short residence time at high temperature, low temperature preferred

/1\ Challenges: Operate fuel lean, unstable, extinction, high altitude relight, thermo-acoustic instabilities
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Demonstration: Plasma on (industry-relevant) flames

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

response

without plasma with pl asma

&

0.41

Swirl-stabilized burner

Pin-ring electrodes
plcnuk combustion chamber d)n 0. 34
Multipoint stage =
annu lar injection
(15 holes) grounded
| -

Swirl-stabilized burner
Pin-ring electrodes

}S‘MHEI‘

ﬁ premixed fuﬂlandanr
100 T
no plasma
30 kHz, t=6ms
njectos ~ 80 30 kHz, T = 2.2 ms[]
Pilt stage -\ o §0.20 3 o Worsened performance
AV :E‘ +«—— No plasma baseline
Multipoint stag ;"‘l‘('lmim(‘H’_m d) O l} g b
B — e B s Desired outcome
How can we maximize actuation authority?
s What controls the plasma-energy deposition and energy pathways? "

Veynante. Phil. Irans. R. Soc. A 3/3, 2015. V Blanchard's PhD Ihesis 2023

Aerospace Sciences Meeting, 2013
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WHY Nanosecond Repetitively Pulsed Discharges (NRPD)

Nonthermal ;
* Electrons have much higher energy than heavy V
species (Te~eV, T; ~ Tyqs, Te > T)
* Low ionization fraction At
* Most collisions are electron — neutral 1/f
Access high E/N Electrical parameters
Local Field Approximation (simplified) ' electronic - Gas gap: 1-10mm
. . %
* Electrons gain energy from the field gos Shssation - Electrical: 10KV, 20ns, 1-100kHz
€gain= —Je " E,Je = —€MNepte E -E 0.6 - Energy per pulse: 100uJ-10m)
* And spenditin collisions (locally). For low _:, filk - Power: 0.1-1000W
energy electrons ~1-2 eV: £
2m, 3 2 - P P <1%
€lost= NeVen 5Ek(Te — Th) =02 rotation plasma/ flame ’
Mh - E/N~ 180-500 Td

S

3

» Electron temperature/ energy is defined 10 ™ 0
by the reduced electric field Reduced Electric Field, E/N (Td)

. = - =
€gain=Elost Te = f(E/N) S Nagaraja et al. J. Phys. D: Appl. Phys. 46 (2013) 155205



What impacts combustion

Combustion chemistry involves a reactions of the form:

kg
A+ B ;\_* C
d[C]

U — k4 (T)[A][B] — ks(T)[C]

dt
ky(T) = AT

> Thermal effects: accelerate Arrhenius rates
» Kinetic effects: bypass slow reactions

Rate Constant (cm’/sec)

10
&F 0,+e=0+0('D)+e, 500 Td (a)
10° F e e cccccccc e e=- J" ______
10°F  0,+=0+0('Dy+e, 200 Td
-10
107k O+H=OH+H
10415 =L
a2 F N i
10 r _.+" _.=""" H+O=OH+O |
10" f e \ PPt
a4 F 7 P
10 & S
asF ’ H O +M=20H+M -~ o]
10 !. ” / T ”‘ ',.’.
16 F . / 5 /'/,/
10 5 ] L’ # Hﬂ{l=:ih\ﬂ
10"7 [ { ) 1 o 1 P i B
500 1000 1500 2000
Temperature (K)

2500

3

Reaction flux (molecules/cm/sec)

~
-

. . P . — - P L L
S o e e o e e e <
(=) o L : N w

—
n

7/41

Chain-initiation

[ 3
=
T
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T

(R1)
(R2)
(R3)
OH + Hs = H:0 + H (R4)
HOs + H = OH + OH (R5)
H-0: = OH + OH (R6)
Chain-termination
H + Oy(+M) = HOy{ +M) (R7)
HO» + H =Hy + 0 (R1)
lectron and Nz(~) impact dissociation
e+0:=0+0('D) (RBa)
e+0f=0+0 (R8h)
(b)
2 02+e=0+0('D)+e,?0 ®w -
0,+¢=0+0( D)re, 200 Tzt T
E /' o . ',‘
1 P _+* H,0+M=20H+M.~*~
- -"R " O+H=OH+H - - =g
E ./’ ’l’ /'/.
j =F rd \ Example from Ju & Sun,
v i ‘. 7z .
E P H,+0,=HO,* Progress in Energy and
e Combustion Science 48 (2015)
E ’ ? 4
Log. 4 ‘) A 1 !
500 1000 1500 2000 2500

Temperature (K)
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Mechanisms of plasma-flame interaction (OD)

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

N

Translational Dissociation
/ A\

Plasma Energy

Rotational, Vibrational & Electronic Ionization

Temperature Stable Species

Radicals

Excited Species Ions &

(NO;, 03, C,Hy, etc.) (0, H, OH, C.Hyp,etc) (01(a'Ap), Ny (CUIL), etc) Electrons

[ Thermal Effects

Enhancement

Kinetic Effects |

T. Ombrello et al. Comb and Flame 157 (2010)

Energy loss fraction

1.00 ¢
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0.75 ¢

First level of energy transfer: Electron-impact excitation (Popov,
Plasma Phys. Rep. 2001)
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Case: stoichiometric methane/air mixture
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Mechanisms of plasma-flame interaction (OD)

Fundamental mechanisms: E/N and energy (electron temperature and electron density)
determine the plasma-activated chemistry — OD problem
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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 |mpact of NRP plasmas on energy deposmon and energy pathways
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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.
Telegrapher’s equations need to be used to interpret electrical measurements and translate

power source information into values on load

Cde_ ’mp_]_
T

x=0
Power Supply
Shielding (Ground)

o[v]__[o z]a][v
ot |1 Z' 0|ox|I
Load Description RL/Zc Cr/Cen
A High R./high C1 10 0.1
B High R;/low Ci, 10 0.01
C Low Rp/high Cp, 0.5 0.1
D Low Rp/low Cp, 0.5 0.01

V/ Ve

V/Va,

Measurement @load

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

@mid-cable

051
0.4F
s 03F

=021

5 10 15
Time (t/t.)

Reported Energy

(VAT A

5 10 15
Time (t/t.)

High R, (A&B): voltage ~doubled, lower energy, higher distortion by C
Low R, (C&D): voltage reduced, higher energy, small distortion by C
Plasma is more complex: starts from high R, and ends in low R,

Careful how you interpret measurements depending on probe location,

probe selection, etc

C. A. Pavan®*, S. Rao*, and C. Guerra-Garcia (*1st). TUTORIAL: Electrical Measurements in Nanosecond Pulsed Plasma Reactors, J. Phys. D: Appl. Phys. 58 032502, 2025



Plasma on fundamental flames

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

* Laminar flames present a 1D platform to systematically explore the influence of:

12/41

- Fuel, composition, pressure, temperature, kinetics = can be accessed in 0D
- Electrical parameters (e.g., pulse repetition frequency) = can be accessed in 0D
- Actuation strategy (e.g., positioning of plasma with respect to flame front) > Need 1D

—
Flame T
42mm I Front 9—» Discharge Region E

j‘ Premixed

K CH,/ Air

A

200mm

v

C. A. Pavan, C. Guerra-Garcia (2025) Laminar Flame Speed Modification by Nanosecond Repetitively
Pulsed Discharges. Part Il: Experiments. Combustion & Flame.
https://doi.org/10.1016/j.combustflame.2025.114475

HV Pulser

¢ = 1.06, 1latm, 300K, u; = 6.5cm/s
Electrode gap 3.1-3.7mm, length 30mmx36mm
NRPD @ 2-8kHz, V, 22.5kV



Plasma on fundamental flames

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

* Laminar flames present a 1D platform to systematically explore the influence of: f
- Fuel, composition, pressure, temperature, kinetics = can be accessed in 0D
- Electrical parameters (e.g., pulse repetition frequency) = can be accessed in 0D
- Actuation strategy (e.g., positioning of plasma with respect to flame front) > Need 1D

Time=0.0ms

C. Pavan, C. Guerra-Garcia. Imaging of Dynamic Plasma-Combustion Interactions Through a Transparent Electrode.
Frontiers in Physics 13 1654714 (2025)
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Experimental & numerical calculation of laminar flame speed

Electrode

Walls at 300K Flame Front
s E— ~ (att=0)
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- . {2 b
: « 30mm
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e Convection-diffusion equations for mass, momentum,
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Flame tracking gives x(t,y)
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215 ‘ \ 40
C. A. Pavan, C. Guerra-Garcia (2025) Combustion & Flame. ;é”zo ‘, -
https://doi.org/10.1016/j.combustflame.2025.114475 25 \ |
0 100 150

https://doi.org/10.1016/j.combustflame.2025.114484
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https://doi.org/10.1016/j.combustflame.2025.114475
https://doi.org/10.1016/j.combustflame.2025.114484
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Influence of positioning on mechanisms of interaction and impact on

flame speed

Strategy 1: Plasma far ahead of flame

Interaction via acoustic waves

Flame speed decrease of up to 30%

d

Walls at 300K Electrode
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Influence of positioning on mechanisms of interaction and impact on
flame speed

Strategy 2: Pre-conditioning of reactants Wallsat 300k Electrode e ront

. . . . . 4 (att=0)
* Interaction via acoustic waves + long lived plasma-species — —

, W
—_ . . — 1latm Discharge
* |[nitial disruption due to pressure waves | Prlum  — Region (

22mm

* Flame speed increase of up to 30% Pr—

I 27mm
>
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Influence of positioning on mechanisms of interaction and impact on

flame speed

o . alls a Electrode
Strategy 3: In-situ plasma (plasma overlapping flame) welar X _ e ront
* Interaction via acoustic waves + long lived plasma-species T = 300K :  Discharge (/ ‘
at H H u= Region
* [|nitial disruption due to pressure waves ¥ |
* Flame speed increase of up to 50% : |
Numerical Experimental
Time=1ms
40 S N
/ \\a.
/ o \
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A uniform prescribed E/N profile is a blind guess: Need to account

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)
anode

AT 17 »

e e

~ el
e e ee¢ :
d Cf (? E A. A. Fridman, Plasma
Chemistry, Cambridge
University Press,
Cambridge 2012

N %
7 7

T
N/
?GT?

e

c

cathode

® Discharge regimes & energy delivery driven by
flame passage

o Microdischarges in cold reactants
o Uniform discharge in hot products
C. Guerra-Garcia and C. A. Pavan. The backward problem in plasma-assisted

combustion: Experiments of nanosecond pulsed discharges driven by flames.
Applications in Energy and Combustion Science 15,2023, 100155

Discharge gaps in combustion environments

Time=0.0ms

anode
burnt gas flame reactants
< T 3
Q —
«— Yp L <«
<
h
«—
cathode




Control of combustion dynamics @MIT T

I I Institute of
Technology

Quartz Tube

. . Swirler
Discharge Location

Air + CH, Blend

N 1 e S

A

: |-

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

Video of flame (1/67 playback speed)
50kW-rated swirl-stabilized combustor with methane/air blends
Operation point: 14kW power, ¢=0.78
Experiences 120Hz acoustic instability

Pin-to-cylinder electrodes: V < 20kV. PRF< 10kHz S. J. Shanbhogue, C. A. Pavan, D. E. Weibel, F. Gomez del Campo, C. Guerra-
S ! - Garcia, and A. F. Ghoniem. Journal of Propulsion and Power, 2023
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Discharge regimes — imaging and electrical measurements

T T T

—_—— In

Low Energy

|
|
: ------------- High Energy

itermediate Energy

-50 0 50 100 150 200

-50 0 50 100 150 200 250 300
30 T
=)
Z20r
23
g 10+
5 | Reported Pulse Energy
0 1 I 1 1 L |
-50 0 50 100 150 200 250 300
Time (ns)

Reflection on quartz

Main filament (over-exposed)

Ns-spark
(high energy)

Streamer corona (low
energy)

Spark-to-streamers
(intermediate energy)

Streamers-to-spark
(intermediate energy)

Burner with inaccessible geometry — diagnose discharge with energy measurements

C. A. Pavan, S. J. Shanbhogue, D. E. Weibel, F. Gomez del Campo, A. F. Ghoniem, and C. Guerra-Garcia. Dynamic response of nanosecond repetitively pulsed discharges to combustion dynamics: regime transitions driven by flame

oscillations, Plasma Sources Science and Technology 33, 025016 (15pp) 2024



NRPD to suppress instabilities: a 2-way 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
<

ohad\ 4 ) J

200 300 400 500
Frequency (Hz)

* Oscillations are 1-4% of mean pressure, compared to ~0.1% in
prior works

* NRPD applied close to flame anchoring point, premixed stream

* Significant reduction of strong limit-cycle combustion but
instability not fully suppressed

S. J. Shanbhogue, C. A. Pavan, D. E. Weibel, F. Gomez del Campo, C. Guerra-Garcia, and A. F. Ghoniem.
Control of Large-Amplitude Combustion Oscillations Using Nanosecond Repetitively Pulsed Plasmas.

Journal of Propulsion and Power, 2023. https://doi.org/10.2514/1.B38883

Backward problem

4 T T T T T T 30
. Lol
£ 2r . NI o
& - =
=0 N
& 110°=
2k
0
320 380 400 460
Time since plasma on (ms)
50 _ Main filament (over-exposed)

S
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Q

IS
o
©

w
4)]

w
o
T

* Energy deposition is controlled

by electrical parameters and
gas dynamics

kE
% .
Z 2 ° * High energy mode has greater
220+ actuation authority
s O PRF=9kHz .
7150 o pre-siHz » Re-design system to access
- PRF=7kHz .

1071 o pRF=6KHz high energy mode regardless

C PRF=5kHz o
5 v of flame location
O L L i
10 15 20 30

Fraction not in streamer mode (%)

C. A. Pavan, S. J. Shanbhogue, D. E. Weibel, F. Gomez del Campo, A. F. Ghoniem, and C. Guerra-Garcia. Dynamic
response of nanosecond repetitively pulsed discharges to combustion dynamics: regime transitions driven by
flame oscillations, Plasma Sources Science and Technology 33, 025016 (15pp) 2024
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NRPD to suppress instabilities: a 2-way coupled problem

Backward problem

* New injector/ electrode-gap (Specter Aerospace): - Vieak = 6.28kV , Pyiygna = 51W
H H M AN n .‘ N Noaon NN oy ."\
gap is 4.55 mm vs. original 12.7 mm ot/\\/ VW 1,".‘\. WA AN
. _ ) .- LTIV Y v
* Discharge affected by electrode-gap geometry 2000 W"’ﬂ"””wm SO P = GOW 5
* Discharge regime 20001 . _ A | ]
. g g 0f N\\\\\ \\\\\\\\\\\ VAVAVAVAVAVAVAVAVAVAVLW'N 10
[ ] —_
Discharge energy 2000 s S
S Voear = 7- 04kV y Pplasma = 65W E
=, 2000 -
a 0 'q.l I-‘:'\I'w -ﬂll Iw"."n‘ .'In"l ‘ﬂ\l I-".\'. I‘""'.‘ I‘-":\\ .':‘". ,"r\'- A ,\ A A A A NP e =110 %f-'
£ 2000 ' 5 &
:: 2000 pz ak — = 7.24kV Ppr’mmu = 69W é
. ape B 0 _:II\ .II Nl ‘II ﬂ| fll\llw ';\l \I I‘Il ';"‘ I\ \ A A \ AVAY AV AT A N U R — R N | 10 =
* For power > 69W instability suppressed for RTAVATATAVAYR e e e ) . —
. -2000 - 5
thIS 6kW ﬂame 2000 pmk =T7.63kV ) Pp"nsmu = 78W
* At these voltage levels, the discharge remain§< Ny erre e —— 10
consistent across the oscillation and no 2000 " S . ]
H H Viear = 8-68kV , Pyragme = 99W
regime-fluctuations are observed 2000 ot 2 .
-"“. N A ;"“1 i \ VIV A A A o 'q : 410
O kll\.‘l W l'L \ IIIl,-‘II I‘I\.-'I‘ ll\, “\I Illll lll\ "I‘ \I\ v/ \" \_.. R N T i i e e e ey
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Time since Plasma ON (ms)

S. J. Shanbhogue, R. Dijoud, C. A. Pavan, S. Rao, F. Gomez del Campo, C. Guerra-Garcia, and A. F. Ghoniem. Improvements in Premixed CH4/NH3 swirling flames with
nanosecond pulsed discharges. AIAA Aviation Forum 2024, Las Vegas, NV, AIAA-2024-3898



NRPD to suppress instabilities: a 2-way coupled problem

Forward problem

* Flame macrostructure
 Combustion dynamic stability

Equivalence  Flame Without Plasma
Ratio

Flame With Plasma

Pressure (Pa)

Combustion affected by new geometry
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BASELINE PLASMA
C'H,/air, ¢ = 1.0, no plasma CH,/air, ¢ = 1.0; NRPD with 91”,"'71
(3]
& 1000 1000
o
é“ 0 0 .«/\.-.‘,./v\,\\*,,_"w.,.v,\-‘,\,s-w\./\,v-./-".\V\W“J\\.J-—M
72]
5 1000 -1000
m 1 1 1 1 1 1 )
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= i =
& & &
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S. J. Shanbhogue, R. Dijoud, C. A. Pavan, S. Rao, F. Gomez del Campo, C. Guerra-Garcia, and A. F. Ghoniem. Improvements in Premixed
CH4/NH3 swirling flames with nanosecond pulsed discharges. AIAA Aviation Forum 2024, Las Vegas, NV, AIAA-2024-3898



Summary

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

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

« E/N 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

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

C. Pavan, C. Guerra-Garcia. Imaging of Dynamic Plasma-Combustion Interactions Through a
Transparent Electrode. Frontiers in Physics 13 1654714 (2025)
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Mission of the Aerospace Plasma Group

AEROSPACE PLASMA GROUP

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

Lightning safety
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Lightning swept stroke — real time

N Jenkins’ SM Thesis June 2024 (numerical simulation)
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Lightning swept stroke — slow motion

Current

% of maximum

N Jenkins’ SM Thesis June 2024 (numerical simulation)
Y 4

0 ms
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Experimental arrangements for the swept stroke

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. Ciifford 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

T ! T T ! ! T T

—Voltage [kV]

0 Abbya bkl ot i T i 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)



https://doi.org/10.5281/zenodo.13845312

Imaging the arc and the flowfield

« What's the influence of the flowfield on the arc column dynamics?
« What's the influence of the flow boundary layer on the arc root dynamics?

Visualize both the arc and the flowfield 50-

= -50 -
E
frame#t §
100- 2=
125-
-150- Particle Image Velocimetry (PIV) B
High Speed Video -175- .
150 100 50 0 50
Position [mm]

F. Lin, V. Andraud, G. Tobella, J. Montanya, R. Sousa Martins, and C. Guerra-Garcia (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, 355205; https://doi.org/10.1088/1361-6463/adfcel

[s/w] IAl Awoolap


https://doi.org/10.1088/1361-6463/adfce1
https://doi.org/10.1088/1361-6463/adfce1
https://doi.org/10.1088/1361-6463/adfce1
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» Arc column is advected by the flow

> Flow features, like separation, constrain the
dynamics of the arc root
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Influence of polarity on arc root/ column dynamics

Anode: 0 deg. AoA, arc at extinction Cathode: 0 deg. AoA, arc at extinction

* Anodic root prone to skipping’

« Cathodic root stays in place and/or gives long jump

» Different processes for cathode/ anode roots: a cathodic spot has to emit electrons to maintain
the arc current

* The ‘low’ current of this arc inhibits thermionic and field emission processes

F. Lin, V. Andraud, G. Tobella, J. Montanya, R. Sousa Martins, and C. Guerra-Garcia (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, 355205; https://doi.org/10.1088/1361-6463/adfcel



https://doi.org/10.1088/1361-6463/adfce1
https://doi.org/10.1088/1361-6463/adfce1
https://doi.org/10.1088/1361-6463/adfce1

Volts/cm

Modeling the swept stroke: Arc approximation
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Bl e e|/20cms.

Current, Amperes

King, L. A. (1961). The voltage gradient of the free burning arc is air or nitrogen. In
H. Maecker (Ed.), lonization phenomena in gases (Vol. 1, p. 871-877)

Reattachment
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n
Internal E-field E = (—) E,

no
Potential U(s) = [ E(s)ds
Arc radius r= <£> 70

Ng
Linear advection x'T'=%"'+ Eft - At

A. Larsson, P. Lalande, A. Bondiou-Clergerie.
The Lightning swept stroke along an aircraft
in flight. Part Il: numerical simulations of the
complete process. J Phys D: Applied Phys, 33
(15) 2000

N. Jenkins, C. Guerra-Garcia. Numerical
simulation of the lightning swept stroke:
application to the results from the NASA
Storm Hazards Program. IEEE Access vol. 12,
pp. 188231-188244, 2024
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Modeling the swept stroke: Solving at the aircraft scale

Arc seeding @ initial
attachment point, any
orientation

N. Jenkins, C. Guerra-Garcia. Numerical simulation of the lightning swept stroke: application to the
S U 2 results from the NASA Storm Hazards Program. IEEE Access vol. 12, pp. 188231-188244, 2024
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Validity of the physical model: comparison to experimental data
from NASA SHP

1.0e+00
0.9
0.8
0.7
0.6
0.5
0.4
0.3
L 0.2
L 0.1
o 1.0e-24

Probability (m~1)

Aggregate strike distribution
Statistical distribution of lightning attachment patterns
Results of inviscid simulation overlayed with experimental data from the 1980s NASA SHP (green markers)



Mapping to the engineering practice:
application to conventional transport

1st return stroke
200kA

/

Continuing current
200-800A

cument
(not 1o scale)

Subsequent
strokes
100kA

Ips.scmp ﬂi.r —)%02515:515 —;Ir = S00ps —+ ARP 54128

Zone ARP 5414B “All the areas of the aircraft surfaces where...” Quantifiable interpretation

1A Afirst return stroke is likely during lightning channel attach- = High probability of initial attach-
ment with a low expectation of flash hang-on. ment or swept leader

1B A first return stroke is likely during lightning channel attach- ~ High probability of initial attach-
ment with a high expectation of flash hang-on. ment on a trailing edge.

1C A first return stroke of reduced amplitude is likely during  Extension of Zone 1A to include
lightning channel attachment with a low expectation of flash  some swept stroke region.
hang-on.

2A  Subsequent return stroke is likely to be swept with a low  Swept stroke region outside of
expectation of flash hang-on. Zone 1.

2B  Subsequent return stroke is likely to be swept with a high  Swept stroke region outside of
expectation of flash hang-on. Zone 1 with long hang-on.

3  Those surfaces not in Zones 1A, 1B, 1C, 2A, or 2B. Everywhere not in Zones 1 or 2.
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Outlook: Application to novel aircraft

Conventional Transport

ARP 5414-B .
1A Truss-Braced Wing

Simulated

P. 0.003m™"
V, 75ms™!

.

Blended Wing Body (BWB)

|
2B

v Bottom
view



Summary

From the Decadal Assessment of Plasma
Science™: ‘physics of lightning has long been
considered as prohibitively difficult to understand
from first principles, and so lightning research
focused either on observations of the macroscopic
phenomena or on lightning protection based on
engineering models. Lightning protection remains
a topic of growing importance, particularly given
the trend toward composites in the aerospace
industry. (...)

Low Temperature Plasma research will play a
crucial role in some of the key science challenges
in this area including [...] lightning attachment [...]
A better understanding of this process could
lead to improved lightning protection schemes’

* National Academies of Sciences, Engineering, and Medicine, 2021. Decadal Assessment of Plasma Science. Washington, DC: National Academies
Press.
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Final remarks

* Plasma science and engineering go hand in

hand
* Engineering and societal challenges give the

framework and motivation to pursue
fundamental science questions

« To control, first you need to understand, and
often you encounter uncharted territories...

» Aerospace plasmas present unique
multiphysics challenges as they often appear in

fast-flowing, reactive gas environments
Al generated

(DesignerGPT)
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