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Overarching goals for advanced combustion

_I

= Control of emissions from
combustion process

i ':. spark plug

PRS_ compressed
= fuel and air

= Improved efficiency of
combustion

..........

= Improved ignitability/reactivity —
of hard-to-burn fuels and in ’
difficult combustion .

environments e




Strategies for improved efficiency and lower
emissions

—

= Dilution to reduce adiabatic flame
Soot zone temp. to avoid NOx zone

= Lean F/A mixture (improved mixing
prior to combustion) to avoid Soot
zone

Equivalence Ratio (¢)

= High pressure to improve combustion

fficien
NOXx zone eiriciency

500 1000 1500 2000 2500 3000
Temperature (K)

Emphasis of this talk will be on Internal Combustion Engine Ignition



Motivation for dilute (lean), high pressure
combustion

-

1

1/y
" Noto | 2 CRT =2 % = (Z—i) T > High pr. comb.

= Dilution (airor EGR) > T4 !
m T,q ! = NOx |, Heatloss |

" Moo | > V1T

= ¥y = 1.4 (air), y = 1.3 (exhaust)
- Air dilution preferable -  Lean comb.



Dilution and high-pressure combustion is
accompanied by a cost

—I / Cold plasma ?
= High pressures > Spark plug gap | e[Heat loss T } Plasma-flow
coupling ?

- Plasma dimension | e[ﬂame kernel probability l}

Plasma radical / thermal

= Dilute (Lean) F/A mixtures | Ignition limit enhancement of ignition ?

>(s; || > flame kernel growth |

Plasma
improvement of COVimEP T} (stability | )
combustion
reactivity ?

> T,q ! > Unburned HC T

Advanced Ignition approaches seek to address above
problems



Numerous plasma platforms available for PAI

_I_

Streamer Discharge: overvoltage up to
200%
Applications: surface treatment, flue
gases treatment, electrical breakdown,
power switches

Arc Discharge: equilibrium plasma

Applications: melting & welding T=4000 K SDBD: overvoltage up to 1000%
T = 8000 K Applications: surface treatment, flue
1E16 gases treatment, actuators
‘% 1E15
=
©
g 1E14
c
e
O qEe13
MW Discharge: partial equilibrium
Applications: plasma chemical
conversion, chemical vapor
deposition (CVD) Nanosecond Pulsed Discharge:
overvoltage up to 10 times
Applications:
1E11 + Plasma supported combustion
Glow Discharge: E/n close to the —"0 10b 1000 " Plasméhsuppcrited aerodynamics
s = . emical conversion
; b-reak.dm e Reduced IEIectrnc Field, Td «CVD
Applications: light sources, surface
treatment, CVD < 1
Under-threshold I > QOver-voltage
Sustain Breakdown (most energy lost to
gas heating)

Starikovskiy and Alexandrosov, Prog. Energy Comb. Sci. 39, 61 (2013)



Several ignition approaches have been
studied for IC engine ignition applications

/Conventional sparh

plug (SI)

/ Dielectric Barrier (DBIh

Dielectric Material

\Shiraishi and Urushira (Nissan)/

Cylindrical
Ground Electrode

/ RF Corona

\ EcoFlash (BorgWarner)

ACIS (Federal Mogy

/ Nanosecond Pulsed (NSP) \

Nissan / Univ. S Cal. NGK sparkplug

K Imagineering Inc. /




Overview of physical and chemical processes
in PAI/PAC

—I Radicals
/ (O, H,...) —\
Active species Radicals -
Non-Eq. — (03, 02(A),...) (0,...) ) Fuel OXIda-tlon
Discharge | (combustion)
—
Heating (T.
\ g ( gas) \ Flow (Vgas) /
Electrostatic
force (F,) * | Flow (Vg,)
Vib. Exci. (T,;,) | = | Heating (Tg,o) || Flow (Vo)

EEEEER _IIIIIIﬁ Time
ns s ms

Radicals
——
Thermal / (O’ H’)
Discharge //
\ Heating (T_) Flow (V._)

gas gas

Fuel oxidation
(combustion)

Adapted and extension of: Castela et al., Comb. & Flame 166, 133 (2016)


Presenter Notes
Presentation Notes
Overall we have a much more rich physics (and possibly ‘knobs’ to play with in Non-eq. discharges.
Non-eq. Radical generation:  
Ozone / singlet delta :  Kinnov, Ombrello, Ju, Sun, 
Fast gas heating
ES forcing
Vib excit.:  Guerra,


Non-equilibrium

-

Species continuity

Ideal Gas Law
Drift-Diffusion
approximation

with bulk convection

Poisson’s equation

Electron Energy Equation
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hlasma model
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Flow model

= Compressible Navier-Stokes eqgn. a_U + 7 - (13 _ 6) =S

dt
State vector: Flux vectors: ) _ Eqn. of State:
ppu BN Toxl + TorJ + Tozk
U=|pv pvu + pi | p=pRT
= Igw F=| piv + pi | G = [Tyl + Ty + Tyzk 2
| pE | pﬁ)W+pi€ szi+szj+Tzzk E = ]deT+7—B
pvH | | TE-q ’
Source vector: Flectrostatic forcing
0 ] Fer = pcE
Fef,x
S=| Fery Gas heating ;
Fef,z L o o n. 3 Zme _
|S¢ + ﬁef.ﬁ_ Se=¢8Ji"E— eZAEi T — Eane m, (Te - Tg)ve
1=

Breden and Raja, AIAA J. 50, 647 (2012)
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Additional physics representation

. K as
= Surface charge trapping aps 5
on dielectric surfaces z Jk - g
26 Species :
. EI OI N2 / 02 ! H ! N2+ / 02+ / N4+ / O4+ / O2+N2 / 02_1 O_ / OZ(al) /
= Chemistry 0,(b1) , 0% , Ny(A) , Ny(B) , N,C , Ny(al), CH, , CHy , CH, , CH*,
= Air . ;
CHs*, CH, , H

= Methane + Air

85 Reactions :
1) electron impact excitation (rot,vib,el), dissociation, ionization,
2) excited species quenching (fast gas heating), 3) ion-neutral
(chx,...), 4) neutral-neutral
[Not included: Ozone chem., V-T transfer, fuel oxidation kinetics]

] . ] UV radiation
= Photoionization (98-102.5 nm / ‘ o
12.1-12.65 eV) 2"
Nz 2 \ o e
e+N,> e+ N, + hv O, +hv > e+ 0O,

IP: 0,=12.07 eV
Breden et al., J. Appl. Phys. 114, 083302 (2013)
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Computational issues

.

= Computational difficulties are primarily dictated by spatial and
temporal stiffness

Temporal Stiffness Spatial Stiffness

Time scales Ignition device
19ns lcl)Ons 1us 1(|)us 10|0us 1ms

1 1 : 1 I : >

Plasma

Non-eq. plasma discharge

Spark plasma discharge

Flame kernel

Flow relaxation

Flame spread into
entire combustion
chamber




Computational approach (Alleviation of *
temporal stiffness)

i s Physics-dependent TIME-STEP SKIPPING:

Electron/Poisson ¢—0—0—0—0—0—0—0—0—0—0—

1 ] oo
on ® O O O O O
Neutrals ﬁ T.l Tl .
F. ] i
ow ® O >
time

= Physics-dependent TIME-STEP MULTIPLICATION

= for steady/periodic steady problems

Electron/Poisson
1 1 1l 1| 1 1
T @emm———— Q---=== Q---=== Q-—-==== ®------ @---»
Neutrals — J \\T
— @ O @ >



Computational approach (Alleviation of
spatial stiffness)

Subdomain-dependent equation selection
Unstructured mesh
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Example: Nanosecond Pulsed (NSP)
Coaxial and Corona Igniter in
Combustible Mixture

Breden, Raja, Idicheria, Najt, and Mahadevan, J. Appl. Phys. 114, 083302 (2013)
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Coaxial electrode NSP plasma simulation

M. Gundersen, Univ. Southern California

Simulation domain : sector of

annular domain
= 20 deg. sector angle
= Characteristic size for single streamer
propagation
= Roughness element on inner
electrode to pin location of streamer

DIELECTRIC
SUBDOMAIN

ROUGHNESS ELEMENT — £
(POWERED ELECTRODE)

PLASMA

SYMMETRY UBDOMAIN

BOUNDARY

ROUND

60,000 cells

! SYMMETRY

r=1.2 mm BOUNDARY r =4 mm

Simulation conditions:

10 atmospheres

700 K fixed gas temperature
40 kV applied voltage (E/n ~ 143 Td)
lean A/F ratio (40:1 air/methane)

VeIectrode

40 kV

t=0



Time evolution of electron density and 18
temperature for coaxial electrode NSP

—I Conditions: P=10 atm, T,,,=700 K, 40 kV, 40:1 A/F ratio (lean)

Electron density transient Electron temperature transient

8ns 8.5 ns 9ns 8.5 ns

8ns _ 9ns

7 ns a:-;:::h \ 10 ns 7 ns 3 . 10 ns
6.5 ns PSS 1 ;5 6.5 ns 10.5 ns
6 ns 2 ns 6 ns 2ns

Electron # Density [m~] Electron Temp [K]

5.5 ns £e+21 5.5 ns 2.5 fOOOO
1e+20 230000
cle+19 120000
4.5 ns 4 ns 4.5 ns 4 ns 3.5 ns
le+18 10000

= 2 ns induction time (defined: time to reach threshold of 1012 m-3)
= Streamers bridge electrode gap in about 10 ns

= Ng(peak)~ 1021 m3, T,(head) ~4 eV, T(body) ~1 eV

= Secondary streamer (source of luminosity?)



Time evolution of radical densities and for

coaxial electrode NSP

19

—I Conditions: P=10 atm, T,,;=700 K, 40 kV, 40:1 A/F ratio (lean)
O radical density transient

7.5 ns

7 ns

6.5 ns

6 ns

5.5 ns

8.5 ns 9 ns

8 ns

2.5 ns

4.5 ns 4ns 3.5 ns

O Density [m3]
le+23
i

é1c+22

le+20

Number Density [m3]

1.0E+22 A

1.0E+21 -

1.0E+20 -

1.0E+19 -

1.0E+18

O - 7’
- - -
-~ H -
P — .
, - . .
- , .....
et
e 02al
4 6 8 10
Time [ns]

= Secondary streamer has significant impact on
ler21 overall radical yield
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Corona igniter

N SYMMETRIC
1

4 cm—

SYMMETRIC
0-cim—
67,000 cells (plasma)
POWERED ELECTRODE
115 kV
= Simulation conditions: Valectrode
A

= 10 atmospheres
= 700 K fixed gas temperature 115 kV

= 115 kV applied voltage
= lean A/F ratio (40:1 air/methane)

t=0



Transient evolution of electron density

| Conditions: P=10 atm, T,,=700 K, 115 kV, 40:1 A/F ratio (lean)

5ns 10 ns 15 ns 20 ns 25 ns 30 ns

= Peak electron densities in streamer head (~102 m
= Electron attachment in body

21

lectron Density [ # m'3]
ée+21
“1e+20
le+19

le+18



Comparison of species yields for Coaxial and *
Corona electrode geometries

I Positive ions ~ Negative species Radicals
1.2E420 - 2 55420 - 1.26422
D) 1.0E420 | 1.0E422
o 2.0E+20 A
(@]
b 8.0E+19 1 8.0E+21 |
s}
0 1.5E+20 |
i) 6.0E+19 A 6.0E+21 +
()
- LOE+20 |
© 4.0E+19 1 4.0E+21 4
é 5.0E+19
OE+19 |
g 2oEe1s | 2.0E421 1
@)
0.0E+00 0.0E+00 £ 0.08+00 *
Yoy
c??’x R Y 00,':55' N 8?’
6.0E+19 1.2E+20 1 i
126422 »
5.0E+19 1.0E+20 1
1.OE+22 »
© 4.0E+19 8.0E+19
c 8.0E+21 1
(@]
b 3.0E+19 | 6.0E+19 |
(@) 6.0E+21 4
@)
2.0E+19 1 4.0E+19 | 4.0E421 4
1.0E+19 1 2.0E+19 2.0F+21 1
0.0E+00 0.0E+00 1 0.0E+00

X WX AX WX L, n A
o&ébto"vobt @ooq, oo,,;b QCb



Example: Nanosecond Pulsed (NSP)
in Spark-plug configuration

Karpatne, Breden, and Raja., SAE Technical Paper (2017)
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Example: Nanosecond pulsed in pin-to-pin
configuration

-

= Problem Specifications

« 2-D Axisymmetric Spark Plug,
Spark gap = 0.7 mm

» Electrode dia. = 0.25 mm

» Applied cathode voltage (kV)
= -11 kV to -18 kV

* Pressure ~ 3 atm.

« Temperature = 300 K

- Air chemistry e
*  Quenching surface chemistry 0,004
included |

0.0035

0.003

= Numerical Specifications

« # Cells ~ 32,000 0.0025

« dt~1le-14s L.

+ Parallel (16 procs), t ~ 30 €
hrs 00015

 Final time ~ 1.5 ns

0.001

cathode

00005 cathode

-0.002 -0.001 0 0.001 0.002
meters



Plasma structure in the spark gap

cathode Time: 1.34 ns cathode Time: 1.34 ns

NumberDensity_E#/m3) ElectronTemp(K)
1.000=+16 12417 12418 12419 12420 12421 le+22 1.000=+23 1.000e+04 32500 55000 77500 1.000e+05

e M

Streamers originate at the E-field intensified regions of the electrode tips.
Anode-directed (negative) streamer first emerges at 0.25 ns

E-field distortion of negative streamer causes a positive streamer at 0.7 ns
Streamers merge after about 0.9 ns forming a conductive pathway
Eventually leads to large current flows (secondary breakdown)

25



Charged species evolution

N4+ 02+ 04+

Electrons

Number Density (#/m?3)

1.0002417 12418 12419 l=+20 12421 12422 12423 5.000=+24

Ml LLL IHI.}_.IIIH | 1L Fj"l“




Nitrogen and oxygen radical/exited species

Number Density (#/m3)

1.000=+17 12+18 12+19 l=+20 l=+21 12422 l=+23

Ml 111w1m| L 111] “

27




Fast gas heating and early flow response
(~1.5 ns)

_|

1.000=417 (W/m?3)
le+16
12415
—1=+14
— =413
— 1412
1=+l
12410
1249
1248

— le+7

la4d
le45
E lad
cathode cathode 1 000403

Time: 1.47 ns

Elastic Collision Source (W/m3) Inelastic Collision Source (W/m3)

cathode ‘

Time: 1.470000ns Time: 1.470000ns

Temperature (K) Pressure (Pa)

3000402 600 om0 1200 1.500e+03 3000s+05 475s+5  658+5  B825e+5  1.000s+06
LLLLLE L

Mll[l___ |I | M““L&H”““”“M

28


Presenter Notes
Presentation Notes
Inelastic collisions dominates fast gas heating.
At 1.5 ns, gas temperature rise in the spark gap channel (~ 300 K)
Pressure rises up to 7 bar in the channel
Shock will form at longer flow time scales (~ 100 ns)



Flow response (longer time scale ~1 pus)

_|

Velocity_Magnitude (m/s)

Ez7.5

[12.5

cathode cathode ol

Time: 960 ns

Pressure (Pa) Flow velocity (m/s)

Plasma heating active up to 1.3 ns.

Gas dynamic response to heating shown here fromt = 1 nsto t =1000 ns.
Inward and outward propagating shock relief (wave vel. ~1000 m/s)
Induced flow velocities (~ 50 m/s)

29



Time evolution of electrode currents

-

Streamer formation from 0-0.5ns, spark
gap is highly resistive and no current
flows through it

At ~0.5 ns streamer root connects with
cathode with observed current spike

At 0.9 seconds primary cathode and anode
streamers merge

After 1 ns, channel conductivity increases

dramatically indicating onset of a secondary

breakdown and transition to arc

The current spikes when streamers merge
corresponding to spikes in ion flux to
surfaces

current (A)

5
0
-5

-10
-15
-20
-25
-30
-35
-40

I (cathode)

onset of
secondary
breakdown

J

streamer root

connecicathode

N

0.5 1
time (ns)

I (anode)
0.5 1

;

streamers merge

time (ns)

1.5

1.5

30


Presenter Notes
Presentation Notes
Current profiles are for conduction (particle flux) currrent
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Species flux and impact energies (cathode)

_|

= Total Cathode wall flux and surface impact Cathode Corner Species Flux
1.00E+29 e e = N2+ Flux

energies are shown at 1.5ns. (#/m2-s)
7:,‘1.00E+27

()]
£1.00E+25 B N4+ Flux
S~

= Significant ion flux is observed at the

(#/m2-s)
H
cathode corner (~ 1028 #/s) H00ER23 o2 Flux
S1.00E+21 (# /m2-9)
.51.00E+19

= Max impact energy is ~ 300 eV

= = = 04+ Flux

(6}
81.00E+17 (#/m2-s)

)]
1.00E+15

= Typical sputter energy threshold ~ 30 eV -0.1
for most metals

0.1

pisPalice frond cornero(g?m)

Cathode Corner Species Impact Energy

350 = = = N2+ Impact
Ener eV
I 300 gy (eV)
>
5 9 250
g 4+ L > ® N4+ Impact
s o 200 I Energy (eV)
[ g ol
q wil S 150 !=
-1 d
2 S 100 ] 02+ Impact
] o il Energy (eV)
E € 50 H ;J
a A \-I—I—I—I-
- 0 = E-E-E-E B
= = = 04+ Impact
Ty -0.1 -0.05 0 0.05 0.1 Eneray (eV)
- el Distance from corner (mm)
L L ' '} i |

1 15| i 103 e 10e 1o®
1M EMERGY — sV



Paper # 2010-01-0563

Species flux and impact energies (anode)

Anode corner wall flux and surface
impact energies are shown at 1.5ns
(after channel has formed)

Mostly electrons, small amount of O,
ions.

Max impact energy is ~ 12 eV for
O, and O ions and ~ 0.1 eV for
electrons

Expect minimal damage on anode
corner compared to cathode

Species Flux (#/m3-s)

32
Anode Corner Species Fluxes

1.00E+29

& o
1.00E+27 I SO

[} Can
1.00E+25 P St ,ea.
1.00E+23 ! 'I‘I\ -
1.00E+21 ____". S,
1.00E+19 ===~ " o’

L d
1.00E+17 Cme=—"
1.00E+15
-0.1 -0.05 0 0.05 0.1

Distance from corner (mm)
= = = [ Total Flux (#/m2-s) = e = 02- Flux (#/m2-s)

Anode Corner Species Impact Energy
14

%12

~ 10

>

c 8

5

D 6

2

e 4

£
o [
-0.1 -0.05 0 0.05 0.1

Distance from corner (mm)
e—=E Impact Energy (eV) =—=02- Impact Energy (eV)



Example: Modeling of Thermal Arc
Interaction with a Cross Flow

Breden, Mahadevan, and Raja., SAE Technical Paper (2016)
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Arc model

-

ot

= Compressible Navier-Stokes eqn. [O_U + 7. (ﬁ _ a’) — SJ

State vector:

Flux vectors:

P S

pu 13upj— {

U — pv = ID - p/\
pw F=|pvv+p ]A

| pE | p1_7>W + pk

pvH
Source vector:
0

]sz _]sz + PYx

= ]sz _]sz + PYy

]xBy _]yBx + PYz
]-E _ Qrad

pl
Il

0
Tuxl + Txy] + Tazk
Tyxl + TyyJ + Tyzk
Toxl + Tyy] + TyzK

-

T.U— ¢

EM coupling:

v

~o)

‘\l'

]

oE

Egn. of State:

p = pRT

Vv p
E:ijdT-F?—;

34



Geometry and configuration for spark-plug
arc modeling problem

_|

= Geometry : 1.1 mm gap sparkplug
= 3-D 150K and 300K tetrahedral meshes

Circuit : Coil A (-50 mA)

= Flow Environment z 22 e 4‘2
x -~ e
= Mixture : Air g -
= Temperature : 300 K o il A
- Pressure  :100-1000 kPa . Ay ~ koiB
= Flow : 0-8 m/s z ::

-1 0 1 2 3 4 5 6
Time after discharge onset [msec]
Shiraishi etal, SAE Intl. J. Engines, 9 (2016).



Key experimental observations

Gas flow velocity [m/s]

2

1000

500

200

Gas pressure [kPa]

100

Electrode voltage (V)

Discharge voltage [kV]

cathode potential (V)

=== Time-after dischérge onset ]’msec]

= Arc stretch due to cross flow (helps increase ignition kernel size)

= Arc encounters repeated restrike
= Arc structure and hence the ignition kernel properties are strong function of flow

and pressure environment

Shiraishi etal, SAE Intl. J. Engines, 9 (2016).

2000
4000
6000
8000
10000 re-strike 2
12000 re-strike 3
14000
16000
re-strike 1
18000
20000
0.0001 0.0002 0.0004 0.0005
time (s)
t Lt s 1tr41
3 i = - :
N1 ! 3
e y v Il i — 1
. «—\J ihkm.\\" M~ Bl ¢ }w,”
g — P~ | E
EELLT EEE S SRR TR L i TS
' i A |
6 Restrike Pl | bl ]
voltage | | i "
8 p— i | — ~+— o
1 i | i it {qTfm
) ] 1 E,./TW r J;‘ {20
| B ¢ !
by e L] e
-14 <__»'L )4,,' - < e -60
DE AT po = ome 4R i e 1)

Discharge current [mA]

36




Pressure = 100 kPa, Cross flow velocity = 4 m/s

-

2000 0.01
First re-strike event at 0.7 ms : B AR LA L
-2000 0.0
S -4000
= 0.02
. 80 6000
Re-strike voltage -2.75 kV $ oo
-10000 0.04
-12000 0.05
-14000 0.06
0.5 0 0.5 1 1.5 2
time (millisec)
temperature(K) ,
ESe+03 : } 1
§3825
»22650
1475 y .
300
0002 -0.001 0 0.001 0.002 0.003 0.004
distance (m)

= Arc stretch due to cross flow improves ignition kernel size and
hence ignition characteristics

Current (A)
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Pressure = 100 kPa, Cross flow velocity = 8 m/s

2000 0

= First re-strike event at 0.5 ms 200 |l 'W' IR

= Re-strike voltage -4 kV 2 - / o §

-12000

ltage (V)

-14000 -0.06
-0.5 0 0.5 1 15 2

time (millisec)

temperature(K)
5e+03
E

3825

2650
1475

300

0.00
istance (m)

= Arc stretch increases with increasing cross flow velocity



Pressure = 500 kPa, Cross flow velocity = 8 m/s

—
I 2000

= First re-strike event at 0.5 ms °

-2000
-4000

-6000

voltage (V)

= Re-strike voltage -4 kV

-8000
-10000
-12000

-14000

-0.5

Time: 0.000000

4e+03
3075
2150
S1225

300

0

0.5 1
time (millisec)

= Arc stretch increases significantly at higher pressures

15

Y -

-

2

0.01

0

-0.01

-0.02

-0.03

-0.04

-0.05

-0.06

Time: 0.000000

40

current (A)



Arc length before first restrike: Comparison with
experiments

L(t) = 2dx/dt(t) +dg Center electrode

= Arc length before first restrike: R

.. Gas flow velocity

% =

Ground electrode

= 100 kPa, 4 m/s 0

MOdel Fesu It - 3 mm Discharge channel length before
first restrike (L.) [mm]

1000

900
800
700
600 L
500
400 -

= 500 kPa, 8 m/s * -
Model result = ~ 9 mm i

100

= 100 kPa, 8 m/s
Model result = ~ 5 mm ®

Gas Pressure [kPa]

0 2 4 6 8
Gas flow velocity at spark gap [m/s]
Image Credit: Shiraishi etal, SAE International 2015

= Good agreement between simulation and experiment predicted arc
length

42



Example: SSPP based wide-area
plasma ignitors

Kim, Pederson, Sharma, Subramaniam, and Raja, J. of Appl. Phys. 53, 265203 (2020).
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SSPP based wide-area ignitors

-

= Plasma kernel size determines success of combustion ignition

= Spoof Surface Plasmon Polariton (SSPP) phenomena provides an
approach for generation of non-equilibrium plasma over a wide
surface area at high pressures


Presenter Notes
Presentation Notes
The objective of this research is the generation of well controlled surface plasmas using EM wave interactions with engineered surface in microwave regimes, and utilize the spoof surface plasmon polariton for modeling the em wave interaction and the plasma discharges.
Now I will provide the basic background physics of the surface plasmon polariton .


Surface Plasmon Polariton (SPP)
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From: Smith., et al.

Microwave ( 0.3~300 GHz)

~100's THz

0 0.5 1 1.5 2

5827130/ Wp

From: Maier


Presenter Notes
Presentation Notes
To better control, or confine the plasma, it is important to focus the electromagnetic Power deposition at the area of interest
This could be done by exciting a surface wave and an example of such is the Surface plasmon polariton.
As the incident electromagnetic wave (polariton) impinges on the interface of the metal and the dielectric, the oscillations of electrons at the metal surface induces the strongly localized surface EM wave that has a wavelength much smaller than the incident light.
Such strongly confined surface wave can be excited only when the operating frequency is close to the SPP resonance frequency, or the asymptotic limit shown in this dispersion relation.
This shows that the SPP can be excited in the optical regime, or 100’s of THz, but in this work, we are interested in microwave generated plasmas 
Then we need a better approach for microwave operating frequencies.





while in this work, we are interested in microwave discharge due to many advantages it has over discharges in other frequency regimes.


SPP def:  	Strongly confined surface electromagnetic wave induced by TM polarized incident plane wave.
	incident electromagnetic wave (polariton) induces polarization at the interface of metal and dielectric, or oscillations of electrons(plasma) in metal, (plasmon)         
	Can only exist when described via dielectric function, one is positive and the other is negative
               	 Away from the light line, strong spp mode
Explain : SPP limit for natural spp is near 100s THz -> near microwave regime it is Zenneck-Sommerfield wave ( non-local )
Figure ref:  1) “Gap and channeled plasmons in tapered grooves: a review
“ http://pubs.rsc.org/en/Content/ArticleHtml/2015/NR/c5nr01282a
 2) Maier
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Spoof Surface Plasmon Polariton (SSPP)

-

= SSPP is an artificial excitation of surface wave mode that imitate SPP
= SSPP operates in microwave regimes, where SPP is inactive
= SSPP excitation: hybrid of cavity and surface wave modes
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7 @— N 2 r
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Presenter Notes
Presentation Notes
The surface wave mode we studied is the Spoof surface plasmon polariton, which can be excited on the surface of the corrugated metal structure filled with the dielectric of choice.
The sspp is an artificial excitation of surface wave mode that imitate the behavior of the SPP, which can be operated in microwave regimes where the SPP fails.
The electromagnetic response of this material is characteristic of the hybrid of cavity and surface wave modes, and the materials with such unusual responses are known as the meta-material.
The surface of the meta-material is known as the meta-surface above which we want to generate well-controlled plasmas.

This figure on the left (point to the figure) shows the configuration of the meta-material in interest, where the dimensions of the perforations are much smaller than the incident light wavelength.
The dispersion relation of the meta-surface with the infinite array can be obtained by finding the eigen-modes of the Maxwell’s equation,
And this is shown in the dispersion curve on the right, where the SSPP resonance frequency is about 2.48GHz.
The EM response of this material is highly sensitive to the height of the perforation, which can be seen in the equation of the dispersion relation below.
Here the K sub of sspp is the wave number of the surface wave, K not is the wave number of the incident light, and the other terms in the square root correspond to the dimensions and the dielectric permittivity of the periodic elements.


Can excite the mode that mimics the behavior of SPP

The resonance corresponds to the quarter of the wavelength inside the perforation.


Computational Model

Maxwell’s equations

—

Helmholtz Decomposition

- -

« E=E,+E;

= Electromagnetic field

—

O F +%MF +1FxPxE, =0
Sﬁ m+m—e m+; XV XEn =V,

Ho(curl; Q) = {W: U € L>(Q),V x4 € L? () A xA=0on 90}

= Drude model for plasma:

0Jje e’n, =

ot me
U=leg_0', gOC\/Te

= Spatial discretization: FEM
= Temporal discretization: Newmark-f3


Presenter Notes
Presentation Notes
To numerically study the electromagnetic response and plasma discharge, we used the following computational model which has been developed by our group to study the microwave generated plasmas.
Based on the Helmholtz decomposition, the electric field can be decomposed into divergence free and curl free components, EM field and Electrostatic field, respectively.
Electromagnetic fields are mainly responsible for electron Joule heating and consequent ionization of the gas .
Es fields, on the other hand, are produced by charge separation in the plasma medium and charge deposition on the surfaces confining the plasma. These fields are mainly responsible for the transport of charged species in the plasma. 

From the Maxwell’s equations the second order EM field equation can be obtained, where the well known drude model is implemented to realize the electrically dispersive nature of plasma medium. 
The EM field is solved in the curl conforming Hilbert space with the boundary condition that corresponds to the perfect electric conductor.
The momentum of electrons induced by the EM field can be calculated using the Drude model. 
The equations is spatially discretized using the Nedelec finite edge elements of first kind, where the vector basis functions satisfy the divergence free condition and continuity of the tangential electric fields across the different mediums.
It is also temporally discretized with Newmark- beta method which is second order accurate, unconditionally stable scheme.


///////
The physical basis of this decomposition is based on the different origins of these fields, the different roles they play in dynamics, and the disparate time scales that characterize their evolution. 
EM fields are typically produced by wave sources like antennas which are present external to the plasma. 
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Meta-surface configuration

—I = We introduce a dielectric layer over the meta-surface
I. Confine the local edge effects inside the dielectric.
II. More uniform EM energy distribution

dielectric

/

Dimensions
w = 0.95mm

a = 50um
a [ d = 100um
- h = 15.5mm

PEC



Presenter Notes
Presentation Notes
Due to the difficulties found from the previous studies, we added a dielectric layer on the meta-surface,
Which can confine the local edge effects inside the dielectric and induce a more uniform EM energy distribution along the surface.

The final configuration of the meta-material we studied is as follows.

The entire meta-surface has the width of 0.95mm, the perforation is 50um wide, the periodic element of metal and dielectric is 100um, the depth of the perforation is 15.5mm.
The structure has the total of nine and a half periodic elements.
Now we need to find the resonance frequency of the structure.



Resonance frequency determination :
_l Broadband EMwave simulation

1.17 GHz (fundamental SSPP mode)

PML
_ 03 ¥
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reflectance port % 0.2
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=
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z = 5 [
0 1

Frequency GHz

= Resonance frequency (Fabry-Perot like __—
resonance) of the finite meta-surface.

= Fundamental mode
= Single node excitation

= EM wave pulse on for 19 ns


Presenter Notes
Presentation Notes
We performed a broadband Em wave simulation first by impinging a Neumann pulse with the frequency components ranging from zero to five gigahertz.
In this simulation, we want to find which frequency component is the most efficiently trapped by the meta-material, and the radiation from the structure can be detected at a reflectance port located at a distance above the meta-surface.
The fourier-transformed wave power collected at the port is divided by the incident wave power,
And the very sharp peak at the frequency of 2.46Ghz is obtained.
This corresponds to the Fabry-Perot like resonance of this meta-material, and the wave structure at this frequency corresponds to the fundamental mode of the SSPP.
The higher order modes can be observed at higher frequencies, but we focus on the fundamental mode in this work.
The resonance modes of the finite sized meta-surfaces consistently yielded the single node structure that occupies the entire length.


Discharge structure for 1.17 GHz excitation
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Presenter Notes
Presentation Notes
Now that we have found the resonance frequency of the meta-material, we performed the EM wave simulation at a single frequency.
The time-averaged tangential electric field normalized by the incident wave amplitude is shown, which is mainly responsible for the resonance behavior.
The normal components are also shown which also plays an important role at near the edges of the meta-surface.
Knowing the wave structures of different components are important to understand the transient plasma-wave interactions.

The field enhancements are shown below, inside the dielectric, the tangential field is enhanced by 150times, while it is 100 times at the dielectric surface which is exposed to the gas domain.
This is a significant field enhancement confined to the meta-surface, owing to the evanescent characteristic of the SSPP.
The magnitude of the EM fields is also shown on the right, which determines the timescale of plasma breakdown, which we can used to predict the transient plasma formation.
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Combustion ignition from SSPP
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Summary

Modeling and computational simulation of cold and thermal plasma
discharges is now sufficiently mature that a variety of discharges can be
simulated with reasonable accuracy with the same model

Studied high pressure (atmospheric and higher) discharges in Single
electrode corona, Coaxial electrode streamer, Pin-to-Pin streamer, and arc
plasmas

Developed and demonstrated concept for SSPP-based wide-area surface
plasma ignitor
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