Fundamental Mechanisms,
Predictive Modeling,
and Novel Aerospace Applications
of Plasma Assisted Combustion

AFOSR
MURI Review Meeting

Andrey Starikovskiy

Princeton University



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
22 OCT 2013 2. REPORT TYPE 00-00-2013 to 00-00-2013
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Fundamental M echanisms, Predictive M odeling, and Novel Aerospace
Applications of Plasma Assisted Combustion

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Princeton University,Princeton,NJ,08544 REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

AFOSR PAC MURI Review, 22-23 Oct 2013, Arlington, VA.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 56
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



Main Tasks

High Temperature
High Pressure
High Speed

High Voltage

High Power



MURI Deliverables: Kinetic Data Generation
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Rapid Compression Machine:
P 10 70 atm T= 650 1200 K




Scheme of the RCM
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Gas Discharge Limitations

ICCD images of the
discharge at 1 atm dry air.
Negative polarity of the high-
voltage electrode, 22 kV, 25
ns duration, f =40 Hz
[Kosarev et al, 2009].
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Mixture C,H4:0,=2:7 at 1 bar
and ambient initial
temperature was
successfully ignited in ~100
ms in relatively large volume
[Sagulenko et al, 2009].

2cm

2cm
2cm 0 H 2cm ) us
~

1S
£
S




SDBD Development at High Pressures

1 atm 4 atm

1 atm, 10 kV

3 atm, 30 kV




DBD Discharges: 20 kV, 10kHz
ICCD gate 50 ns

Side view: T,=300 K, ¢=0.0, pulse#10 Side view: T,=500 K, ¢=0.3

Pressure

WSt L $ i (torr) H,-air C,H,-air

Front view: T,=500 K, ¢$=0.3
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DBD Discharges: 20 kV, 10kHz
ICCD gate 50 ns. P =20 Torr

Air
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Temperature, K

Ignition delay, us

Kinetic Analysis.
Konnov’s Chemical Mechanism, T, = 500K, P = 50 Torr
C,H.-Air. E/n = 300 Td, Different discharge energy.
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Intensity

Intensity
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Kinetic Error Analysis
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Plasma-Assisted Ignition at High Pressures

CH, + O = CH; + OH

CH; + OH = CH,O+H,
CH; + O, = CH,0 + OH
CH; + 0, +M = CH,0, + M

T2 =794 K, P2 =32 bar
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Kinetics
Discharge Postdischarge
Stage Stage

of Ignition Development
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Non-diffusive hybrid scheme
for simulation of filamentary
discharges

FLUID MODEL HYBRID MODEL

The balance equation within hydrodynamic (drift- Non-fluid regions:
diffusion) approximation for required species and

Poisson’s equation for electric potential:
1. DISCRETE FLUXES

(3j.s +div j, =0, Ao — _LZ " Original flux j, and number AN of transported over
f’T : - &g, s interface A, species:
je - LVS‘ ne — [)3V”.9 - n
0 E E=-V¢ Je=Wn D= = AN =|j |4 At
L‘V? :l'lS‘E - - . (?\‘,- | |
Secondary processes of electron production: AN = AN™ + AN™",

photoionization in N,-O,, ion-electron emission,

. where AN™ € Z and AN™ <1
photoemission.



AVALANCHE TO STREAMER TRANSITION IN
UNIFORM ELECTRIC FIELD
(air, 1 bar, 300 K, 1 cm, various voltages)
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AVALANCHE TO STREAMER TRANSITION IN
UNIFORM ELECTRIC FIELD
(air, 1 bar, 300 K, 1 cm, various E/n)
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Air, 1 atm

Voltage on electrode, kV

t\d
0

T T T T T T T
00 02 04 06 08 10 12 14 16
Time, ns

PS ngh Pressure Discharge

E/n =200 Td: 7,.(00) ~ 10 ns
E/n =300 Td: 7,.,(00) ~ 2ns

7..x(200 Td) ~ 500 ps
7,ax(300 Td) ~ 100 ps

FPG 200-01PB pulse generator
Voltage up to 200 kV
Pulse duration 350 ps
Rise time 120-140 ps
Voltage rise rate 2x1015 V/s




MURI Deliverables: Diffusion, Mixing,

Transport and High-Speed Combustion
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Discharge Formation and Flame Stabilization
in ngh Speed Flow — Plasma Shock Tunnel

UUUUU

Combustion-Driven Shock Tube Vacuum Chamber 1x0.5x0.5 m?



Discharge Formation and Flame Stabilization
in High Speed Flow — Plasma Shock Tunnel

Combustion-Driven Shock Tube Nozzle Pulser

100 kV, 1 MHz
12 ns, 1000 p/b

1 MHz, 50 kV, 1 ms

Ps, atm

Air Initial Pressure, Torr




MURI Deliverables: Kinetic Data Generation
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Plasma Shock Tube
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Plasma Shock Tube




| Plasma Shock Tube
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Pulse Current Dynamics — Cable
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Mobility x N (1/m/V/s)

Pulse Current Dynamics — Shock Tube
C,Hg:0,:N,:Ar = 2:7:28:63
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Discharge Energy Comparison
C,Hg:O,:N,:Ar = 2:7:28:63
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E/n, Td
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Ignition Delay Time
C,H:0,:N,:Ar = 2:7:28:63
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Combustion model: Konnov (2005)



Ignition Delay Time
C,Hg:0,:N,:Ar = 2:7:28:63
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Ignition time, ps

Measured Ignition Delay Time in Stoichiometric

C,H:0,:Ar and C,H,:0,:Ar Mixtures
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Peak Reduced Electric Field and
Field at the Instant of Peak Current
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' o E/N at I=max(l)
400 - -

350--
300+ .
T 250-
- . C,H,:0,:Ar =
1o - 17:83:900
150 0 u =0 _ (@ = 0.5)
1001

Z 200+
L

50 - O

30 35 40 45 50 55 6,0 65 7,0

N, 10" cm™



Total Specific Deposited Discharge Energy
and Energy Deposited in First Pulse

Deposited energy, 10° eV/molecule
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Ignition delay time in C,H,:0,:Ar mixtures

solid symbols: measurements

hollow symbols: calculations with kinetic scheme

by Wang et al. (2007)
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Mole Traction

Evolution in time of calculated mole
fractions for main components

Stoichiometric C,H,:0,:Ar mixture

Autoignition Ignition after discharge at
1130 K and 0.91 atm

at 1115 K and 0.91 atm

Mole fraction

Time, us



Sensitivity analysis for autoignition and
ignition by discharge

B Auto Stoichiometric
_ [ 1FwW C,H,:O,:Ar mixture
C,H,+OH=H C O+H |

C,H_ +H=iC H,
C,H,+0,=HCO+CH,O
C,H_+O_=CH CHO+O Autoignition
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—
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——
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C—
L

C,H,(+M)=C_H_+H(+M)
HCCO+H=CH_*+CO
C,H+0,=HCO+CO
HCO+0,=CO+HO,

— EE— H+O,=0+OH

Ilgnition by discharge
1130 K and 0.91 atm




Discharge Current, A
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Plasma Shock Tube Experiments Summary
C,H:OH: 0,:Ar(90%)

C,H,:0,:Ar(90%)

Combustion model: Wang et al. (2007)
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auto plasma

Ignition Delay Time Decrease
at 0.1 eV/mol
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Plasma Ignition Sensitivity
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PAC Kinetics H, Model Development

Plasma model:

Plasma assisted combustion models for hydrogen oxidation understood for conditions of low energy
loading per molecule. I+ means low ionization degree - we can neglect e-e collisions and EEDF
Maxwellization due to this process.

We have complete set of cross-sections for rotational, vibrational and electronic excitation,
dissociation, dissociative ionization, ionization. These cross-sections were verified both for two-
term approximation of Boltzmann equation (local EEDF) and could be modified for non-local case of
extremely strong electric fields (differential cross-sections are also available).

Afterglow Model:

Because of fast relaxation we assume Ttr = Trot for ground state.

We have recombination rates for ion-electron collisions, ion-ion recombination (in some cases the
products are unknown). Rates of complex ions formation/decomposition are unknown for elevated
temperatures - but these ions control the plasma recombination rate.

Quenching rates of major states are available, in some cases products are unknown. Specifically we
do not know the products of reactions N2* + H2 -> .

Chemical Model:

We have complete state-to-state model of chemical reactions including vibrationally-nonequilibrium
conditions for H2-air system since 2001.

We have verified this model for 300 K (low-P reactor), 300-800 K (1 atm streamer) and 800-1500
K (0.5 atm, reflected shock wave).

Unsolved problems:

Because of huge number of reactions some pathways are still questionable. We need to investigate in
more details the products of electron-ion and ion-ion recombination, products of electronic states
dissociative quenching (focus on electronically-excited products formation).

Reaction rate coefficients of electronically and vibrationally excited species should be verified in
some cases.

We need additional analysis of the role of complex ions in recombination and chemistry at low-T
conditions.



Plasma Assisted Combustion:
Translational Nonequilibrium

NZ:OZ:H2 =4:1:2

0,1+

0,01

Energy loss fraction

1E-3
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Potential Energy Curves
of Molecular Oxygen
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Potential Energy Curves
of Molecular Nitrogen

s | |
,/JZ u3ﬁu | !

=

,i:;‘:‘* | /?/(4S°/+N{'2P0/ Gmax — 0.08 A? (10 eV)

w9 0]+ 0
Sodem MEDTNETT || N(ASE, ), 6.2 eV

——
— -
B IJZU N(4s9+ N{*”.Z) 4

- N,(B3IT,), 7.35 eV
WX, sy | | = 0.20 A2(12 eV)
;= max

[— —
- — e .

/_:—‘:%"’5 ;V(4&0/+N(4‘90}

N,(C3IL,), 11.03 eV
= 0.98 A2 (14 eV)

Gmax




Major Channels of Hot Atoms
Production

N, +e = N,(CII) +e;

N,(C3IL,) + H, = N, + 2H('S) + 6.55 eV;
N,(C3II,) + O, =N, + 20(3P,'D) + 3.9 eV;
O,+e=e+20(3P,'D) +1.3 eV;

H,+e=e+2H(!S)+4.4 eV,

k = f(E/n)

k =3.2x1019 cm3/s

k =2.7x1019 cm3/s

k = f(E/n)

k = f(E/n)



Chain Initiation/Branching Reactions

H+0,=0 +OH

H+0,+M=HO,+M
O+H,=H+OH

0+0,+M=0;+M

H(hot) + (N,,H,) =H + (N,,H,)
O(hot) + (N,,0,) =0 +(N,,0,)
H(hot) +O0,=H+0+O0
H(hot) +H,=H+H +H

o(!D) + (M) =0 + (M)

k = 1.6x101%°x exp(-7470/T) cm3/s
k(300) = 2.5x1021 cm3/s
k(hot) = 1.6x1019 cm3/s

k(300, 1 atm) =1.6x102em3/s T ™ Touroignition
k = 8.5x102% x T267 x exp(-3160/T) cm3/s

k(300) = 9.3x1018 cm3/s

k(hot) = 1.5x1019 cm3/s

k(!D) =1.1x1019cm3/s

k(300, 1 atm) = 2.2x10* cm3/s T ~ 650K
k~2m/M kg, ~ 1.6x1019cm3/s

k~2m/M kg, ~ 1.3x101% cm3/s

k =2.6x101* cm3/s (M = 0,)
k=1.3x101 cm3/s (M = N,)
k =5.2x101* cm3/s (M = H,)



Relative Rate of Radicals Production

Radicals Production Increase
in Cold H,-Air Mixture
Due to Hot Atoms Formation
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SUMMARY -1

Experimental Facilities
1. Rapid Compression Machine.
P=10-70atm, U =120 kV Sy
1 GW in 60 ns B

1. Plasma Shock Tunnel. M =3-5, U =100 kV
0.5 MW during 1 ms

1. Plasma Shock Tube. T=800-2000K, U =120 kV



SUMMARY - 2

Two new mechanisms of PAC proposed:

Major Results

1) Influence of Vibrational Excitation on Low-Temperature Kinetics

N, + e = N,(C3 +e
N,(C3)+0O,=N,+0+0
O,+e=0+0+e

N, +e=Ny(v)+e
N,(v) + HO, = N, + HO,(v)
HO,(v) =0, + H

Synergetic Effect of High and Low Electric Fields
2) Radicals Production Increase Due to Hot Atoms Formation

N,(C3I1,) + H, = N, + 2H('S) + 6.55 eV

N,(C3I1,) + O, = N, + 20(°P,'D) + 3.9 eV

O,+e=e+20(PD)+1.3eV
H,+e=e+2H(!S)+4.4 eV



Major Results

Sensitivity

T It
auto plasma

SUMMARY -3

Plasma Ignition Efficiency for Different Fuels Analyzed
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Future Plans

1) Role of Translational and Vibrational Nonequilibrium
Analysis of non-Boltzmann,
non-Maxwell regimes of reactions

2) Reference Experiments Database for PAC
High-pressure regimes (RCM)
Low-pressure regimes (STube)
High-speed conditions (STunnel)

Jet Fuel Composition

3) “Best Fuel for PAC” el Corben Length €538
CH:
Paraffins CHin \_/\_A/\
702%-85% Normal Paraffins Iso-Paraffins Cyclic Paraffins
Aromatics 7\ Vi
<25% /"~ "*\\_4;}/\/ _
Toluene n-propylbenzene Naphthalene
Trace Compounds . S Ag— ._*f"':'j:?p. .
<1% - ' \__/
Dibenzothiophene Diethylene glycol Phenol

monomethylether
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