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Nonequilibrium Plasma : New Dimensions in 
Combustion and Aerodynamics 
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Decreasing of Ignition Delay Time - 
1994 



PAC Pathways: C2H4-air  
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Electron Energy Distribution in 
Discharge Plasmas 
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Plasma Assisted Ignition at Low E/n 
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Chain Branching: 
O2(1)+H=OH+O 



Energy Cost of Radicals Production at 
Different Nitrogen Concentrations 

0 20 40 60 80 100

1E-3

0.01

0.1

1

P
a

rt
 o

f 
E

n
e

rg
y
 D

e
p

o
s
it
e

d

Nitrogen Concentration

E/n ~ 6 Td 

 0.98 eV

 1.63 eV

E/n ~ 300 Td

 8.4 eV

 N2(Triplet)

1 10 100

2

4

6

8

10

12

14

16

18

20

Radical's Production Cost

 e-impact and N
2
* quenching

 O
2
(
1
), no quenching

 O
2
(
1
), quenching by H

2

 O
2
(
1
), quenching by CH

4
R

a
d

ic
a

l's
 E

n
e

rg
y
 C

o
s
t,
 e

V
/r

a
d

ic
a

l

Nitrogen Concentration
Low E/n                                                            
O2(1D) + H = OH + O 
O2(1D) + H = O2 + H 
O2(1D) + H2 = O2 + H2 

High E/n                                                          
O2 + e = O + O + e 
O2 + N2(A,B,C..) = O + O + N2 

Physics of Nonequilibrium Systems Laboratory 



Electron Energy Distribution in 
Discharge Plasmas 
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Distribution Of  ComponentsVibrational-Excited

H2 O2

H O ( )2 defomational mode OH

Vibrational Energy Distribution 



Chemical Reactions with Excited 
Reagents 

H2(v=1) + O = OH(w=1) + H        (R1) 

H2(v=0) + O = OH(w=0) + H        (R2) 
(kR1/kR2)exp  = 2600 (O’Neal, Benson 1973);   (kR1/kR2)theor = 2750 

AB(v)+C = A +BC(w) 

Rate constant from 

modified a-model 

(Starikovskii, Lashin 1996) 
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Hydrogen Oxidation Rate 
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Without vibrations
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Electron Energy Distribution  
in Discharge Plasmas 
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Pulse Current Dynamics – Shock Tube 
C2H6:O2:N2:Ar = 2:7:28:63 

Ethane. Hayashi 1987 

Argon. Tachibana 1989 

Oxygen. Ionin 2007 

N2. Phelps 1994 
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Discharge Energy Comparison 
C2H6:O2:N2:Ar = 2:7:28:63 



Radicals Production in Discharge 
CH4-O2-Ar mixture 
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Ignition Delay Time:  
Methane-Containing Mixture 
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Pentane-Oxygen and Methane-Air 
Plasma Assisted Ignition 
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Plasma Ignition Sensitivity  
0.1 eV/mol 
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Electron Energy Distribution in Discharge 
Plasmas 
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Ionic Oxidation Mechanisms:  
Low Energy Thresholds  

O2 + e- + M → O2
- + M   

H2 + O2
-  → OH- + OH    k = 0.4x10-10 

OH + H2 → H2O + H   
OH- + H → H2O + e-   k = 1.4x10-9   
H + O2 + M → HO2 + M    
OH- + HO2 → H2O + O2 + e-  k = 1.0x10-9 

I.N.Kosarev, A.Yu.Starikovskii. Mechanism for Electric Breakdown in a Chemically Nonequilibrium System and the 
Influence of the Chain Oxidation Reaction in an H2–Air Mixture on the Breakdown Threshold. Plasma Physics Reports, 
2000. V.26. N.8. P.701.  
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Plasma Decay Time at T = 295 K 
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Mechanisms of Plasma/Flame Interaction 

1. Heating 

 

2. Turbulization 

 

3. Momentum Transfer 

 

4. Electrons/Ions Diffusion/Drift 

 

5. Excitation, Dissociation, Ionization 
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SDBD Discharge and Fast Heating 
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Fractional Electron Power Transferred 
Into Heat in N2:O2 Mixtures 

Oxygen is required  

for efficient fast heating! 

E/N = 103 Td  
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Heating Rate Calculated for Different 
Electric Fields in Dry Air at Normal Conditions  

Flitti et al., Eur. Phys. J. Appl. Phys. 45, 21001 (2009) 
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Mechanism of Fast Heating in 
Discharge Plasmas (high E/N)  
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High (> 200 Td) E/N: 

 

electron-ion and  

ion-ion  

recombination 

kinetics 

e + O2
+ → O + O* + ΔE 

O2
- + O2

+ → O2 + O2 + ΔE 
e + O4

+ → O2 + O2 + ΔE 



Potential Energy Curves  
of Molecular Hydrogen 
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H2(b3u), 8.9 eV 
smax = 0.33 A2 (17 eV) 
 
H2(a3g), 11.8 eV 
smax = 0.12 A2 (15 eV) 
 
H2(B1u), 11.3 eV 
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H2(C1Pu), 12.4 eV 
smax = 0.40 A2 (40 eV) 

E = 4.5-12.5 eV t = 10.5 ns 



Potential Energy Curves  
of Molecular Oxygen 
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Potential Energy Curves  
of Molecular Nitrogen 
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Mechanisms of production of “hot” 
atoms in discharge plasmas 

A.Yu. Starikovskiy, “Hydrogen plasma assisted ignition by 

NS discharge behind reflected shock wave” ,45th AIAA 

Plasmadynamics and Lasers Conference, Paper AIAA 

2014-2245 (2014) 

 

Direct electron-impact dissociation 

e + O2 → e + O2*         O2* → 2O(3P,1D) + 1.3 eV 

e + H2 → e + H2*          H2* → 2H(1S) + 4.4 eV 

e + CH4 → e + CH4*    CH4* → CH3 + H + 3.5 eV 

 

Dissociation via N2 excitation  

e + N2 → e + N2(C) 

N2(C) + O2 → N2 + 2O(3P,1D) + 3.9 eV 

N2(C) + H2 → N2 + 2H(1S) + 6.5 eV 



HI UV absorption. Okabe, 1984 



The effect of “hot” atoms on 
chemical reactions 

H + O2 → O + OH 

keq(T = 300K) = 2.5×10-21 cm3/s    

kh =  1.6×10-10 cm3/s  

 

 

O + H2 → H + OH 

keq(T = 300K) = 9.3×10-18 cm3/s 

kh = 1.5×10-10 cm3/s   

 

The effect is important only when energy 

degradation of “hot” atoms is slow! 



Monte Carlo simulation of energy 
degradation of “hot” atoms 

Simultaneous consideration of 

 

 

- “cooling” of “hot” atoms in elastic collisions 

 

and 

 

-chemical reactions. 

 

Other inelastic processes were neglected 



Determination of cross sections 
for scattering of “hot” atoms 

Elastic collisions: calculations in quasi-classical 

approach using Lennard-Jones interaction potential 



Determination of cross sections 
for scattering of “hot” atoms 

Elastic collisions: calculations in quasi-classical 

approach using Lennard-Jones interaction potential 

0.1 1

1

C
ro

s
s

 s
e

c
ti

o
n

, 
1

0
-1

6
 c

m
2

E, eV

 LONGO

 LOSEV

 PHELPS

 This work



Determination of cross sections 
for scattering of “hot” atoms 

Chemical reactions: adjustment of cross sections to fit 

available data for rate constants in a wide range of gas 

temperatures 

 

“Hard Sphere Model” 



Cross sections for H atom scattering 
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Cross sections for O atom scattering 
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Cross sections for OH scattering 
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Energy degradation of “hot” H atoms  
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Energy degradation of “hot” O atoms  
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Energy distributions for H and O atoms 
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Amount of active species generated by hot 
H atoms in CH4:O2 mixture (φ = 1) 
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Amount of active species generated by hot 
O atoms in CH4:O2 mixture (φ = 1) 
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Amount of active species generated by hot O 
and H atoms in CH4:air mixture (φ = 1) 
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Amount of active species generated  
by hot O and H atoms in stoichiometric H2:O2 mixture 

at 300 K as a function of their initial energy  
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Role of translationally-hot H atoms in ignition 
of lean H2-O2 mixture. P = 1 atm. 



Role of translationally-hot H atoms in ignition 
of stoichiometric H2-O2 mixture. P = 1 atm. 

 



Role of translationally-hot H atoms in ignition 
of stoichiometric H2-air mixture. P = 1 atm. 

 



Role of translationally-hot atoms in ignition of 
stoichiometric methane-air mixture. P = 1 atm. 
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Conclusions  

- Using Monte Carlo simulation, energy degradation of “hot” H and O 
atoms in H2:O2, CH4:O2 and CH4:air mixtures at room gas 
temperature was studied taking into account elastic collisions and 
chemical reactions. 

 

  - Energy degradation is longer for H atoms in CH4-containing 
mixtures and in lean H2:O2 mixtures, whereas degradation time of O 
atoms is much shorter. 

 

- When energy degradation of “hot” atoms is long, the amount of active 
species produced in a high-voltage discharge can be increased and 
active species composition is changed. This can lead to a noticeable 
decrease in the threshold temperature of plasma-assisted ignition. 


