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I. What is PAC (Plasma Assisted Combustion)?

• Plasma/combustion interaction is not well-understood due 

to the complicated thermal, kinetic and transport coupling.

• There have been few detailed numerical studies of PAC to 

provide significant insights into the plasma enhancement of 

the combustion process. 

• The multi-scale nature of PAC, however, creates enormous 

challenges for conducting comprehensive modeling studies. 

• In simplified 0D kinetic models, the plasma discharge was 

assumed to be uniform. The electric field and electron 

density values were pre-specified. The model did not 

consider sheath formation, and charge accumulation on the 

dielectric layers. In addition, species and heat diffusion

effects were ignored.

i. Excited Species                  

ii. Radicals and CH species
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II. Non-equilibrium plasma – the way to clean 

and efficient combustion 

I. Motivations II. Problems & Difficulties

III. Approach: 1D Numerical Modeling 

IV. Model Validation: Compare Numerical Modeling and Experiments 

V. Results, Analysis & Conclusion

a. There is a sharp increase for H and O in the time interval of 10 - 15 ns 

primarily due to the fast electron impact reactions, while OH and HO2 only 

start to increase gradually. 

• HO2 is formed from three-body recombination of H with O2 molecules, 

which is fast at the present low temperature conditions. 

• OH is produced from HO2 reacting with O and H atoms through the 

following reactions:

O + HO2 = OH + O2

H + HO2 = OH + OH

• As a consequence, we observe a gradual decay in O and H densities, whereas 

a continuous accumulation of OH and HO2 during the gap between two 

pulses.

b. Electron impact reactions:
e + C2H4 = e + C2H2 + H2

e + C2H4 = e + C2H2 + H + H                                                 

e + C2H4 = e + C2H3 + H                                                     

e + C2H4 = e + C + CH4

e + C2H4
+ = CH3 + CH                                                      

• CH3 only gradually increases because it is generated by electron/C2H4
+

recombination, which is limited by the formation of C2H4
+, rather than direct 

electron impact reaction. 

• After the breakdown, C2H2 and CH4 densities remain constant until further increase 

in the next pulse. CH3 densities continue to rise due to further accumulation of 

C2H4
+. 

• On the other hand, C2H3 radicals are rapidly consumed to form C2H2, CH3 and CH4

or CH2CHO during the gap between two pulses. 

• Overall, C2H2 and CH4 keep increasing with the number of pulses, while CH and 

C2H3 only periodically change from one pulse to the next pulse.

a. Electron Impact Excitation Reactions 

b. Quenching Reactions

O(1D)+ Ar = Ar + O; O(1S) + O2 =O + O + O

O2(𝑐
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c. Globally, concentrations of 𝐶𝐻2
∗, O2(𝑎

1Δ𝑔) and 

O2(𝑏
1Σ𝑔

+) keep accumulating, while those of A𝑟∗, 

O(1D), O(1S) and O2(𝑐
1Σ𝑢

−) only oscillate  

periodically.
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PAC modify fuel oxidation pathways through low 

temperature radical production (e.g. O, H and OH) 

instead of thermal heating.
Great potential to enhance and stabilize the combustion 

process in internal combustion engines, gas 

turbines, and scramjet/ramjet engines:

• shorten the ignition delay times;

• extend extinction limits;

• a new ignition/extinction curve without hysteresis;

• improve flame stabilization;

• increase flame speed;

• suppress soot formation

• Understanding of how low temperature plasma effects 

ignition of hydrocarbon fuel-air mixtures remains sketchy. 

• There is a need to investigate the plasma/combustion 

interaction mechanisms for hydrocarbon fuels using self-

consistent numerical simulations. 

• Ethylene (𝐶2𝐻4) is a typical hydrocarbon fuel for 

scramjet/ramjet, which is the most promising potential 

application of PAC, because hypersonic air-breathing

engines require extremely fast ignition&stabilization.

• In previous work, simulations using a 0D kinetic model were 

conducted. Large discrepancies were observed in measured 

and predicted H2O and CH4 densities. In addition, ambiguities

in choosing electric field and electron density also introduced 

significant uncertainties.

• Poisson equation for electric potential:

𝛁 ⋅ 𝜖𝛁𝜙 = −𝑒 𝑛+ − 𝑛− − 𝑛𝑒
• Electron energy equation:

𝜕𝑛𝜖

𝜕𝑡
+ 𝛁 ⋅ 𝐽𝜖 =  𝑄𝜖

• Species continuity equations for all charged and neutral species:                                                       
𝜕𝑛𝑘

𝜕𝑡
+ 𝛁 ⋅ 𝐽𝑘 =  𝜔𝑘

• The transport of energy and species is calculated by the drift (mobility)-diffusion model.

• Mass conservation equation:
𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝑢𝑖

𝜕𝑥𝑖
= 0

• Momentum conservation equation:
𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝐹𝑖

𝐸𝐻𝐷

• Energy conservation equation:                                           

𝜕𝜌𝐸

𝜕𝑡
+

𝜕[ 𝜌𝐸+𝑝 𝑢𝑖]

𝜕𝑥𝑖
= −

𝜕𝑞𝑖

𝜕𝑥𝑖
+

𝜕 𝑢𝑖𝜏𝑖𝑗

𝜕𝑥𝑗
+  𝑄𝐽𝐻

• The electron reaction rate and transport coefficients are fitted as functions of electron energy 

calculated by BOLSIG1, and renewed at every time step via interpolation.

• The plasma combustion chemistry mechanism used in the present work is assembled by combining 

USC Mech II2 kinetics dataset with Ar and O2 plasma reactions taken from ZDPlasKin3 database.

• To tackle the multi-scale nature of the problem, adaptive time-stepping is implemented 

with small time-steps (10-13 - 10-12 s) during each voltage pulse, and larger time-steps (10-10 s) in 

the gap between two consecutive pulses.

e + O2 = e + O + O(1D) 

e + O2 = e + O2(𝑎
1Δ𝑔, 𝑏1Σ𝑔

+, 𝑐1Σ𝑢
−)

X-51A

hypersonic combustion 

ramjet engine

Not valid below 700 K

Sensitive to P and T

Kinetic mechanisms not extendable!
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"X-51A Waverider" by US Air Force -

http://www.af.mil/shared/media/photodb/photos/100520-F-9999B-111.jpg. 
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