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5 Plasma‑Assisted Combustion
Chemistry

5.1  ELEMENTARY REACTIONS IN COMBUSTION

5.1.1  Chain‑Initiation, Propagation, and Termination Reactions in Combustion

Fuel oxidation and heat release in the combustion process are proceeded through radical produc-
tion, multiplication, and recombination. As such, radicals such as H, O, OH, CH3, and HO2 play 
the most critical role in combustion. There are several key reaction processes that govern radical 
production and consumption. They are, respectively, the chain‑initiation, branching, propagation, 
and termination reactions (Table 5.1).

Chain‑initiation reaction: As shown in Table 5.1, the chain‑initiation reaction is a reaction that reac-
tants produce one or more radicals in the molecule collision processes. This reaction is very important in 
initiating the ignition and reaction processes because it produces the first group of radicals directly from 
reactants. However, as shown in Figure 5.1, the chain‑initiation reactions typically have a very high acti-
vation energy (Ea,i) because the reactants (A and B) are stable molecules in the ground states. Therefore, 
this type of reaction is very slow and can be rate limiting in an ignition process. However, as shown 
later, plasma can provide new reaction pathways at low temperature via electrons and excited species 
to produce radicals rapidly by bypassing the rate‑limiting slow chain‑initiation reactions in combustion.

Chain‑branching reaction: The chain‑branching reaction is a reaction that one radical reacts 
with a reactant and produces two or more radicals. This reaction is like the nuclear fission reac-
tions that magnify the radical pool to accelerate the reaction processes. However, the chain‑branch-
ing reactions also have quite high activation energies (Ea,b), although they may be lower than that 
of the chain‑initiation reactions. Therefore, the chain‑branching reactions are the most impor-
tant rate‑limiting reactions (after initial radicals are produced) that dominate the rate of reaction  
processes and the burning rate of combustion. As such, understanding the key chain‑branching 
reactions and knowing how to control them using plasma is critical in plasma‑assisted combustion.

Chain‑propagation reaction: The chain‑propagation reaction is a reaction that one radical (e.g., 
H) reacts with another reactant and produces another radical (e.g., OH) in the combustion processes. 
Although this reaction is less important than the chain‑branching reactions in affecting the rate of 
radical pool growth, it normally has lower activation energy and thus can strongly affect fuel oxida-
tion, intermediate species production, and heat release rate.

TABLE 5.1
Schematic of Chain‑Initiation, Branching, 
Propagation, and Termination Reactions, A and 
B Are the Reactants, R the Radicals, and P the 
Product, Respectively

2 InitiationA B R+ =

2 BranchingA R R+ =

PropagationA R R P+ = +

2 heat TerminationR R P+ = +

https://doi.org/10.1201/9781003203063-5
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Chain‑termination reaction: The chain‑termination reaction is a reaction that two radicals react 
together or with a third molecule and produce a stable product with one or two less active radi-
cals. Therefore, in this process, the radial number will decrease, and the reaction will slow down. 
Sometimes, we refer to it as radical quenching reaction. However, the chain‑termination reaction 
is important to shift the chemical equilibrium toward the products and produce heat to raise the 
temperature to self‑accelerate the reaction process.

Reaction rate and the Arrhenius law: For reaction to occur, as shown in Figure 5.1, the energy 
of the colliding reactants needs to be greater than or equal to the activation energy (Ea). The kinetic 
energy of a molecule is proportional to temperature. However, not every molecule has the same 
amount of energy. In equilibrium, the energy of molecules follows the Boltzmann distribution 
(Figure 1.25), that is, the number of molecules with energy, E, is proportional to exp (−E/R0T). 
Thus, only a very small portion of the molecules have enough energy to induce a reaction after a 
collision. From statistical mechanics, by using the activation energy as the reaction threshold and 
the Boltzmann energy distribution, one can derive the Arrhenius law for the reaction rate, k, as a 
function of temperature, T, and the activation energy, Ea, as,

	 / 0k AT en E R Ta= − 	 (5.1)

where A is the pre‑exponential factor, R0 is the universal gas constant, and n is a constant, respec-
tively. Therefore, to accelerate the reaction rate, one needs to reduce the activation energy by creat-
ing a new reaction pathway or raising the temperature.

5.1.2 E lementary Kinetics of Hydrogen

Hydrogen is a green and the simplest fuel. Moreover, the hydrogen combustion mechanism is the base 
mechanism for all combustion mechanisms of other fuels. Therefore, it is critical to understand the key 
chain‑initiation, branching, propagation, and termination reactions in hydrogen combustion. A detailed 
hydrogen mechanism recently updated for high‑pressure combustion [1] (HP‑Mech) is shown in Table 5.2.

In the hydrogen reaction system, the major chain‑initiation, branching, propagation, and termi-
nation reactions are as follows:

Chain‑initiation reactions:

	 H O H HO2 2 2+ = + 	 (R5.1a)

	 H O OH OH2 2+ = + 	 (R5.2)

Reactants

Radicals

ProductR + R = 2P + heat

A + B = 2R

R + A = 2R

Ea,i

Ea,b

Reaction coordinate

En
er

gy

FIGURE 5.1  Schematic of activation energies and enthalpy changes of chain‑initiation, branching, and ter-
mination reactions.
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Chain‑branching reactions:

	 H O OH O2+ = + 	 (R5.3)

	 O H OH H2+ = + 	 (R5.4)

	 H O OH OH2 2 = + 	 (R5.5)

Chain‑propagation reactions:

	 OH H H O H2 2+ = + 	 (R5.6)

	 HO H OH OH2 + = + 	 (R5.7)

TABLE 5.2
Detailed Reaction Kinetics of Hydrogen Combustion in HP‑Mech [1] 

Reactions 
A

(cm3/(mol·s·K)) n
Ea

(cal/mol)

H O O OH2+ = +  7.26E+14 −0.235 15928.7 

OH OH O H O2+ = +  9.32E+03 2.564 −2603.7 

H H H H H2 2 2+ + = +  1.02E+17 −0.6 0 

H OH M H O M2( ) ( )+ + = + 2.51E+13 0.234 −114

LOW 4.50E+25 −3.064 1581.4

TROE 0.72 1.0E‑30 1.0E+30

H O M HO M2 2( ) ( )+ + = +
LOW
TROE 

1.03E+12
1.74E+19

0.495 

0.604
−1.23

1.0E−30 

−241.1
0

1.0E+30 

HO OH O H O2 2 2+ = +
DUP 

7.44E+12
1.17E+23 

0.055
−2.156 

−915.2
23,681 

HO HO H O O2 2 2 2 2+ = +  1.93E‑02 4.12 −4,960 

HO HO OH OH O2 2 2+ = + +  6.41E+17 −1.54 8,540 

H O H H HO2 2 2 2+ = +  4.40E+01 3.45 712 

H O H H O OH2 2 2+ = +  3.35E+07 1.91 3,654 

H O M 2OH M2 2 ( ) ( )+ = +
LOW
TROE 

2.00E+12
2.49E+24

0.43 

0.9
−2.3

1.0E−30 

48,749
48,749

1.0E+30 

LOW and TROE indicate the low‑ and high‑pressure rate limiting, respectively; DUP indicates 
the reaction rate constant equals to the summation of those identical reactions; M indi-
cates a third body.
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Chain‑termination reactions:

	 H O M HO M2 2( ) ( )+ + = + 	 (R5.8)

	 H OH M H O M2( ) ( )+ + = + 	 (R5.9)

	 HO H H O2 2 2+ = + 	 (R5.1b)

	 HO OH H O O2 2 2+ = + 	 (R5.10)

	 HO HO H O O2 2 2 2 2+ = + 	 (R5.11)

As discussed before, since the slowest chain‑branching reaction (R5.3) is the rate‑limiting reaction, 
from Figure 5.2 we can see that if there is one H radical in the reaction system, reaction R5.3 will 
produce one OH and one O. Since R5.6 is a very fast reaction, the OH produced from R5.3 will 
be immediately converted to a new H by R5.6. Then, because R5.4 is also faster than R5.3, the O 
produced in R5.3 will be converted to the second H and a new OH from R5.4. The resulting new 
OH will be converted to the third H via the fastest reaction R5.6 again. As a result, by adding up 
reactions R5.3 and R5.4 with twice of reaction R5.6, as seen in Figure 5.2, one H radial will pro-
duce 3H radicals in the hydrogen chain‑branching and propagation system. Therefore, the slowest 
chain‑branching reaction R5.3 is a dominant chain‑branching reaction for H radical production at 
high temperature, especially in flames and high‑temperature ignition (HTI):

High‑temperature chain‑branching reaction:

	 H O OH O2+ = + 	 (R5.3)

Note that the H radical for the chain‑branching reaction R5.3 can be suppressed via the following 
chain-termination reaction,

Chain‑termination reaction:

	 H O M HO M2 2( ) ( )+ + = + 	 (R5.8)

OH+H2 → H2O+H (R6) fastest

H+O2→OH+O (R3) slowest

O+H2→ H+OH (R4) faster

1 2

3

H+O2+3H2 → 2H2O +3H

FIGURE 5.2  One H radical produces three H radicals via the slowest rate‑limiting reaction of R5.3 and the 
faster reactions of R5.4 and R5.6 (R3, R4, and R6 in this figure are referred to as R5.3, R5.4, and R5.6).
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Figure 5.3 shows the comparison of the reaction rates between the chain‑branching reaction R5.3 
and the termination reaction R5.8 at different pressures with air, H2O, and CO2 as the third body 
(M), respectively. It is seen clearly that with the decrease of temperature, the termination reaction 
R5.8 is faster than the branching reaction R5.3. With the increase of pressure, the balance of these 
two competing reactions shift to higher temperature. At 25 atm, a typical gas turbine pressure, the 
temperature at which the two reaction rates become equal increases to 1,250 K. Moreover, if H2O 
and CO2 are used as the diluents, the increased third‑body effect makes the termination reaction 
even faster and further raises the critical reaction temperature.

Therefore, the competition between the chain‑branching reaction R5.3 and chain‑termination 
reaction R5.8 will determine the combustion limits and is strongly pressure and diluent‑dependent.

The hydrogen explosion limits: 

Since reactions R5.4 and R5.6 are fast (Figure 5.2), the consumption rates of O and OH are faster 
than their production rates via R5.3. Therefore, the concentration of these two radicals (OH and O) 
will be in quasi‑steady state, i.e., their net production rates are almost zero. With this assumption, 
the radical production via reactions R5.3, R5.4, R5.6, and R5.8 can be written as

	 H
3 H O 8 H O M 4 O H 6 OH H2 2 2 2

dC
dt

k C C k C C C k C C k C C= − − − −  	 (5.2a)

	 0OH
3 H O 4 O H 6 OH H2 2 2

dC
dt

k C C k C C k C C = + − 	 (5.2b)

	 0O
3 H O 4 O H2 2

dC
dt

k C C k C C= − ≈ 	 (5.2c)

By submitting the OH and O concentrations from Eqs. 5.2b and 5.2c into Eq. 5.2a, we will have

	 2H

H
3 8 M O2

dC
C

k k C C dt( )= − 	 (5.3)

The above equation indicates that there is a critical limit that define whether the hydrogen reaction 
system is explosive or non‑explosive,

	
2

   
1, explosive 

1,  non-explosive
3

8 M

k
k C

>
<






	 (5.4)

This is the so‑called the second explosion limit (Figure 5.4) [2], which is a result of the competition 
between the chain‑branching and termination reactions, R5.3 and R5.8. The second explosion limit 
occurs at intermediate pressures and increases with the increase of temperature.

At low pressure, the reaction rate of R5.8 is very slow and negligible. As a result, the radical 
quenching is mainly via H radical diffusion and quenching on the wall. Therefore, the first explo-
sion limit at low pressure (Figure 5.4) is governed by R5.3 and radical loss due to diffusion and 
increases with the decrease of temperature.

At high pressure, HO2 radical production via R5.8 becomes more important (Figure 5.3). With 
the increase of HO2 concentration, the reactions R5.5 and R5.7 become the new chain‑branching 
reactions at high pressure. Therefore, the HO2 chemistry leads to the third explosion limit at high 
pressure, which increases again with the decrease of the temperature (Figure 5.4). A sensitivity 
analysis of the burning rate of a hydrogen flame on the rates of elementary reactions is shown in 
Figure 5.5. It clearly shows the increased sensitivity of reaction R5.8 and R5.3 at high pressure.
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If the system temperature is further reduced (Figure 5.3), the H radical production via reaction 
R5.3 will be very slow and negligible. Therefore, the major chain‑branching reaction at intermedi-
ate temperature (700–1,100 K) and high pressure will be:

Intermediate‑temperature chain‑branching reaction:

	 H O OH OH2 2 → + 	 (R5.5)

Therefore, the two chain‑branching reactions of R5.3 and R5.5 play a dominant role in hydrogen 
combustion chemistry for H and HO2 radical production at high and intermediate temperatures, 
respectively.

5.1.3 E lementary Kinetics of Methane

Methane is an important fuel for power, heating, carbon, and hydrogen production. Oxidation 
of methane at fuel lean conditions is very important to reduce emissions and methane slip. 
Unfortunately, unlike hydrogen, methane is much more difficult to oxidize than hydrogen because 
of the strong C–H bond in methane (~439 kJ/mole) and CH3 (~463 kJ/mol) [3], resulting in slow CH4 
chain‑initiation and branching channels.
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FIGURE  5.3  Reaction rate comparison between H + O2 = OH + O and H + O2(+M) = HO2(+M) at different 
pressures and with air, H2O, and CO2 as the diluents, respectively.
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FIGURE 5.4  Schematic of the hydrogen explosion limits and the key reactions. The region on the right of the 
explosion limit curve is the explosive region (k3 and k8 are referred to as R5.3 and R5.8).
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The major chain‑initiation, branching, propagation, and termination reactions of methane at high 
temperature are listed below. The first radical production in chain‑initiation reaction is via R5.12. 
After this initiation reaction, CH3 will be oxidized via chain‑branching and propagation reactions 
R5.14 and R5.15 to form CH3O as well as O or OH radicals. However, these reactions are slower 
than R5.3. Therefore, methane oxidation is slower than that of hydrogen. To proceed methane oxida-
tion, it is critical to produce H radials to accelerate R5.3 branching reaction. CH3O radicals will be 
converted to CH2O and HCO via reactions R5.16 and R5.17, respectively. The H‑abstraction reac-
tion by radicals from CH2O in reaction R5.17 is one of the major exothermic reactions in methane 
oxidation. In methane oxidation, reaction R5.18a is a critical reaction to produce H radicals for R5.3. 
However, R5.18b is a termination reaction to produce relatively inactive HO2. Note that different 
from R5.8 in hydrogen mechanism, R5.18b is the major reaction of HO2 production in methane oxi-
dation. Therefore, like R5.3 and R5.8 for hydrogen, reactions R5.18a and R5.18b are the major com-
petition reaction pairs for methane oxidation (Figure 5.6). As such, producing H and OH radicals 
by plasma can dramatically accelerate methane oxidation via R5.3. Depending on the temperature, 
CO will be oxidized to CO2 and produce heat via reactions R5.19 and R5.20, respectively, at high 
and intermediate temperatures. Note that at high pressure, the pressure fall‑off reaction R5.13 and 
the termination reactions R5.8 and R5.21 will play important roles in affecting methane oxidation.

Chain‑initiation reactions:

	 CH O CH HO4 2 3 2+ = + 	 (R5.12)

	 CH M CH H M4 3( ) ( )+ = + + 	 (R5.13)

-3 -2 -1 0 1 2

Sensitivity Coefficient

1 atm
10 atm
20 atm

H2O2+OH=HO2+H2O

H+OH+M=H2O+M

HO2+O=O2+OH

HO2+H=H2+O2        

O+H2=H+OH        

HO2+OH=H2O+O2       

HO2+H=OH+OH        

H2+OH=H2O+H           

H+O2=O+OH 

H+O2(+M)=HO2(+M)     

H 2/O 2/He, φ=0.70

Tf ~1600K

FIGURE 5.5  Reaction sensitivity of lean hydrogen combustion (φ = 0.7) at 1, 10, and 20 atm, respectively.
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Chain‑branching reactions:

	 H O OH O2+ = + 	 (R5.3)

	 CH O CH O O3 2 3+ = + 	 (R5.14a)

Chain‑propagation reactions:

	  CH O CH O OH3 2 2+ = + 	 (R5.14b)

	  CH HO CH O OH3 2 3+ = +  	 (R5.15)

	  CH O O CH O HO3 2 2 2+ = + 	 (R5.16)

	 CH O X HCO XH X H,OH,O,HO Exothermic2 2( )+ = + =  	 (R5.17)

	 HCO M CO H M( ) ( )+ = + + 	 (R5.18a)

	 HCO O HO CO2 2+ = + 	 (R5.18b)

	 CO HO CO OH2 2+ = + 	 (R5.19)

	 CO OH CO H Exothermic2+ = + 	 (R5.20)

CH4

+O2, OH, HO 2

CH3 CH3O2
+CH3

CH3O CH3OOH

CH3OH

CH2O

CHO

CO

CO2

HO2
+O2H +M

+OH, HO 2 

+H, OH, O, HO 2 

+O2

C2H6

+O2

CH2OH

+HO2

+OH

+CH3

+HO2 +OH

+H, OH, O

+HO2 

+O2

+O

FIGURE 5.6  Schematic of methane oxidation at high (black arrow) and low (green arrow) temperatures, 
respectively. The dashed box indicates H radical production and termination competition reaction pare.
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Chain‑termination reactions:

	  H O M HO M2 2( ) ( )+ + = +  	 (R5.8)

	 CH CH M C H M3 3 2 6( ) ( )+ + = + 	 (R5.21)

To summarize the discussions above, a schematic of the reaction pathways of methane oxidation 
at high and low temperatures is shown in Figure 5.6. Note that at low temperature and high pres-
sure, production of methyldioxy radical, CH3O2, from CH3 with O2 and HO2 becomes important. 
Therefore, new low‑temperature reaction channels via CH3 → CH3O2 → CH3O pathway and CH3 → 
CH3O2 → CH3OOH → CH2O pathway will become important at low temperature and high pressure 
[4]. Understanding the rate‑limiting reactions, the competing radical production reaction pairs, and 
the low and high‑temperature/‑pressure reaction pathways are important for plasma‑assisted com-
bustion. Since nonequilibrium plasma operates at low temperature, the low‑temperature methane 
oxidation via CH3O2 will be accelerated.

5.1.4 R eaction Kinetics of Ammonia

Ammonia is likely to be an important hydrogen carrier for power generation and energy storage. 
However, ammonia is difficult to ignite and has a very low flame speed and high NOx formation in 
combustion [5–7]. Therefore, it is necessary to understand ammonia combustion chemistry and to 
explore the possibility of plasma‑enhanced ammonia combustion.

Ammonia combustion chemistry has been studied extensively since the 1980s [8,9]. To improve 
the burning properties of ammonia, more interest in ammonia combustion is to understand the 
combustion kinetics of ammonia in blended fuel mixtures with hydrogen, methane, large alkanes, 
and oxygenated fuels. Figure 5.7 shows a summary of the recent studies of ammonia combustion 
kinetics with hydrogen, alkanes, alcohols, and ethers. It is seen that most of the kinetic studies were 
conducted in high‑temperature flames under low pressure (0.3–10 atm) [10–32] with hydrogen and 
hydrocarbon blends [6,7,33–50]. However, kinetic studies of ammonia oxidation with oxygenated 
fuels [51–61] are very scarce and many studies have been limited to low pressures. To data, only 

FIGURE 5.7  Pressure and temperature conditions of kinetic studies of NH3 oxidation with different fuel 
blends.
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the ignition delay time of ammonia with H2, alcohols, and ethers are studied up to 70 atm [53–
55,58,59,61] using a rapid compression machine (RCM) or shock tube [35]. To overcome this pres-
sure limitation, Hashemi et al. [62,63] succeeded in species measurements at 100 atm for CH4/C2H6/
C3H8/C7H16/NH3 oxidations [6,35,62–64]. Glarborg and Ju [35] also collaborated in extending these 
studies for high‑pressure alkane/NH3 oxidation using a new supercritical pressure jet‑stirred reac-
tor (SP‑JSR), which can operate up to 250 atm with a well‑defined temperature (±5 K) and engine 
relevant flow residence time (50–500 ms) [1,4,65–67]. The results showed a strong kinetic coupling 
between n‑heptane and ammonia oxidation at low and intermediate temperature at high pressure.

The major chain‑initiation, branching, propagation, and termination reactions of ammonia com-
bustion are as follows [5,8,9,68,69],

Chain‑initiation reactions: 	

	 NH M NH H M3 2( ) ( )+ = + + 	 (R5.22)

	 NH O NH HO3 2 2 2+ = + 	 (R5.23)

Chain‑branching reactions:

	 H O OH O2+ = + 	 (R5.3)

	 NH NO NNH OH2 + = + 	 (R5.24a)

Chain‑propagation reactions:

	 NH O HNO OH2 2+ = +  	 (R5.25)

	 NH O HNO O2+ = + 	 (R5.26)

	 NH X NH XH X H, O, OH, HO3 2 2( )+ = + = 	 (R5.27)

	 NH X NH XH X H,O,OH2 ( )+ = + = 	 (R5.28)

	 NH O HNO H2 + = + 	 (R5.29)

	 HNO M NO H M( ) ( )+ = + + 	 (R5.30)

	 HNO O HO NO2 2+ = + 	 (R5.31)
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	 NH NO N O H2+ = + 	 (R5.32a)

	 NH NO N OH2+ = + 	 (R5.32b)

	 NH OH HNO H+ = + 	 (R5.33)

	 NH X N XH X H,O,OH( )+ = + = 	 (R5.34)

	 NH O NO H+ = + 	 (R5.35)

	 N O H N OH2 2+ = + 	 (R5.36)

	 N NO N O2+ = + 	 (R5.37)

	 N O NO O2+ = + 	 (R5.38)

	 NH HO H NO OH2 2 2+ = + 	 (R5.39a)

	 H NO HO HNO H O2 2 2 2+ = + 	 (R5.40)

	 NO HO NO OH2 2+ = + 	 (R5.41)

	 NH NO H NO NO2 2 2+ = + 	 (R5.42a)

Chain‑termination reactions:

	 NH HO NH O2 2 3 2+ = + 	 (R5.39b)

	 NH HO HNO H O2 2 2+ = + 	 (R5.39c)

	 NH NO N O H O2 2 2 2+ = + 	 (R5.42b)

	 NH HNO NH NO2 3+ = + 	 (R5.43)
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	 NH NO N H O2 2 2+ = + 	 (R5.24b)

	 NH NH M N H M2 2 2 4( ) ( )+ + = +  	 (R5.44)

	 HNO OH NO H O2+ = + 	 (R5.45)

	 N OH NO H+ = + 	 (R5.46)

	 H O M HO M2 2( ) ( )+ + = + 	 (R5.8)

The main chain‑initiation reaction is reaction R5.23 which is very slow because of the strong N–H 
bond of NH3. At high temperature, the ammonia oxidation is schematically shown in Figure 5.8a 
[9]. Equation R5.3 remains to be the key chain‑branching reaction to produce H/O/OH radicals. 
NH3 is then mainly consumed by H‑abstraction reactions via R5.27 and R5.28 and from NH2 and 
NH. Both of them are further oxidized by O, OH, and O2 via reactions R5.24, R5.26, R5.29, R5.33, 
and R5.35 to form HNO and NO. NH can be further reduced to N with O and H radicals via reaction 
R5.34. In addition, NH2 and NH reactions with NO will lead to NNH and N2O via reactions R5.24a 
and R5.32b. Then, NO reactions with NH2 and N can lead to NO reduction to N2 from R5.24b and 
R5.37.

At lower temeprature and high pressure, due to the importance of HO2 chemistry (R5.8), R5.39b and 
R5.39c start to compete with R5.39a for radical progagation and termination. Reactions R5.39–R5.42 
will further couple NO, NO2, and H2NO production and consumption by HO2, leading to a complicated 
coupling between NH3 oxidation, HO2 chemistry, H2NO reactions, and NOx chemistry at lower tem-
peratures (Figure 5.8b). Unfortunately, this kinetic coupling at high pressure is not well understood.

Figure 5.9a shows the energy barriers of reactions R5.39, NH2 + HO2 [69]. It is seen that the ter-
mination reaction R5.39b has the lowest energy barrier. Therefore, NH3 oxidation at high pressure is 
very sensitive to the branching ratios of reaction R5.39. Unfortunately, although quantum chemistry 
calculations have been done for this reaction [69], few experimental measurements of this reaction 
have been conducted because of the difficulty in quantifying radial‑radical reactions involving HO2. 
With the introduction of oxygenated fuels and low‑temperature plasma, more HO2 will be formed 
and this reaction coupling will become even more important. As shown in the ammonia oxidation 

HO2

NH2

N2OHNO

NO NO2

H2NO NO2   HO2

HO2

NO2

O2

O2

H2NO

O2

HO2

NH2

NO
NH2

NO2O2 NH2

NH

(a) (b)

FIGURE 5.8  (a) Schematic of high‑temperature NH3 oxidation kinetics [9]. (b) Schematic of low‑temper-
ature and high‑pressure kinetic coupling between HO2 chemistry, ammonia oxidation, and NOx chemistry.



358 Plasma Assisted Combustion and Chemical Processing

sensitivity analysis of elementary reactions at high pressure and low temperature (Figure  5.9b), 
there is a strong kinetic coupling between ammonia oxidation via NHx + HO2 chemistry, NHx + NOx 
reaction channels, and NOx chemistry as well as RO2 + NO and HO2 + NO reaction pathways [69–71].

5.1.5 R eaction Kinetics of Large Alkanes and Oxygenates at Different Temperatures

For large hydrocarbon fuels such as n‑alkanes and oxygenated fuels such as alcohols [72,73], ethers 
[66,67,74,75], and esters [76,77], in addition to the low and intermediate temperature chain‑branch-
ing reactions R5.48 and R5.50 (Table 5.3), there exist low‑temperature chain‑branching reactions 
via alkyl‑peroxy radicals, which results in low‑temperature chemistry (LTC) and cool flames below 
900 K [78,79] (Figure 5.10). As shown in Figure 5.10, for a large alkane or oxygenate fuel, in addi-
tion to the HTI above 1,000 K, there exists a low‑temperature ignition (LTI) between 500 and 900 
K due to LTC. Corresponding to the LTI, there exists a cool flame at a temperature far below the 
hot flame (typically above the critical chain‑branching temperature of R5.48 around 1,100 K). The 
existence of LTI and cool flame significantly changes the ignition delay time and the flammabil-
ity limit of the combustion process and provides a great opportunity for nonequilibrium plasma to 
control low‑temperature combustion [78,79].

Figure 5.11a shows the dependence of the ignition delay time on the initial temperature for a stoi-
chiometric n‑heptane/air mixture at 20 atm with and without 100 ppm OH addition (e.g., generated 
by plasma). The solid and dashed lines, respectively, represent the ignition delay times of HTI and 
LTI. It is clearly seen that radical addition by plasma in the initial mixture can dramatically reduce 
the ignition delay time of LTI to 100 μs. Thus, through chemical sensitization by plasma, LTI can 
be accelerated dramatically.

The schematic of temperature‑dependent chain‑branching reaction pathways for fuel oxidation 
is shown in Figure 5.12 [79–83] and the key elementary reactions for low and intermediate tempera-
ture are shown in Table 5.3. At a low temperature (below 700 K), LTC chain‑branching pathway 
governs the rate of fuel oxidation. As shown in Figure 5.12, at LTC, fuel (RH) oxidation starts 
with an H‑abstraction of fuel by radicals such as OH/HO2 and forms a fuel radical (R). Then, the 
fuel radicals (R) are added by an O2 molecule to form RO2 or HO2. The internal isomerization 
of RO2 will lead to QOOH (hydrocarbon hydrogen peroxide). The subsequent oxygen addition to 
QOOH for O2QOOH and its beta scissions produce multiple OH radicals (Figure 5.12). This LTC 
results in the first stage LTI and cool flame as shown in Figure 5.10. As such, the major cool flame 
chain‑branching reaction pathway can be written as:

FIGURE 5.9  (a) Energy barriers of NH2 + HO2 [69] reaction pathways. (b) Reaction sensitivity analysis of 
NH3 concentration at 100 atm, 850 K, and fuel lean conditions.
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	 R RO QOOH O QOOH OQ’O 2OH2 2→ → → → + 	 (R5.56)

At an intermediate temperature (700–1,050 K), as shown in Figure 5.12 and Table 5.3, the decomposi-
tions of RO2, QOOH and O2QOOH via RO2 → R + O2 (R5.48), QOOH→ HO2 + alkene or OH + cyclic 
ether (R5.50), and O2QOOH → QOOH+O2 (R5.51) shut down the O2QOOH chain‑branching path-
way and slow down the reactivity, leading to the negative temperature coefficient (NTC) effect 
[81,84,85]. As a result, in this NTC process, the concentrations of HO2 and fuel radicals R increase. 
Therefore, HO2 reactions with fuel radicals (R5.52) and partially oxidized intermediate species 
(R5.47 and R5.55) as well as the H2O2 decomposition reaction (R5.5) become critical to produce 
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OH radicals for chain‑branching. Therefore, at the intermediate temperature, the HO2 chemistry 
listed in Table 5.3 is the major chain‑branching pathway for the second stage ITI (Figure 5.11) and 
warm flame formation [70,86–88]. At high pressure, recent studies have shown that HO2 chemistry 
plays a critical role in fuel oxidation and the NTC effects [63,89]. As such, the major chain‑branch-
ing reaction pathway for ITI and warm flame can be written as Ref. [79],

	 R HO R O OH, CH O HCO HO H O 2OH2 2 2 2 2′ + → ′ + → → → → 	 (R5.57a)

	 R CO O aldehyde CO OH, CH O HCO HO H O 2OH2 2 2 2 2′ + → + + → → → → 	 (R5.57b)

The above three sets of chain‑branching reaction pathways in reactions R5.56, R5.57, and R5.3, 
respectively, represent the dominant radical production reactions at low, intermediate, and high 
temperatures. As will be discussed in the sections below, these three sets of temperature‑dependent 
chain‑branching reactions lead to three different kinds of flames: cool flame, warm flame, and hot 
flame.

TABLE 5.3
Low‑ and Intermediate‑Temperature Chemistry 
Fuel HO R H O2 2 2+ = + 	 (R5.46)
Aldehyde HO H O RCO2 2 2+ = + 	 (R5.47)
RO R O2 2= + 	 (R5.48)
RO QOOH2 → 	 (R5.49a)
RO aldehyde HO2 2→ + 	 (R5.49b)
QOOH cyclic ether OH→ + 	 (R5.50a)
QOOH alkene HO2→ + 	 (R5.50b)
O QOOH QOOH O2 2→ + 	 (R5.51)
R HO RO OH2+ = + 	 (R5.52)
RO O aldehyde HO2 2+ = + 	 (R5.53)
RCO O aldehyde CO OH2+ = + + 	 (R5.54)
HO CH O H O HCO2 2 2 2+ = + 	 (R5.55)
HO HO H O O2 2 2 2 2+ = + 	 (R5.11)
H O 2OH2 2 = 	 (R5.5)

Fuel (RH)

+(OH, HO2)

R

OH

Aldehyde C2H3/CH2O

H/HCO
+O2+(M)

+M

+O2

CO2

CO
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HO2
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FIGURE 5.12  A schematic of the key reaction pathways at different temperatures (blue arrow: below 700 K; 
green arrow: 700–1,050 K; red: above 1,050 K).
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5.2  CHEMICAL KINETICS IN PLASMA‑ASSISTED COMBUSTION

5.2.1 N onequilibrium Plasma Energy Transfer and Its Impact on Combustion

As discussed in Chapters 3 and 4, plasma is a nonequilibrium energy transfer process. The heat, 
radicals, ions, and excited species produced in plasma will affect combustion chemistry and trans-
port. Figure  5.13 schematically shows the nonequilibrium energy transfer processes as well as 
active species and fast and slow heating production in plasma. When an electron gains energy 
in an electric field, it will collide with neutral molecules and produce a second electron and a 
positive ion. When electrons and positive ions recombine, it will generate heat and emit photons. 
Both energetic electrons and photons will create ionization, excitation, and dissociations of neutral 
molecules and lead to the formation of ions, excited molecules, and radicals. This process occurs 
within a few nanoseconds. As shown in Figure 5.13, in addition to electrons, the resulting electroni-
cally excited molecules will also collide with neutral molecules to produce vibrational molecule 
excitations, radicals, and fast heating from nanoseconds to microseconds. After that molecules at 
higher vibrational energy states will be relaxed to lower states via vibrational‑vibrational (V‑V) 
and vibrational‑translational (V‑T) energy transfer and generate slow heating. This process occurs 
from a few microseconds to milliseconds depending on the excited molecules and pressure. If the 
rate of V‑T energy transfer is faster than that of molecule excitation by electrons and photons, the 
plasma will be relaxed to equilibrium plasma. Otherwise, the plasma will be in nonequilibrium and 
the electron and vibrational energies are much higher than the rotational and translational energies 
of the neutral molecules. Therefore, plasma‑assisted combustion is strongly affected by the active 
species production in plasma.

In fact, the active species production and nonequilibrium energy transfer in plasma are a function of 
electron energy distribution function (EEDF) or the reduced electric field (E/N). Figure 5.14 shows the 
energy transfer fractions from electrons to different energy states as a function of the reduced electric 
field for a CH4/H2/He mixture. It is seen that when the E/N is below 50 Td, plasma delivers most energy 
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production of ions, excited molecules, radicals, and heat via fast heating (via electrons and excited molecules) 
and slow heating processes (via V‑V and V‑T).
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to vibrational states of methane and hydrogen. However, when the E/N is increased above 50 Td, it is 
seen that CH4 and H2 dissociations and high‑level H2 vibrational excitation, H2 (v ≥ 4), will start to domi-
nate. When the E/N is further increased above 100 Td, the ionizations of CH4 and H2 and the electronic 
excitations will dictate. Therefore, by controlling E/N, one can tune the active species production in 
plasma and control plasma chemistry for combustion and chemical manufacturing.

In the plasma‑assisted combustion processes, the production of heat, chemically active species 
such as electrons, ions, vibrationally and electronically excited species, radicals, long‑lifetime inter-
mediate species, and fuel fragments as well as ionic wind and acoustic waves, and Coulomb and 
Lorentz forces, can affect the combustion process. Ju and Sun [90] summarized the three major 
pathways of the interactions between plasma and combustion, as shown in Figure  5.15. Plasma 
affects combustion via thermal, kinetic, and transport pathways. In the thermal enhancement path-
way, the fast gas heating (due to rapid electronically excited state quenching) and slow gas heat-
ing (due to vibrationally excited state relaxation) from plasma increase temperature and accelerate 
chemical reactions and fuel oxidation according to the Arrhenius Law. In the kinetic enhancement 
pathway, high‑energy electrons and photons are produced in plasma and lead to the production of 
active radicals (such as O, H, and OH) by direct electron impact and photo dissociation, ioniza-
tion and recombination dissociation of ions (e.g., H2

+ and O2
+), and subsequent reactions involving 

electronically exited species (e.g. O a2
1

g( )∆ , N2
* and O(1D)) [91–94]. In addition, the long‑lifetime 

FIGURE 5.14  Computed energy loss fractions as a function of E/N in a methane/hydrogen/helium plasma.
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reactive (O3) [95–97] and catalytic (NO) [70] intermediated species produced in the plasma also 
accelerate low‑temperature fuel oxidation [78,79]. In the transport enhancement pathway, plasma 
dissociates the fuel molecules into fuel fragments, which changes the fuel diffusivity and therefore 
modifies the combustion process. In addition, the ionic wind as well as the acoustic waves, thermal 
expansion, and hydrodynamic instabilities produced by plasma can change the local flow velocity 
and increase the flow turbulence intensity and mixing.

In the sections below, we will discuss plasma chemistry and plasma‑assisted combustion chem-
istry for hydrogen, methane, ammonia, and large hydrocarbons. In addition, the effects of a few key 
intermediate species produced in plasma such as ozone and NOx on low‑temperature fuel oxidation 
will be discussed.

5.2.2 E lementary Reactions of Plasma

Due to the electron‑impact and photoionization processes in plasma (Figure 5.14), many chemically 
active species (Figure 5.15) are produced, and they will significantly affect plasma chemistry in com-
bustion and manufacturing. These chemically active species need to be quantitatively quantified by 
using elementary reactions. Table 5.4 lists the major elementary reactions of electron‑impact and pho-
toionization processes in plasma. These processes include electron‑impact excitation (electronically, 
vibrationally, and rotationally), electron‑impact and photoionization to produce ions as well as new 
electrons, electron attachment and detachment, molecule dissociation by electrons and excited mol-
ecules, quenching of excited states, radiative and dissociative recombination, vibrational‑vibrational 
energy transfer (V‑V), and vibrational‑translational (V‑T) energy transfer. As shown in the representa-
tion reactions in the right column, these elementary processes govern the reactive energy transfer and 
chemically active species production.

TABLE 5.4
Elementary Reaction Processes via Electron Impact and Photon Ionization in Plasma

Excitation of internal degrees of freedom

e AB e AB*+ → + Electronic excitation e N   e N2 2
*+ → +  

e AB e AB v( )+ → +  Vibrational excitation  e N e N ( )2 2 v+ → +  
Ionization

e AB 2e AB+ → + + Ionization e O   2e O2 2+ → + + 
e A 2e A*+ → + + Multi‑step ionization e O D 2e O1( )+ → + +

e AB 2e A B+ → + + +  Dissociative ionization e N   2e N N2+ → + + + 
Ionization

ν + → ++AB AB eh Photoionization ν + → ++O O e2 2h  
ν + → ++AB AB enh Multiphoton ionization ν + → ++O O e2 2nh  

Attachment

e AB A B+ → + − Dissociative attachment e O   O O2+ → + −  
e A B A B+ + → + − Three‑body attachment e O O O O+ + → + −

Detachment

A B AB e+ → +−  Detachment O O   O e2+ → +−  
Dissociation

e AB e A B+ → + +  Dissociation by electron e H e H H2+ → + +

(Continued)
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For example, in air plasma, the electron‑impact excitation and dissociation of oxygen, nitro-
gen, and fuel (RH) molecules (Figure 5.16) will lead to many active species productions such as 
O a2

1
g( )∆ , O(1D), N2(A), N2(B), N2(C), N2(v), R, O, N, H, OH, and NOx. Moreover, the reaction rates 

for this elementary process depend on the EEDF, thermal and non‑thermal energy distributions 
of molecules, and the reaction cross‑section areas. The production of active species will affect the 
chemical reactions in combustion and catalysis. Therefore, models for appropriate inclusion of these 
active species in plasma‑assisted combustion and chemical manufacturing are needed.

In air plasma, in addition to the combustion species on the ground states, we also need to consider 
electronically excited states such as O2

* (e.g., O a2
1

g( )∆ , O b , O c2
1

g 2
1

u( ) ( )∑ ∑+ − , O C2
3

u( )∆ , O A2
3

u( )Σ+ );  
N2

* (e.g., N2(A), N2(B), N2(a’), N2(C)), N*(e.g., N(2D) and N(2P)); O* (e.g., O(1D) and O(1S)); positive ions: 
O+, O2

+, O4
+, N+, N2

+, N3
+, N4

+, NO+, NO2
+, N2O+; negative ions and charged particles: O−, O2

−, O3
−, O4

−, 
NO−, NO2

−, N O2
−, e; vibrational states such as O2(v) and N2(v); and rotational states such as O2(rot) and 

N2(rot). All these species are chemically active species and their energy transfer and reactions with 
combustion species need to be appropriately considered in plasma‑assisted combustion and chemical 
manufacturing. Note that depending on the chemical or combustion processes, not all these species 
and their associated reactions are equally important. Careful examination of the reaction pathways and 

TABLE 5.4 (Continued)
Elementary Reaction Processes via Electron Impact and Photon Ionization in Plasma

AB CD AB C D* + → + +  Dissociation by excited molecules N H   N H H2 2 2+ → + ++

Quenching

e A e A*+ → +  De‑excitation e O D   e O1( )+ → +  
Recombination

e e A e A+ + → ++ Three‑body recombination e e O   e O+ + → ++  
e AB A B+ → ++ Dissociative recombination e O   O O2+ → ++  
e A A A* hν+ → → ++  Radiative recombination e O O D O1 hv( )+ → → ++

Vibrational energy transfer

AB CD

AB 1 CD 1

v n v m

v n v m( ) ( )

( ) ( )= + = →

= + + = −

Vibrational‑vibrational transfer (V‑V) N 1 N 1  

N 2 N 0

2 2

2 2

v v

v v

( ) ( )

( ) ( )

= + = →

= + =  
AB C AB 1 Cv n v n( )( )= + → = − +  Vibrational‑translational transfer (V‑T) N 1 O N 0 O2 2v v( ) ( )= + → = +

e
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N2(B)
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rate‑limiting reactions for reactivity is needed. In the section below, we will provide a few examples of 
key elementary reactions in plasma‑assisted combustion and fuel oxidation.

5.2.3 E lementary Reactions of Plasma‑Assisted Hydrogen Combustion

Table 5.5 shows the key elementary reactions for radical production as well as fast and slow heating 
in the plasma‑assisted hydrogen‑air combustion system [90]. It includes the major electron‑impact 
electronic and vibrational excitations, dissociation, and ionization, vibrational‑translational (V‑T) 
relaxation (slow heating), vibrational‑vibrational (V‑V) energy transfer, H abstraction of vibra-
tionally excited species, dissociation by electronically excited species (fast heating), and electron‑ion 
recombination.

Without plasma, as discussed in Section 5.1, the radicals (such as H and HO2) are initially pro-
duced slowly by the chain‑initiation reaction (R5.1). This process is very slow which makes hydro-
gen ignition delay time quite long even though it is a very reactive fuel. With plasma discharge, 
active radicals such as H, O, and OH will be produced in nanosecond timescale by electron‑impact 
excitation and dissociation processes via reactions listed in Table 5.5. In addition, the V‑T relaxation 
reactions (R5.14’) generate slow heating between microsecond and millisecond. The dissociation 
reactions by excited species (R5.20’–R5.24’) can not only produce radicals but also result in fast 
heating (via the extra energy of the excited states) from nanosecond to microsecond. Therefore, such 
rapid radical production and fast/slow heating in plasma will bypass the slow chain‑initiation reac-
tion (R5.1) and accelerate the chain‑branching and propagation reactions (R5.3–R5.5) in hydrogen 
combustion, thus enhancing the combustion process.

Figure 5.17 [98–101] shows the comparison of the reaction rate of the key hydrogen chain‑branching  
reaction (R5.3) at ground state with that when oxygen is electronically excited (R5.19’). It is seen 
that at low temperature (below 900 K), R5.19’ is much faster than R5.3. Therefore, plasma‑assisted 
chemical kinetics can dramatically accelerate ignition and combustion at low temperatures. 
Unfortunately, many reaction rates between the excited molecules with fuel molecules and interme-
diate species in combustion shown in Table 5.5 and Figure 5.16 remain unknown.

TABLE 5.5
Key Reactions in Plasma‑Assisted H2/O2/N2 Combustion System [90]

Electron Impact Vibrational‑Translational (V‑T) Relaxation: Slow Heating

e H e H 1 32 2 v n n( )( )+ → + = = − 	 (R5.1’) N H N 1 H2 2 2 2v n v n( )( )= + → = − + 	 (R5.14’)

e O e O 1 42 2 v n n( )( )+ → + = = − 	 (R5.2’) Vibrational‑vibrational (V‑V) exchange

e N e N 1 82 2 v n n( )( )+ → + = = − 	 (R5.3’) N N N 1 N 12 2 2 2v n v m v n v m( ) ( )( ) ( )= + = → = − + = + 	 (R5.15’)

e O e O a2 2
1

g( )+ → + ∆ 	 (R5.4’) H‑abstraction of vibrationally excited species

e + N e + N A /N B /N a /N C2 2 2 2 2( )( ) ( )( )→ ′ 	 (R5.5’) O H OH H 1 32 v n n( )( )+ = → + = − 	 (R5.16’)

e H e H H2+ → + + 	 (R5.6’) H OH H O 1 32 2v n H n( )( )= + → + = − 	 (R5.17’)

e O e O O2+ → + + 	 (R5.7’) H O O OH 1 42 v n n( )( )+ = → + = − 	 (R5.18’)

e O e O O D2
1( )+ → + + 	 (R5.8’) Dissociation by excited species: fast heating

e N e N N D2
2( )+ → + + 	 (R5.9’) H O a O OH or HO2

1
g 2( )+ ∆ → + 	 (R5.19’)

e M e e M M H ,O ,N2 2 2( )+ → + + =+ 	 (R5.10’) O D H H OH1
2( ) + → + 	 (R5.20’)

Electron‑ion recombination N A /N B O N O O2 2 2 2( ) ( )+ → + + 	 (R5.21’)

e H H H2+ → ++ 	 (R5.11’) N (a )/N C O N O O D2 2 2 2
1( )( )′ + → + + 	 (R5.22’)

e O O O/O D2
1( )+ → ++ 	 (R5.12’) N (a ) H N H H2 2 2′ + → + + 	 (R5.23’)

e N N N D2
2( )+ → ++ 	 (R5.13’) N C H N H H2 2 2( ) + → + + 	 (R5.24’)
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Figure  5.18 shows the sensitivity analysis of the ignition delay time of a H2/O2/He mixture 
for NSD and hybrid discharge with different DC reduced electric field strengths at 400 K [99]. 
For electron impact reactions, Figure 5.18 shows that e + O2 → e + O + O(1D) (R5.8’) and e + H2 → 
e + H + H (R5.6’) are the dominant reactions in initial radical production and ignition enhancement 
in the NSD‑assisted ignition. This figure clearly indicates the key roles of O, O(1D) and H pro-
duction by plasma in combustion. In addition, it is seen that electron concentration and excited 
helium atoms also affect the production of excited species and radicals via He O e He O*

2 2+ → + + +,  
He H e He H*

2 2+ → + + + and He He He e**
2+ → ++  as well as e + O2 → e + O + O. Figure 5.18 also 

shows that the OH production reaction HO2 + H = OH + OH has the largest sensitivity and plays a key 
role in the low‑temperature H2/O2/He ignition. The major OH production is by H2(v1) and O a2

1
g( )∆  

via O + H2(v1) → H + OH, H2(v1) + OH → H2O + H and H O a O OH2
1

g( )+ ∆ → + . This plasma kinetic 
enhancement of hydrogen combustion suggests that plasma is a promising tool to actively control 
combustion.

FIGURE 5.17  Reaction rate constants of different channels of H O a2
1

g( )+ ∆  → products from Chukalovsky 
et  al. [102] and Sharipov and Starik et  al. [100,101]. (Rate constant of the pressure dependence reaction 
H O a   +M HO +M2

1
g 2( ) ( ) ( )+ ∆ →  is presented at 1 atm as a second‑order reaction.)

FIGURE 5.18  Sensitivity coefficients of the ignition delay time for NSD and hybrid discharge at different 
DC E/N values and 400 K, (a) electron impact reactions and (b) other reactions [99].



367Plasma‑Assisted Combustion: Chemistry

To obtain time‑resolved species measurements and validated kinetic models, Lefkowitz et al. 
[103–105] developed a plasma reactor with in situ optical diagnostics (see Figures 9.11 and 9.12). 
This reactor (Figures 9.11 and 9.12) has been used to develop plasma‑assisted combustion model 
for H2 [99], CH4 [105], C2H4 [104], C5H12 [106], n‑heptane [107], n‑dodecane [108], and NH3 [109]. 
Figure 5.19 provides a schematic of the experimental setup. The reactor is constructed primarily 
of quartz and Macor, with a stainless‑steel inlet gas flow manifold and brackets. Each of the two 
45 mm × 45 mm stainless‑steel electrodes is sandwiched between a quartz plate and a Macor plate 
which make up the top and bottom of the reactor, forming a plane‑to‑plane double DBD. There is 
a wedge‑shaped calcium fluoride window in the sidewall to allow the mid‑IR laser beam to pass 
through the chamber wall and into the Herriott cell for laser absorption measurements. All experi-
ments were conducted at a total pressure of 30–100 Torr and an initial temperature of 296 K.

To make kinetic measurement in a reactor, an important assumption is that the flow reaction sys-
tem is either a time‑evolving zero‑dimensional or a steady‑state one‑dimensional plug flow reactor. 
In the formal case, the distribution of species and temperature in the reactor needs to be homoge-
neous, so that the species and energy governing equation can be written as

	
dY
dt

i iω
ρ

= 	 (5.5a)

	 , 1
dT
dt

h
C

i N
i

i i

p
∑ω

ρ
= − = … 	 (5.5b)

Therefore, by measure the time history of ith species mole fraction, Yi, and temperature, T, the reac-
tion rate of ωi can be validated.

In the steady‑state one‑dimensional plug flow reactor, two assumptions need to be valid: (1) 
the ratio of the diffusion time (d2/Di) to the flow residence time (τres = L/U) is very small (d is the 
reactor’s channel height) so that the diffusion in the direction vertical to the flow is fast so that the 
concentration and temperature gradient dYi/dy ≈ 0. (2) The diffusion flux in the flow direction is 
negligible, and (3) the reaction Damköhler number is close to unity
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With the above three assumptions, the governing equations for energy and species in the coordinate 
of the flow direction normalized by the length of the reactor (L) in Figure 5.19a can be given as,
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FIGURE  5.19  (a) Schematic of species and temperature distribution in a flow reactor. (b) Schematic of 
experimental setup for DBD flow reactor with TDLAS measurement system.
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We will use the plasma flow reactor to study plasma chemistry. The purpose of the studies was to 
quantitatively measure time‑resolved species production and temperature histories in a homoge-
neous plasma discharge and compare these results with kinetic modeling.

By using experiments in Figure 5.19 and the kinetic model in Table 5.5 by including helium, 
Mao et  al. [99] studied the plasma‑assisted low‑temperature H2/O2/He combustion kinetics in a 
repetitively‑pulsed nanosecond discharge (NSD). Figure 5.20a and b show the time‑dependent mea-
surement of H2O number density and temperature measured in situ by mid‑IR tunable diode laser 
absorption spectroscopy (TDLAS) during and after the 1,500 pulse, 30 kHz nanosecond plasma 
in a burst mode. Figure 5.20a shows that the H2O number density increases with discharge pulses 
from room temperature due to the O and H radicals as well as electronically excited O(1D) produced 
by electron‑impact dissociation reactions (R5.6’–R5.8’). With the progress of hydrogen oxidation, 
the temperature increases with plasma pulses as shown in Figure 5.20b. Note that the temperature 
peaks at the end of the discharge burst and decreases after that due to heat losses from the dis-
charged mixture to the reactor walls. Figure 5.20c shows the species concentration measured ex 
situ by gas chromatograph (GC) measurements and temperature as a function of pulse repetition 
frequency. It is seen that the fuel consumption and temperature increase with the plasma frequency 
as more energy is deposited into the plasma with more pulses. In addition, the model prediction 
agrees well with the experimental data. Therefore, the development of experimentally validated 
kinetic models is critical for plasma modeling.

5.2.4  Kinetics of Plasma‑Assisted CH4 Combustion

Plasma‑assisted methane oxidation plays a critical role in fuel flexible power generation, heating, 
and methane reforming. Previous studies of methane oxidation in plasma have been conducted 
using shock tubes [110–112], counterflow flames [113,114], and flow reactors [115–118]. In addi-
tion, there have been extensive studies of plasma fuel reforming using methane [119–127]. In shock 
tubes, Kosarev et al. [110] measured ignition delays after a fast ionization wave (FIW) in CH4/O2/Ar  
mixtures at initial temperatures from 1,230 to 1,719 K and pressures from 0.3 to 1.1 bar. It was 
shown that the ignition delay was shortened by a factor of 30 using a nanosecond pulsed plasma. 

FIGURE 5.20  Time‑dependent measured (a) H2O number density and (b) temperature with fitted line with 
model prediction during and after the 1,500 pulse, 30 kHz nanosecond plasma in a burst mode; and (c) species 
concentration between steady‑state measurement and model prediction as well as measured temperature in a 
continuous nanosecond plasma ranging from 200 Hz to 30 kHz for a 0.1667 H2/0.0833 O2/0.75 He mixture at 
60 Torr [99].
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Lou et  al. [115] studied the oxidation of methane‑air mixtures in a NSD in a homogenous flow 
reactor at initial temperature of 290 K and pressure <100 Torr. The results showed that PAC could 
accelerate fuel oxidation. Further studies of plasma‑assisted methane combustion [116–118] quanti-
tatively measured the temperature, NO, O, and OH concentrations. Modeling of the PAC processes 
predicted the temperature and O‑atom concentration, but different combustion kinetic models had 
mixed results in predicting the OH profile. In counterflow flames, Sun et al. [113,114] found that 
the extinction limits of a partially premixed CH4/O2/Ar mixture could be extended by more than 
a factor of two when a nanosecond pulsed discharge was applied to the mixture at the exit of the 
fuel nozzle. Modeling efforts found that O and CH2O concentrations were well predicted, but the 
concentration of H2, CO, CO2, and H2O could not be matched by the model predictions. It was found 
that methane ignition was significantly accelerated by plasma at high oxygen concentrations.

However, few quantitative comparisons between measured and predicted time histories of spe-
cies concentrations were made. Therefore, experimentally validated kinetic models for quantita-
tively predicting plasma‑assisted methane combustion remain scarce. The model predictability, 
especially at low temperature, in terms of speciation data, is still limited, preventing a full assess-
ment of the reaction pathways and computational design optimization of the reaction systems.

Recently, Lefkowitz et al. [105] measured plasma‑assisted methane oxidation using the reactor 
in Figure 5.19 and conducted time‑dependent and in situ measurements of reactants, products, and 
intermediate species as well as temperature. Figure 5.21 presents the mole fraction of CH2O, a key 
low‑temperature intermediate species of methane oxidation, as a function of time [105]. The model 
under‑predicted the peak concentration of CH2O by a factor of 5, indicating a major limitation in the 
model’s predictive ability of this primary intermediate in low‑temperature plasma‑assisted methane 
oxidation. The primary formation pathways reported for CH2O in methane PAC [110,128] are as 
follows:

	 CH O CH O H3 2+ → + 	 (R5.58)
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FIGURE 5.21  Formaldehyde measurement and model prediction during and after a 300 pulse burst plasma 
discharge at 30 kHz repetition rate and 8.76 kV peak voltage in a stoichiometric CH4/O2/He mixture with 75% 
dilution [105].
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	 O D CH CH O H1
4 2 2( ) + → + 	 (R5.25a’)

in which CH3 is mainly produced via,

	 O D CH CH OH1
4 3( ) + → + 	 (R5.25b’)

	 e CH e CH H4 3+ → + + 	 (R5.26a’)

and O is formed from R5.7’ and R5.8’ by electron‑impact oxygen dissociation. The discrepancy 
between experimental data and model prediction indicates that the reaction rates of Eqs. R5.25’ and 
R5.26a’ may not be properly modeled.

To collect a more complete set of species data, multiple species quantification was also made 
by using a gas chromatograph and temperature measurements were conducted by two‑line laser 
absorption spectroscopy. Figure 5.22 presents measured and predicted species concentrations as a 
function of the NSD frequency. Figure 5.22a presents the concentrations of the reactants and H2O. 
It is found that the fuel and oxygen consumption are predicted to be within 5% of the measured 
values. Therefore, the total electron collision rates were well modeled. The production of water is 
predicted within 20% of the measured value, which is in excellent agreement. Figure 5.22b presents 
the other major products: carbon monoxide, carbon dioxide, and hydrogen. The model captures 
the correct trends and relative concentrations of the three species, but under‑predicts the absolute 
concentrations, particularly at the highest frequency conditions. The minor species are plotted in 
Figure 5.22c. Agreement is comparatively poor between the model and measurements of formal-
dehyde, methanol, ethane, ethylene, and acetylene. Like the time‑dependent results, formaldehyde 
is under‑predicted by approximately a factor of five, while methanol is over‑predicted by an order 
of magnitude. In summary, the major trends of reactant consumption and major product species 
production are well captured by the kinetic model, indicating that the electron collision rates and 
dominant reaction pathways are well modeled, but the minor intermediate species modeling results 
are in significant disagreement, indicating that perhaps some secondary rates need further attention.

To understand which reaction pathways are of importance, Figure 5.23 presents the consumption 
pathways of methane for 30 kHz continuously pulsed plasma at steady‑state temperature as pre-
dicted by the model. The major fuel consumption pathways are through electron collision reactions, 
reactions with O(1D), and reaction with OH.

Reactions R5.25a’, R5.26a’ and CH4 + OH = CH3 + H2O are the major reaction pathways (64%) for 
methane consumption. The electron‑impact dissociative excitation reactions via R5.26a’ and

	 e CH e CH H4 2 2+ → + + 	 (R5.26b’)

	 e CH e CH H H4 2+ → + + + 	 (R5.26c’)

also account for 16% of CH4 consumption, while electron‑impact ionization and dissociative ioniza-
tion reactions of e CH 2e CH4 4+ → + + and e CH 2e H CH4 3+ → + + + reactions account for 20%. The 
CH4 dissociative excitation reactions of R5.26’ lead to methyl radical (CH3) and methylene radical 
(CH2) formation, while the dissociative ionization reaction leads to methyl cation (CH3

+). About 10% 
of CH4 consumption leads to CH2 radical production. At low temperature, the CH2 radical is then 
oxidized by reactions with oxygen,

	 CH O CO OH H2 2+ = + + 	 (R5.59a)
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	 CO H H2= + + 	 (R5.59b)

	 CO H2 2= + 	 (R5.59c)

	 CH O O2= + 	 (R5.59d)

0

25

50

75

100

125

150

175

200

100 1000 10000 100000

M
ol

e 
Fr

ac
tio

n 
(p

pm
)

x 
10

00

Frequency (Hz)

O2 Experiment O2 Model
CH4 Experiment CH4 Model
H2O Experiment H2O Model

a

0

2000

4000

6000

8000

10000

12000

14000

100 1000 10000 100000

M
ol

e 
Fr

ac
tio

n 
(p

pm
)

Frequency (Hz)

CO Experiment
CO Model
CO2 Experiment
CO2 Model
H2 Experiment
H2 Model

b

0

200

400

600

800

1000

100 1000 10000 100000

M
ol

e 
Fr

ac
tio

n 
(p

pm
)

Frequency (Hz)

CH2O Experiment
CH2O Model
CH3OH Experiment
CH3OH Model
C2H2 Experiment
C2H2 Model
C2H4 Experiment
C2H4 Model
C2H6 Experiment
C2H6 Model

c 

FIGURE 5.22  Species measurements and model predictions in a continuous plasma at 30 kHz repetition rate 
and 8.76 kV peak voltage in a stoichiometric CH4/O2/He mixture with 75% dilution [105].
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resulting in the formation of CO, CO2, and CH2O. Reaction R5.59a accounts for 47% of carbon 
monoxide formation, and reactions R5.59b and R5.59c together account for 99% of carbon dioxide 
formation from CH2. Reaction R5.59c accounts for 19% of hydrogen formation, while the dis-
sociative excitation of methane (R5.26’) accounts for another 35% of hydrogen production, thus 
accounting for a total of 54% of the hydrogen formation together. All three species are reasonably 
well predicted by the model.

In low‑temperature plasma discharge, methyl radical is consumed by O and O2 via,

	 CH O CH O H3 2+ = + 	 (R5.60)

	 CH O M CH O M3 2 3 2+ + = + 	 (R5.61)

The competition between these two reactions determines the production of methanol (Figure 5.6), 
as R5.61 leads to methyl peroxy radical (CH3O2) formation, which reacts with small radicals to form 
CH3OH and CH3O via reactions (Figure 5.6),

	 CH O OH CH OH O3 2 3 2+ → + 	 (R5.62)

	 CH O H CH O OH3 2 3+ → + 	 (R5.63)

	 CH O CH 2CH O3 2 3 3+ → 	 (R5.64)

	 CH O O CH O O3 2 3 2+ → + 	 (R5.65)

Reaction R5.62 is responsible for 82% of methanol formation, while further reactions from CH3O 
contribute to the remaining 18% of methanol formation, as presented in Figure 5.23.

To understand how the LTC in plasma‑assisted combustion plays a critical role in model predic-
tion, Figure 5.24 compares the experimental results and predictions by using two different models, 
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HP‑Mech [104] and USC‑MECH [129], for plasma‑assisted ethylene oxidation. The former includes 
the low‑temperature reaction pathway discussed above and the latter only has high‑temperature 
reaction pathways. It is clearly seen that the high‑temperature model poorly predicts the formation 
of major products H2O, C2H2, and CH4.

Therefore, in plasma‑assisted low‑temperature methane oxidation, the reaction channels via 
CH3O2 and CH3OH need to be appropriately included (Figure 5.6). In addition, some reaction chan-
nels for CH2O may still be missing or inaccurate in the rate constants. Future studies are still 
needed.

5.2.5  Kinetics of Plasma‑Assisted NH3 Combustion and NOx Emissions

Ammonia (NH3) is considered to be an important hydrogen carrier for power generation [5,130,131] 
and distributed energy storage [132]. However, ammonia is difficult to ignite, has very low flame 
speeds, and high N2O/NOx emissions. The low reactivity of ammonia at low temperatures creates 
serious concerns of incomplete NH3 combustion resulting from cold engine walls and poor fuel/
air mixing. The unburnt ammonia emitted into the atmosphere will change the nitrogen cycle and 
contribute to smog formation due to the strong coupling of HOx−NOx−VOC−O3 chemistry [133]. As 
such, enhancing low‑temperature ammonia oxidation as well as controlling N2O/NOx emissions by 
using plasma is of paramount significance.

Recently, several research efforts have been devoted to plasma‑assisted ammonia combustion. 
Studies in high‑temperature ammonia flames [134–136] reported encouraging impacts of plasma 
on enhancing combustion and reduction in NO. However, the underlying nonequilibrium plasma 
kinetics for ammonia oxidation are not well understood. Several key technical questions remain 
to be answered: How will plasma chemistry affect ammonia oxidation and NOx emissions? What 
are the major ammonia and NOx reaction pathways in plasma? Unfortunately, few experimentally 
validated models exist.

More recently, Zhong et al. [137] conducted in situ diagnostics of nonequilibrium ammonia oxi-
dation and developed an experimentally validated N2O/NOx chemistry in low‑temperature plasma. 
The experimental setup is shown in Figure 5.25.

The plasma reactor is a rectangular flow reactor and is the same as that in Figure 5.19. The reac-
tor is maintained at 30 Torr and the overall flow velocity was 0.3 m/s (the residence time is 0.15 s). 
The nanosecond (ns) voltage pulser operates repetitively in both burst and continuous modes. The 
burst mode was used to facilitate the time‑dependent species production. The burst frequency was 
0.2 Hz. Each burst had 400–600 pulses running at 30 kHz with a peak voltage of 11 kV and pulse 
duration of ∼20 ns. TDLAS was used to scan two NH3  lines at 1726.39 cm−1 and 1727.09 cm−1 
for both temperature and concentration measurements. Two distributed feedback quantum cascade 

HP-Mech USC-Mech(a) (b)
10

FIGURE 5.24  Measurements and predictions of C2H2, CH4, and H2O concentrations after 150 pulses at 
30 kHz repetition rate for a mixture of C2H4/O2/Ar: 6.25/18.75/75 by using (a) HP‑Mech and (b) USC‑Mech 
II [104].
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lasers (DFB QCLs) were used for NO and OH measurements at 1906.73 and 3568.41 cm−1, respec-
tively. An external‑cavity QCL was also used for the detection of H2O at 1338.55 cm−1 and N2O at 
1306.93 cm−1. In addition, a sensitive off‑axis integrated cavity output spectroscopy (ICOS) [93] was 
employed for NO2 measurement at 6640.4 cm−1.

A NH3/O2/N2 plasma‑combustion kinetic model was assembled and updated. The vibrationally 
excited species NH3 (v = 1–4), O2 (v = 1–4), N2 (v = 1–8); electronically excited species O a2

1
g( )∆ , 

O b , 2
1

g
+( )∑  O(1D), O(1S), N2(A), N2(B), N2(a’), N2(C), N(2D); ions NH+, NH2

+ , NH3
+ , NH4

+ , N2H+, O2
+, 

O4
+, N2

+ , N4
+ , H2

+, H3
+, H2O+, H3O+, O−, O2

−, O4
−, OH−; and electrons were included in the model. Both 

V‑T and V‑V energy transfers were considered. The reaction cross‑section area data of electron 
impact reactions of NH3, O2, and N2 were obtained from the database LXCat [138]. The NH3 oxida-
tion sub‑mechanism was taken from Thorsen et al. [35] and the O3 sub‑mechanism of Zhao et al. 
[139] was added. This is the “Starting Model”. Based on the experimental data, the electron impact 
cross sections of

	 e NH e NH H3 2+ → + + 	 (R5.27a’)

and the rate constants of N2(a’) and N2(C) with NH3 dissociation reactions,

	 N a NH N NH H2 3 2 2( )′ + → + + 	 (R5.28a’)

	 N a NH N NH H2 3 2 2( )′ + → + + 	 (R5.28b’)

	 N C NH N NH H2 3 2 2( )+ → + + 	 (R5.29a’)

	 N C NH N NH H2 3 2 2( )+ → + + 	 (R5.29b’)

were adjusted to fit the experimental data. In addition, several reaction rates involving NH and NH2 
reactions with NO and HO2 were also changed within the uncertainty of these reactions to fit the 

FIGURE 5.25  Experimental setup of ammonia oxidation in a plasma reactor with time‑resolved laser diag-
nostics [137].
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experimental measurements. This updated model is labeled as the “Updated Model” in the follow-
ing comparison. The final kinetic model consists of 77 species and 894 reactions.

Figure 5.26 shows the comparisons of measured and computed time‑dependent N2O profiles. 
Significant amount of N2O was formed at room temperature after hundreds of discharge pulses. 
Note that the Starting Model fails to predict N2O formation by one order of magnitude.

Important reaction pathways for ammonia oxidation, NO, NO2, and N2O formation as well as NO 
reburning (DeNOx) are shown in Figure 5.27. Like NH3 combustion, the major oxidation sequence 
from NH3 to NO in low‑temperature plasma is,

	 NH NH HNO NO3 2→ → → 	 (R5.66)

First, NH3 is dissociated by electron impact via R5.27’ and the collisions with electronically excited 
N2(A, B, a’, C) via R5.28’ and R5.29’. In addition, R5.27 as well as the H‑abstraction reactions from 
NH3 by O(1D) and N(2D),

	 e NH e NH H3 2+ → + + 	 (R5.27b’)

	 O D NH NH OH1
3 2( ) + → + 	 (R5.30’)

	 N D NH NH NH2
3 2( ) + → + 	 (R5.31’)

also contribute to NH3 consumption. NH2 is then mainly consumed by R5.29 to form HNO. Finally, 
HNO is converted to NO by reacting with H and O produced in plasma via HNO + H = NO + H2 and 
HNO + O = NO + OH. Therefore, plasma‑generated electrons and excited species accelerate NH3 dis-
sociation and NO formation via radical production of O/H/N (on the left in Figure 5.27). Note that 
most NO is formed from NH and NH2, and only 2% of NO is formed directly through N atom via,

	 N D O NO O D2
2

1( ) ( )+ → + 	 (R5.32a’)

FIGURE 5.26  Nitrous oxide (N2O) measurements (scatter) and model predictions (lines) during and after 
a train of plasma pulse burst at 30 kHz repetition rate: (a) without (400 pulses) and (b) with N2 dilution (500 
pulses). The vertical line indicates the end of the plasma discharge.
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	 N D O NO O2
2( ) + → + 	 (R5.32b’)

Figure 5.27 also shows that NO formed in plasma‑assisted low‑temperature ammonia combustion 
is either converted to N2O, NO2, or N2 (DeNOx mechanism). One major channel of NO consumption 
is NO2 by

	 NO HO NO OH2 2+ = + 	 (R5.41)

The other NO consumption channels are conversions to NNH, N2, and N2O by NHx through the 
thermal DeNOx mechanism,

	 NO NH NNH OH2+ = + 	 (R5.24a)

	 NO NH N H O2 2 2+ = + 	 (R5.24b)

	 NO NH N O H2+ = + 	 (R5.32a)

	 NO NH N OH2+ = + 	 (R5.32b)

This DeNOx mechanism plays a critical role in the development of NOx reduction strategies for 
low‑temperature ammonia oxidation.

FIGURE 5.27  Path flux analysis of plasma‑assisted ammonia oxidation and NOx formation. Species in pur-
ple indicate nonequilibrium species directly generated by plasma. The three blue shading in the right block 
indicates the major path flux for HNO formation, NO formation, and NO consumption. The orange shading 
in the right figure indicates NOx coupling. The green shading in the right figure indicates NH3 oxidation. The 
percentages with black (green) color indicate the contributions accounting for the species total production 
(consumption).
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For N2O formation in low‑temperature plasma‑assisted ammonia oxidation, in addition to R5.32, 
it is also formed from NO2 via,

	 NH NO N O H O2 2 2 2+ = + 	 (R5.42b)

Therefore, the NOx formation in low‑temperature plasma discharges follows a two‑step mechanism 
(Figure 5.27). The first step is solely controlled by nonequilibrium plasma chemistry, where elec-
tron‑impact ammonia dissociation and the collisional quenching of excited species provide amine 
radicals and O/H/OH/HO2 radicals. The second step is the reactions between amine radicals and 
O/H/OH/HO2 which lead to NO and NO2 formation. N2O is then formed from NO and NO2 by the 
amine radicals produced in the plasma. Unfortunately, the rate constants for amine radical produc-
tion via electronically excited nitrogen, nitrogen atom, and oxygen atom are not well determined. 
Future studies in these reactions are needed to improve the model predication.

5.2.6  Kinetics of Plasma‑Assisted Large Hydrocarbon and Oxygenate Fuel Combustion

For hydrogen, methane, and ammonia plasma‑assisted combustion, the major role of plasma is 
to generate radicals from electron‑impact and excited molecules to accelerate the chain‑initiation 
reaction R5.1 and then to promote the onset of the high‑temperature chain‑branching reaction R5.3. 
However, for large hydrocarbons or oxygenates, as discussed in Section 5.1.5, in addition to the 
high‑temperature chain‑branching reaction R5.3, the low‑temperature and intermediate tempera-
ture chain‑branching pathways via R5.56 and R5.57 are also important. These reactions have lower 
activation energy than R5.3. The question then becomes at what temperature plasma‑assisted radi-
cal production can accelerate the low‑temperature chain‑branching reactions and at what electric 
field strength?

Figure 5.28a shows a comparison of the radical production reaction flux of the electron‑impact 
atomic oxygen and O(1D) production (R5.8’) as a function of the reduced electric field for reaction 
in comparison with that of important chain‑branching and propagation reactions (R5.1–R5.5). 
Although the rate constant of the electron‑impact reaction is much larger than that of the impor-
tant radical chain‑branching and initiation reactions, the reaction flux at a typical flame condi-
tion (the estimation condition of 1 atm, the electron number density of 5 × 1011 cm−3, O and H at 
4.9 × 1015 cm−3, O2 concentration at 19%, H2 concentration of 0.5%, and H2O2 concentration of 
500 ppm) [90] for the electron‑impact reaction is only faster than that of the key combustion reac-
tions at low temperatures (T < 1,100 K). Therefore, at low temperatures, plasma can effectively 
enhance combustion by accelerating the chain‑initiation, branching, and propagation reactions 

FIGURE 5.28  (a) Comparison of reaction flux between electron impact oxygen dissociation reaction and 
key chain‑initiation and termination reactions of hydrogen. (b) Comparison of rate constants of oxygen and 
hydrogen dissociation reactions with key hydrogen elementary reactions [90].
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R5.1–R5.5. However, when the temperature is higher than 1,100 K, the high‑temperature combus-
tion chain‑branching reaction (R5.3) starts to dominate the radical production process. Note that 
for almost all the flames, their temperatures are higher than 1,100 K because of the rate‑limiting 
reaction of R5.3. Therefore, the plasma effect on combustion at temperature above 1,100 K is more 
through the thermal effect (e.g., for flames) or bypassing the chain‑initiation reaction (R5.1) (e.g., 
for ignition) than the kinetic enhancement.

Figure 5.28b shows the rate constants of key combustion reactions with H2, N2, O, and O2 on 
the ground states in comparison to that of similar reactions at their vibrationally and electronically 
excited states as a function of temperature. It is seen that the rate constants of reactions involv-
ing vibrationally (H2(v=1)) and electronically (O a2

1
g( )∆ , O(1D) and N2(B)) excited species are sev-

eral orders of magnitude higher than that of the combustion chain‑initiation and chain‑branching 
reactions, especially at low temperatures. Therefore, in plasma, in addition to the electron‑impact 
reaction R5.8’, the radical production reactions involving vibrationally and electronically excited 
molecules and ions (R5.14’–R5.21’) will also help to kinetically accelerate fuel oxidation at low and 
intermediate temperatures.

To schematically show how plasma‑assisted radical production in ignition of large hydrocarbons 
and oxygenated fuels, Figure 5.29 shows schematically the two‑stage ignition, LTI and HTI, the 
plasma‑assisted radical production, and the radical production via the major reaction pathways of 
combustion at low, intermediate, and high temperatures, respectively, via R5.56, R5.57, and R5.3. 
It is important to bear in mind that, at high temperature (above 1,100 K), when the temperature is 
above the critical temperature of the chain‑branching reactions (R5.3), the major role of plasma 
is thermal enhancement or the chain‑initiation enhancement (R5.1) because the branching rate of 
R5.3 is very high. As the temperature reduces, however, the kinetic effect of plasma chemistry 
on ignition plays an increasing role to accelerate ignition at low and intermediate temperatures to 
promote the chain‑branching reactions R5.56 and R5.57. As discussed in Figure 5.11, radical pro-
duction by plasma can accelerate LTI by one order of magnitude. Such significant enhancement is 
because at low temperature, the radical production by plasma is much faster than the rate‑limiting 
chain‑branching reactions R5.48–R5.51 at low temperature and R5.5 at intermediate temperature. 
As will be discussed in later sections, because of the significant plasma kinetic enhancement at low 
temperature, one can observe stable cool flames in laboratory even at atmospheric pressure.
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FIGURE 5.29  Schematic of kinetic and thermal enhancement pathways of plasma‑assisted combustion for 
liquid fuels at high, intermediate, and low temperatures, respectively [90].
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To develop experimentally validated kinetic models, plasma reactor experiments (Figure 5.19) 
were carried out for large n‑alkanes (pentane, heptane, and dodecane) [106–108]. Here we will use 
n‑dodecane as an example for the development of experimentally validated kinetic models and dis-
cuss what needs to be done in the future.

Both plasma‑assisted pyrolysis and oxidation of n‑dodecane were conducted using the same plasma 
reactor in Figure 5.19. In the pyrolysis case, 1% n‑dodecane and 99% N2 were used as the reactant mix-
ture. In the oxidative case, 1% n‑dodecane, 19% oxygen, and 80% N2 were flown into the system. For 
in situ measurements of species‑time profiles, a 24‑pass Herriott multi‑pass cell was utilized for mid‑IR 
TDLAS measurements. An absorption line at 1,377 cm−1 was chosen for n‑dodecane with calibration. 
Time‑resolved measurements of other species such as CH4 at 1341.62 cm−1, C2H2 at 1342.35 cm−1, and 
H2O at both 1338.55 cm−1 and 1339.15 cm−1 were also conducted using EC‑QCL. CH2O was quantified 
at 1726.79 cm−1 using a DFB laser. For steady‑state measurements, a gas chromatograph (GC) was used. 
A dual‑modulation Faraday rotation spectroscopy (DM‑FRS) system [140,141] was developed to detect 
steady‑state nitric oxide (NO) concentration. The DM‑FRS system targets 14N16O P(19/2)e doublet tran-
sition at 1842.946 cm−1 (major isotope of NO). The pressure was at 80 Torr.

The numerical modeling is conducted by a zero‑dimensional hybrid ZDPlasKin‑CHEMKIN 
model [142]. The discharge voltage measured is used as input to calculate the E/N in the plasma. A 
plasma‑assisted n‑dodecane combustion mechanism was developed and validated. The mechanism 
consists of both plasma and combustion kinetic sub‑mechanisms. The combustion sub‑mechanism is 
reduced from Cai’s model [143]. The C0–C2 sub‑mechanism was updated by HP‑Mech for accurate 
modeling of the LTC. The reactions of N and NOx with fuel and fuel radicals, adapted from Ref. [144]. 
The plasma mechanism includes electronically excited species of O2

*, O*, N2
*, and N*, ions such as N2

+  
and O2

+. The N2 and O2 rotationally and vibrationally excited species were also considered to provide 
slow gas heating. As the n‑dodecane pyrolysis and oxidation experiments were conducted at the high 
diluted conditions and the cross sections of electron‑impact n‑dodecane dissociation reactions are 
not available, it was assumed that the fuel was mainly consumed by the electronically excited N2(A), 
N2(B), N2(a’), N2(C)) in pyrolysis and also by O(1D) and O(1S) in the oxidation case. Due to the fast 
collisional relaxation of N2(B) and N2(C) to N2(A) and N2(a’) with N2, the n‑dodecane consumption by 
N2

* in the pyrolysis can be simplified by N2(A) and N2(a’). Therefore, the reactions of n‑dodecane con-
sumption via N2(A), N2(a’), O(1D) and O(1S) are listed in Table 5.6. The branching ratios and reaction 
rates of these reactions were estimated based on fitting with experimental data and sensitivity analysis.

Figure 5.30a shows the comparison of measured and predicted time‑dependent CH4 and C2H2 
number densities in the pyrolysis condition. Note that the measured temperature evolution was 
used in the modeling. These species‑time histories and the data of the steady‑state measurements 

TABLE 5.6
Dissociation Reactions of n‑Dodecane via N2(A), N2(a’), O(1D) and O(1S) Collisions 

Excited Species  Dissociation Reactions by Excited Molecules

N2(A) (6.17–7.8 eV) N2(A) + C12H26 → N2 + C12H25 + H N2 + C10H21 + C2H5 N2 + C8H17 + C3H6 + CH3

…

N2(a’) (8.4–8.89 eV) N2(a’) + C12H26 → N2 + C10H21 + C2H4 + H N2 + C10H21 + CH3 + CH2

…

O(1D) O(1D) + C12H26 → C12H25 + OH C10H21 + CH3 + CH2O
…

O(1S) O(1S) + C12H26 → C12H25 + OH C10H21 + CH3 + CH2O
…
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by GC were used to determine the reaction channels and the branching ratios between N2(A, a’) 
with fuel (Table 5.6). The developed model well‑predicts the major pyrolysis species. Therefore, the 
time‑dependent multispecies diagnostics provided a critical target to estimate the reaction branch-
ing ratios and rates in Table 5.6. The path flux analysis showed that n‑dodecane was dissociated by 
N2(A) (61.4%) and N2(a’) (24%) to produce small hydrocarbon directly or fuel radicals, as well as by 
H‑abstraction reaction (14.6%) to produce H2 and C12H25.

As shown in Figure 5.30b, the model also predicts the time profile of H2O reasonably well. Up to 
90% of H2O was produced from the C12H26 + OH reaction. However, like the case of methane oxida-
tion (Figure 5.21), there is an under‑prediction for CH2O, which may result from reactions directly 
converting hydroperoxy alkyl radicals such as O2QOOH to CH2O which were not included in this 
model.

Comparisons between the measured and predicted speciation in steady‑state pyrolysis and oxi-
dation cases of plasma‑assisted n‑dodecane are shown in Figure 5.31, respectively. In the pyrolysis 
case, the measured species matched relatively well with the simulation for different discharge fre-
quencies. For oxidation, the primary oxidative products such as H2O, CH2O, CO, and CO2 with high 
concentrations from the modeling matched reasonably well with the experimental measurements. 
However, small hydrocarbons were under‑predicted. Note that in the oxidation case with a high 
oxygen concentration and atomic oxygen production, small hydrocarbons produced by the elec-
tron‑impact dissociation or ionization reactions from n‑dodecane may need to be considered appro-
priately. By estimating the rates of electron‑impact reactions with n‑dodecane using the similarity 
rule from pentane and including them in the model, it is seen that the updated model (Figure 5.31b) 
improved the prediction of the experimental data of small hydrocarbons production. This indicates 
that the accurate branching ratios and cross sections of electron impact reactions for large hydro-
carbons are critical and dedicated measurements and quantum calculation for electron‑impact dis-
sociation and ionization reactions are required for future plasma‑assisted kinetic studies.

The path flux analysis in Figure 5.32 shows that C12H26 consumption by N2(A, a’) and O(1D,1S) 
accounts for 3.5% and 6.1% of total fuel consumption, and contributes to the production of fuel 
radicals and CH2O. N‑dodecane consumption by OH and O was the dominant fuel consumption 
pathways, accounting for 65.3% and 23% of n‑dodecane consumption, respectively. The O radical 
production in plasma promotes the H‑abstraction reaction of n‑dodecane to form C12H25 and OH. It 
is seen that the production of C12H25 leads to the formation of C12H25O2 at low temperature via the 
addition of O2 and subsequently to the formation C12H24OOH, which becomes a major channel of 
low‑temperature chain‑branching (R5.56).

FIGURE  5.30  Time evolution of measured and predicted (a) CH4 and C2H2 for the pyrolysis of 0.01 
C12H26/0.99N2 mixture and (b) H2O and CH2O for the oxidation of 0.01 C12H26/0.19O2/0.8N2 mixture.
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Therefore, the major plasma‑combustion kinetic coupling in plasma‑assisted combustion is 
through the production of small radicals and active intermediate species (Figure 5.33). In summary, 
for large hydrocarbons and oxygenated fuels, the direct impact dissociation by electron, excited 
molecules, and ions with fuel molecules in plasma discharge (R5.33’–R5.37’) is important and 
needs to be appropriately considered. However, many cross‑sections of electron impact dissociation 

FIGURE 5.31  Comparisons between the measured and predicted species in steady state of plasma‑assisted 
n‑dodecane pyrolysis and oxidation cases. (a) Pyrolysis: 0.01 C12H26/0.99 N2. (b) Oxidation: 0.01 C12H26/0.19 
O2/0.80 N2.

FIGURE 5.32  Path flux of fuel in the time‑dependent simulations for (a) the pyrolysis case and (b) the oxida-
tion case.
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reactions for large hydrocarbons and oxygenated fuels are not available. Table 5.7 shows the avail-
ability of electron‑impact reaction cross‑section areas for molecules in atmosphere, hydrocarbons, 
and oxygenates. It is seen that cross‑section area data for many large hydrocarbons and oxygenates 
are still missing. Moreover, the reaction cross‑section areas and rate constants for dissociation and 
oxidation of fuel molecules by excited molecules like N2

*, O2
* , O*, N* and nitrogen, oxygen, fuel ions, 

O3, and NOx are also not available.

	 e RH e R H+ → + + 	 (R5.33a’)

	 e RH e R’ H CH3+ → + + + 	 (R5.33b’)

	 e RH 2e R H+ → + ++ 	 (R5.33c’)

	 N RH N R H2 2+ → + ++ 	 (R5.34a’)

	 N RH N R R2 2+ → + + ′+ 	 (R5.34b’)
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FIGURE 5.33  Schematic of plasma‑assisted reaction pathways in affect chain‑branching reactions at low, 
intermediate, and high temperatures, respectively.

TABLE 5.7
Available Electron‑Impact Cross‑Section Areas for Molecules in 
Atmosphere and Fuels

Molecules in Atmosphere Saturated Hydrocarbon Oxygenates Isomers

N2 H2 CO

O2 CH4 CH3OH

CO2 C2H6 C2H5OH

H2O C3H8 CH3OCH3 i‑C3H8

O3 C4H10 i‑C4H10

Ar C5H12 i‑C5H12

N2O
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	 O RH RO R O2
* + → + ′ 	 (R5.35a’)

	 O RH R R O2
*

2+ → + ′ 	 (R5.35b’)

	 O RH R OH* + → + 	 (R5.36a’)

	 O RH R O+R H* + → ′ ′′ 	 (R5.36b’)

	 N RH R R N2 2+ → + ′ ++ + 	 (R5.37’)

5.3 � IMPACT OF O(1D), NOX, AND OZONE PRODUCTION 
IN PLASMA ON COMBUSTION KINETICS

5.3.1 �O (1D) Reactions with Saturated and Unsaturated 
Hydrocarbons and Oxygenates

The O(1D) + fuel reactions are among the key reactions in plasma‑assisted combustion, atmospheric 
chemistry, and chemical reforming. Because of the high internal energy of O(1D), these reactions 
are very fast and have many possible reaction channels via H‑abstraction and direct O‑atom inser-
tions. The resulting products have very different reactivities, thus affecting the reaction process 
significantly. Therefore, it is important to determine the branching ratios of O(1D) + fuel reactions. 
With the recent progress in quantum chemistry calculations and in situ laser diagnostics, some 
progress has been made in quantifying O(1D) reactions with hydrocarbons and oxygenated fuels 
[91,92,145–147]. In the sections below, we will summarize a few direct measurements and quantum 
chemistry calculations of O(1D) reactions with CH4, C2H2, alcohol, and ether, respectively.

5.3.1.1  O(1D) + CH4 Reactions
The reaction of O(1D) with methane has several channels (Table 5.8). A recent quantum chemis-
try calculation at multireference configuration interaction MRCI + Q/CBS level with the zero‑point 
energy correction obtained from CAS(10,10)/cc‑pVDZ results show that the major reaction chan-
nels of O(1D) + CH4 are R5.25a’–R5.25f’. Equation R5.25b’ is a dominant channel. The predicted 
branching ratios for OH and H production are, respectively, 0.73 and 0.18. Note that H radical is 

TABLE 5.8
Reaction Channels of O(1D) + CH4 Reactions 
and Computed Branching Ratios [146]

O(1D) + CH4 → reactions Branching Ratio R5.25’

H2 + CH2O 0.0252 R5.25a’

OH + CH3 0.7299 R5.25b’

CH2 + H2O 0.0648 R5.25c’

H + CH3O 0.1178 R5.25d’

H + CH2OH 0.0548 R5.25e’

H + H + CH2O 0.0075 R5.25f’
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more reactive than OH in many plasma‑assisted combustion systems. As such, although reactions 
R5.25d’ and R5.25f’ have small product ratios but the production of H and other radicals render 
these reaction channels ineligible.

5.3.1.2  O(1D) + C2H2 Reactions
For O(1D) reactions with unsaturated hydrocarbons, the rate constants and the branching ratios are 
not well known. Recently, by using highly selective mid‑infrared Faraday rotation spectroscopy 
(FRS) (Figure 9.22) [140,141,148] with a digitally balanced detection scheme (Figure 9.23) to probe 
the time histories of O(1D), HO2, OH, and H2O in the reaction of O(1D) with acetylene, the branch-
ing ratios of O(1D) + C2H2 reactions were determined in Table 5.9.

The experimental setup of the UV photolysis reactor integrated with FRS and LAS is shown in 
Figure 5.34 [92]. O(1D) was generated by UV photolysis of O3 at 266 nm. To determine the important 
kinetic information, time‑dependent measurements of OH, HO2, C2H2, O3, and H2O were carried 
out by FRS and LAS in C2H2/O2/O3/He mixtures. By comparing the kinetic model simulations with 
the time‑dependent experimental measurements of O3, OH, and HO2, the important chain‑branch-
ing ratios for the various channels of reaction between O(1D) and C2H2 were determined.

TABLE 5.9
Reaction Channels of O(1D) + C2H2 Reactions 
and Computed Branching Ratios [92]

O(1D) + C2H2→ Branching Ratio R5.38’

C2H2O 0.56 R5.38a’

HCCO + H	 0.22 R5.38b’

CH2 + CO	 0.22 R5.38c’

C2H + OH 0 R5.38d’

FIGURE 5.34  Schematic of experimental setup of the UV photolysis reactor integrated with Faraday rota-
tion spectroscopy (FRS) and LAS [92].
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Figure 5.35a shows the measured and modeled OH radical production time history. There is a 
good agreement between simulation using an updated mechanism and the branching ratio of R5.38’. 
It is seen that right after the laser photolysis, OH was produced via O(1D) + C2H2 reactions. By fitting 
the time history of the experimental data, the branching ratio of R5.38’ for OH production was esti-
mated. The derived branching ratios of channels R5.38a’, R5.38b’, and R5.38c’ are 56%, 22%, and 
22%, respectively. Time‑resolved measurements of HO2 formation from O(1D) + C2H2 reactions are 
shown in Figure 5.35b. The reaction path flux analysis indicated that a missing reaction channel of

	 C H OH O HO HCCOH 1 10 cm /mole s2 2 2 2
12 3( )+ → + × 	 (R5.67)

needs to be added to HP‑Mech. The updated model with inclusion of R5.67 significantly improved the 
prediction. As shown in Table 5.9, unlike saturated hydrocarbons, for O(1D) reactions with unsaturated 
hydrocarbons, the H‑abstraction channel to form OH may not necessarily be the main channel.

5.3.1.3  O(1D) + alcohol Reactions
By using the same experimental setup in Figure 5.35, the O(1D) reactions with methanol and ethanol 
were also experimentally investigated. For example, Figure 5.36 shows the experimental measure-
ment of OH production in O(1D) + CH3OH reaction and the model prediction [91,149]. The measured 
branching ratios and the reaction rate of O(1D) + CH3OH are shown in Table 5.10 and Figure 5.36. 
The present experimental data are consistent with the previous work of Huang et al. [149]. A simi-
lar experiment of ethanol was also conducted for O(1D) + C2H5OH [91]. The measured branching 
ratios for four major reaction pathways are listed in Table 5.10. It is seen that Reaction R5.40a’ and 
R5.40d’ are the major reaction channels. Therefore, both O(1D) + CH3OH and O(1D) + C2H5OH reac-
tion kinetics show that O(1D) + fuel reactions are all multi‑channeled and much more complicated 
than O + fuel reactions on the ground state. Care is needed in developing plasma‑assisted combus-
tion models for O(1D) reactions.

5.3.1.4  O(1D) + CH3OCH3 Reactions
Recently Zhong et al. [150] experimentally and theoretically integrated the complex multichannel 
reaction dynamics and determined the total reaction rate and branching ratio of this reaction by 
using in situ laser spectroscopy and ab initio quantum chemistry theory. The computationally deter-
mined total reaction rate at 300 K and 30 Torr is k = 2.98 × 10−10 cm3/molecule s. The branching ratios 

(b)(a)

Updated model             
Original model             Updated model             

Original model             

FIGURE 5.35  Comparison of the experimental data and simulation based on HP‑Mech [92] with (updated 
model) and without (original model) the new rates of R38’. Experimental conditions: 60 Torr and 296 K in a 
gas mixture of C2H2/O2/O3/He. [C2H2] = 1.32 × 1016, [O2] = 4.94 × 1015 and [O3] = 2.95 × 1014 molecules/cm. (a) The 
time‑resolved measurement of OH radicals. (b) The time‑resolved measurement of HO2 radicals [92].
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for reactions R5.41’ in Table 5.11 are, respectively, 0.03, 0.90, and 0.07. Clearly, R5.41b’ to form two 
CH3O molecules is the dominant one. At 60 Torr and 300 K, the predicted reaction rate increases to 
k = 4.41 × 10−10 cm3/molecule s and the experimentally fitted branching ratios become 0.06. 0.76, and 
0.18, respectively. Therefore, the branching ratio is pressure‑dependent.

TABLE 5.10
Measured Branching Ratios of O(1D) Reactions 
with Methanol and Ethanol [91]

O(1D) + CH3OH → Branching Ratio R5.39’

CH2OH + OH 0.55 R5.39a’

HOCHO + 2H 0.45 R5.39b’

O(1D) + C2H5OH→ Branching Ratio R5.40’

CH3CHOH + OH 0.46 R5.40a’

CH2CH2OH + OH 0.12 − x R5.40b’

CH3CH2O + OH x R5.40c’

CH3O + CH2OH 0.41 R5.40d’

FIGURE 5.36  Comparison of measured and predicted OH production time history in O(1D) + CH3OH reac-
tion system at 296 K and 150 Torr. The total reaction rate is k 3.0 0.3 10 cm /molesCH OH O( D)

14 3
3

1 ( )= ± ×+  [91].

TABLE 5.11
Measured Branching Ratios of O(1D) Reactions with Dimethyl Ether [150]

O(1D) + CH3OCH3 → Branching Ratio 30 Torr Branching Ratio 60 Torr R5.41’

CH3OCH2 + OH 0.03 0.06 R5.41a’

CH3O + CH3O 0.90 0.76 R5.41b’

CH3O + CH2OH 0.07 0.18 R5.41c’
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5.3.2  Plasma‑Produced NOx and the Impact on Combustion Kinetics

Plasma discharge creates a lot of excited nitrogen and nitrogen atoms which lead to the formation of 
NOx (e.g. R5.32’). The resulting NOx has a significant impact on combustion kinetics [70,144,151–153].  
In addition, the NOx effect on combustion kinetics is temperature and fuel‑dependent. For exam-
ple, Figure 5.37 shows the measured NO production in plasma‑assisted n‑dodecane oxidation in 
the experiment of Figure 5.31. It is seen that for plasma discharge without fuel (n‑dodecane), NO 
production monotonically increased with the discharge frequency (plasma power). However, with 
n‑dodecane addition, NO production dramatically decreased. This result may give readers a misun-
derstanding that plasma‑assisted combustion will decrease NO production. The real answer is that 
it may and may not.

To understand the impact of plasma‑generated NOx on combustion kinetics and the kinetic 
coupling between NOx chemistry with combustion chemistry, Zhao et al. [70,144,153] conducted 
kinetic studies of NOx addition on the oxidation of large hydrocarbons such as n‑pentane and 
n‑dodecane. The mutual oxidation of n‑pentane/n‑dodecane and NOx (NO and NO2) at 500–1,000 
K were studied at fuel lean and rich conditions by using an atmospheric‑pressure jet‑stirred reactor 
(JSR). Multispecies measurements were conducted by using an electron‑impact molecular beam 
mass spectrometer (EI‑MBMS), a micro‑gas chromatograph (μ‑GC), and a mid‑IR dual‑modulation 
Faraday rotation spectrometer (DM‑FRS). The results (Figure 5.38) show that at both lean and rich 
conditions, NOx addition has different sensitization characteristics on fuel oxidation in three dif-
ferent temperature windows. For n‑pentane, between 550 and 650 K (region 1 in Figure 5.38), NO 
addition inhibits low‑temperature oxidation. With an increase of temperature to the NTC region 
(650–750 K) (region 2 in Figure 5.38), NO addition suppresses the NTC behavior at the fuel lean 
condition. In the intermediate and high‑temperature region (750–1,000 K) (region 3 in Figure 5.38), 
fuel oxidation is accelerated with NO addition. Kinetic models predicted reasonably well the tem-
perature‑dependent NO/NO2 sensitization effect on fuel oxidation [144,153]. The results also show 
that although NO2 addition in n‑pentane has similar effects to NO at many conditions due to fast 
NO and NO2 interconversion at higher temperature, it affects low‑temperature oxidation somewhat 
differently. When NO2/NO interconversion is slow at low temperature, NO2 is relatively inert while 

FIGURE 5.37  NO measurements with the increase of plasma pulse frequencies for normal air (0.20O2/0.80N2) 
and 0.01C12H26/0.19O2/0.80N2 mixture [108].
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NO can strongly promote or inhibit fuel oxidation. In addition, NO addition delays the onset tem-
perature of n‑pentane low‑temperature oxidation and strongly inhibits the NTC effect, while NO2 
has little effect on the onset temperature and weaker impact on NTC.

The kinetic coupling between NOx chemistry, low‑temperature combustion chemistry, and inter-
mediate temperature HO2 chemistry is schematically shown in Figure 5.39. In the low‑temperature 
oxidation region, there are two reaction channels for NO to affect OH radical production, respec-
tively, via RO2 consumption (R5.68) and OH radical quenching (R5.69) to slow down the low‑tem-
perature reactivity,

	 RO QOOH2 = 	 (R5.49a)

	 RO R HO2 2= ′ + 	 (R5.49b)
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FIGURE 5.38  Temperature evolution of the mole fraction of n‑pentane at the fuel lean conditions (φ = 0.5) 
with different amounts of NO additions (0, 300, and 1,070 ppm) [144].

FIGURE 5.39  Kinetic coupling between NOx chemistry at low (a) and intermediate temperature (b) fuel 
oxidation chemistry.
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	 RO NO RO NO2 2+ = + 	 (R5.68)

	 NO OH M HONO M+ + = + 	 (R5.69)

Since R5.49a and R5.56 are the major low‑temperature chain‑branching reactions via RO2, the 
RO2 radical quenching via R5.68 will slow down OH radical production. Moreover, reaction R5.69 
will further terminate OH radicals at low temperature. Therefore, the low‑temperature oxidation 
(Figure 5.38) is inhibited and shifted to a higher temperature.

In the NTC region, the kinetic coupling between NOx chemistry and HO2 chemistry will acceler-
ate radical production and suppress the NTC effects due to RO2 and QOOH decomposition via R5.48 
and R5.50, thus enhancing fuel oxidation (Figure 5.38). As shown in the reactions listed below, HO2 
starts to react with NO (R5.41) and CH3 (R5.15) at elevated temperature to produce OH and NO2. 
Then, HO2 will react with NO2 to form HONO and OH via reaction R5.70 and R5.69b. In addition, 
the resulting NO2 from R5.41 will further react with CH3 and CH2O to form a catalytic reaction 
pathway for OH production (R5.41, R5.71, and R5.72). As such, one can see from Figure 5.38 that 
NOx addition into n‑heptane will significantly enhance the intermediate temperature fuel oxidation 
and suppress the NTC effect. Therefore, plasma‑produced NOx will dramatically impact fuel oxida-
tion chemistry and such effects are temperature‑ and fuel‑dependent. The plasma‑produced NOx 
coupling effect needs to be appropriately incorporated into plasma‑assisted combustion chemistry 
when involving nitrogen containing species.

	 HO NO OH NO2 2+ = + 	 (R5.41)

	 NO HO HONO O2 2 2+ = + 	 (R5.70)

	 HONO M OH NO M+ = + + 	 (R5.69b)

	 CH HO CH O OH3 2 3+ = + 	 (R5.15)

	 NO CH CH O NO2 3 3+ = + 	 (R5.71)

	 CH O NO HCO HONO2 2+ = + 	 (R5.72)

5.3.3  Plasma‑Produced, Ozone‑Assisted Combustion Kinetics

Ozone is one of the key species produced in nonequilibrium plasma involving oxygen. In addition, 
it is a long‑lived species in dry air at temperatures below 400 K (approximately 1,500 min at room 
temperature). It can be efficiently and economically produced at high pressure using DBD discharge 
in industry [154]. It is also an important species in atmospheric chemistry [155]. The interest in 
ozone effects on combustion can be traced back to the 1950s [156]. Since then, ozone effects on 
chemistry [96,97,139,157–161], ignition [162,163], hot flames [139,156–158,163–168], cool flames 
and warm flames [78,79,158,166,169–172], detonation [95,165], and engines [162,163,173] have been 
extensively explored. The studies showed that ozone can promote extreme low‑temperature oxida-
tion [96,174–176], ignition [162,163], cool flames [157,158,167], and detonation [95,165].
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There are several ways (Table 5.12) that ozone will affect combustion kinetics at different tem-
peratures and fuel molecule structures.

The first pathway of ozone impact on combustion is producing radicals via thermal decomposi-
tion or H‑abstraction (R5.73–R5.74). Zhao et  al. [139] measured ozone decomposition in a flow 
reactor with flow residence time approximately at 0.5 s under different temperatures. Figure 5.40 
shows that ozone started to decompose around 410 K and the decomposition ratio reached 50% at 
500 K. Therefore, ozone can produce O radicals via thermal decomposition at a temperature where 
most fuels do not have any reactivity. As such, the radical production via ozone decomposition at 

TABLE 5.12
Low‑Temperature Ozone Termination and Radical Production and Propagation 
Reactions

Ozone Reactions Impact on Combustion

Radical Production Reactions

O M O O M3 2+ = + +  Producing O radicals below 500 K R5.73

O RH R OH+ = +  OH production from saturated hydrocarbons/oxygenates R5.74

Radical Propagation Reactions

O H O OH3 2+ = +  Changing chain‑branching reaction rate R5.75

O OH O HO3 2 2+ = + Reducing low‑temperature reactivity R5.76

O HO 2O OH3 2 2+ = + Changing low‑temperature reactivity R5.77

Ozonolysis Reactions with Unsaturated Hydrocarbons and Oxygenates

O alkene POZ Criegee3 + → →  
O C H CH O CH OO*3 2 4 2 2+ = + Rapid radical production at low temperature R5.78

Quenching Reactions

O O O O3 2 2+ = +  Losing chemical reactivity for heating R5.79

NO O NO O3 2 2+ = + Losing chemical reactivity but modifying NOx chemistry R5.80

SO O SO O2 3 3 2+ = + Loss of chemical reactivity but enabling SO2 capture R5.81
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FIGURE 5.40  Measured and predicted O3 mole fraction profiles with varied temperatures in a flow reactor 
O3 decomposition experiment with flow residence time around 0.5 s [139].
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extremely low temperature can initiate low‑temperature fuel oxidation at a temperature outside the 
conventional fuel LTC window.

Recent experiments by Zhao et al. [139] and Rousso et al. [175] studied the ozone‑initiated low‑tem-
perature oxidation of dimethyl ether and methyl hexanoate, respectively. Both studies reported that 
ozone addition into these oxygenated fuels induced low‑temperature fuel oxidation at temperatures 
below 500 K. Figure 5.41 shows the ozone depletion in the absence of other reactants and the modeled 
atomic O concentration as well as alkyl hydroperoxides distribution of ozone‑assisted methyl hex-
anoate (MHX) oxidation in a JSR [175]. It is clear from this figure that about 80% of O3 were decom-
posed and consumed at the extreme low‑temperature combustion (ELTC) region centered at 500 K. 
Simultaneously, the model predicted that the O concentration rose due to the thermal decomposition 
(R5.73). At the same time, as indicated by methyl hydroperoxide CH4O2 and methyl‑formate C2H4O2 
concentrations, LTC occurred in the ELTC region. In the non‑ozone case, the dashed red line shows 
zero CH4O2 signal. Therefore, the fuel oxidation at the ELTC region was induced by ozone‑sensitized 
LTC, which promotes radical production via R5.74. Quantum chemistry simulation showed that the 
reaction rate of methyl hexanoate with O (R5.74) is considerably higher than that of dimethyl ether. 
Once the fuel radical was formed by R5.73 and R5.74, the LTC chemistry pathway (R5.56) would 
be enhanced and resulting in the new reaction zone at ELTC. The resulting temperature‑dependent 
profiles of the hydroperoxide species (including the keto‑hydroperoxide) were measured and shown 
in Figure 5.42. It is seen that the hydroperoxide concentrations in the ELTC region are higher than 
that in the LTC region. This may be because temperatures were not sufficiently high enough for the 
keto‑hydroperoxide to dissociate as in the normal LTC region.

The second reaction pathway of ozone radical propagation reactions in Table  5.12  may only 
occur during in situ plasma discharge because ozone does not exist at high temperature at which H 
and OH are created. With in situ plasma discharge which creates high concentrations (10–100 ppm 
level) of H/OH/HO2 and 0.1%–10% of ozone at room temperature, these radical propagation reac-
tions will occur. This reaction pathway needs to be included in plasma‑assisted combustion and fuel 
reforming.

FIGURE 5.41  Temperature profiles of ozone depletion (solid green line), ozone depletion in the presence of 
MHX (dotted green line), modeled O‑atom concentration (O3 only in the absence of the reactant MHX) and 
observed double‑peak structures of methyl hydroperoxide CH4O2 and C2H4O2 profiles. The dashed line for 
CH4O2 represents data from the non‑ozone case.
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The third reaction pathway is the ozonolysis reaction [174,177] in which the unsaturated hydro-
carbon bonds are cleaved with ozone to form reactive products such as the criegee intermediate. 
Recent reviews of the chemistry of criegee intermediates can be found in Refs. [178,179], Rousso 
et al. [174], and Sun et al. [176] studied the low‑temperature reaction kinetics of ozone reaction with 
ethylene. Figure 5.43 shows the experimental apparatus for the study of ozone‑assisted ethylene 
oxidation in a heated JSR [174].

For ethylene, the ozonolysis reaction pathway is schematically shown in Figure 5.44 following 
the studies of Refs. [180,181]. The ozonolysis initially forms a chemically activated primary ozonide 

FIGURE 5.42  Temperature dependence of panel (a) keto‑hydroperoxides (KHPs), (b) olefinic hydroperox-
ides, diketones, ketones/cyclic ethers, and hydroperoxides, and (c) methyl hydroperoxide and formaldehyde 
follow the trends typical for LTC behavior. This non‑ozone data was taken using electron ionization (EI).

FIGURE 5.43  Experimental Setup for the JSR. The ozone detection cell is just upstream of the JSR. The 
stages of the MBMS sampling from the JSR are shown on the right.
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(POZ) and then quickly dissociates in the formation of formaldehyde and CH2OO*, the simplest 
criegee intermediate, which subsequently stabilizes or further decomposes to radicals.

The ozonolysis reaction between ozone and ethylene occurs at room temperature. Rate coef-
ficients for many of these reactions have been experimentally determined or calculated between 
293 and 300 K and 1 atm, with branching fractions of ~37% (CI stabilization), 15% (HCO + OH), 
30% (H2O + CO), <1% (CO2 + H + H), and 18% (H2 + CO2) [180]. However, experimental studies of 
ozonolysis reactions at elevated temperatures have not been well investigated.

Figure 5.45 shows the measured and simulated temperature dependence of intermediate species 
formation in ozone‑ethylene reactions in a JSR (Figure 5.43). It is clearly seen that CH2O and per-
oxide species were formed between room temperature and 575 K due to the ozonolysis reactions. 
Above 575 K, ozone will decompose so quickly that the ozonolysis reaction is suppressed and only 
the ozone decomposition reaction proceeds which led to very low reactivity, because ethylene does 

FIGURE 5.44  Ethylene ozonolysis reaction pathway with major intermediate species.
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not have LTC under atmospheric conditions. It is seen that only very low reactivity was observed 
until the temperature reaches close to 900 K at which the HO2 chemistry starts to oxidize ethylene 
and form CH2O and other peroxide species.

Therefore, in this chapter, we summarized the major reaction pathways of several important 
fuels including H2, CH4, ammonia, and large hydrocarbons and oxygenated fuels. We discussed the 
rate‑limiting chain‑initiation, branching, propagation, and termination reactions of these fuel oxida-
tions. Then, we introduced the key elementary reactions in plasma and production of active radicals. 
The key chain‑branching reactions, respectively, at low, intermediate and high temperatures by 
R5.56, R5.5, and R5.3 are discussed. We demonstrated that plasma‑generated key active species and 
intermediate species as well as products such as NOx and ozone can promote or inhibit low‑temper-
ature combustion. The kinetic impacts of plasma‑generated species on combustion strongly depend 
on temperature and fuel molecule structures. More future research is needed to develop predictive 
plasma chemistry for combustion and chemical reforming.

In Chapter 6, we will discuss how the plasma‑enhanced new reaction pathways, LTC, and ELTC 
will impact ignition, flame speeds, burning limit, flame regimes, the minimum ignition energy, and 
detonation.
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