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Abstract 

It is generally assumed in phenomenological kinetic models that bimolecular reactions only occur between 
species whose rovibrational energy follows a Boltzmann (thermal) distribution. That is, any complexes ini- 
tially formed in non-Boltzmann distributions are assumed to be thermalized by energy-transferring collisions 
prior to bimolecular reactions. Given the high mole fractions of reactive species, X, in combustion environ- 
ments, reactive collisions of the complexes with X often occur on the same timescale as energy-transferring 
collisions – yielding sequences proceeding through non-Boltzmann intermediates across multiple potential 
energy surfaces. Recent studies have shown that such non-Boltzmann kinetic sequences can have substantial 
impact on the global reactivity in combustion systems. Simulations of these non-Boltzmann reaction se- 
quences, which can be described in phenomenological kinetic models via chemically termolecular reactions, 
require that rovibrational excitation from one potential energy surface be carried over to the next. This paper 
presents an extended theoretical and computational methodology that couples multiple master equations 
and derives rate constants for phenomenological reactions describing the conversion of thermal reactants 
to thermal products for use in phenomenological kinetic schemes. The methodology is then implemented 
using in-house scripts for non-Boltzmann sequences involving C 2 H 

∗
3 + X (with X = O 2 , H, and OH) where 

C 2 H 
∗
3 is formed via H + C 2 H 2 association – which were identified as having strong potential for influencing 

combustion predictions in a recent study. The results reveal that non-Boltzmann reaction sequences for X = 

O 2 (the primary focus of this paper) significantly alters the total conversion rate from H + C 2 H 2 to prod- 
ucts and product branching fractions from those of thermal sequential pathways. Furthermore, the present 
results demonstrate that non-Boltzmann reaction sequences have significant impact – as high as an order 
of magnitude – on predicted ignition delay times. Similarly, they yield significantly different dependence of 
ignition delay times with temperature and O 2 mole fraction – yielding signatures that are likely observable 
experimentally. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Phenomenological kinetic models – such as
hose implemented in combustion codes – track
nly the evolution of thermal species (whose
ovibrational energy distribution is described by a
oltzmann distribution at the given temperature).
henomenological kinetic models must therefore
ontain phenomenological reactions describing the
onversion of thermal sets of reactants to thermal
ets of products. Given that many molecular en-
embles are initially formed in non-Boltzmann dis-
ributions, phenomenological reactions frequently
escribe complex sequences of multiple reactive
nd energy-transferring steps. For example, ter-
olecular association reactions (A + B + M = AB
 M) proceed via a rovibrationally excited interme-
iate AB 

∗ formed via association of A + B followed
y energy transfer via collisions with the bath gas M
eading to a thermalized AB (AB 

∗ + M = AB + M).
Throughout the text, starred species names refer
o molecules at a particular energy or molecular en-
embles that may or may not be in non-Boltzmann
istributions; unstarred species names are reserved
or molecular ensembles in a Boltzmann distri-
ution.) To date, kinetic models have generally
onsisted of only three reaction types: unimolecu-
ar, bimolecular, and termolecular association. 

Implicit in the presumption of only these three
eaction types is the assumption that any rovibra-
ionally excited intermediates AB 

∗ are thermalized
ia energy-transferring collisions prior to undergo-
ng reactive collisions with some reactive species X
such that bimolecular reactions only take place
etween thermal species (AB + X). However, in
any practical reactive environments (especially

n combustion), the mole fraction of reactive col-
iders X (e.g. O 2 , H, OH) can be sufficiently high
hat reactive collisions of rovibrationally excited
ntermediates AB 

∗ with X can occur on similar
imescales as energy-transferring collisions with
. Indeed, recent studies [1–7] have demonstrated

he impact of non-Boltzmann reaction sequences
nvolving bimolecular reactions of AB 

∗ with X on
acroscopic reactivity in combustion [4–7] (and
tmospheric chemistry [1–3] ). For example, Burke
nd Klippenstein [5] recently demonstrated the im-
act of reactive collisions of HO 

∗
2 , formed via H +

 2 association, with X = H, O, and OH – described
henomenologically as chemically termolecular
eactions (H + O 2 + X) – on flame speeds. 
As Burke and Klippenstein [5] note, “in princi-

le, almost every bimolecular reaction could arise
s a chemically termolecular reaction.” Therefore,
ombinatorically, there are conceivably hundreds
o thousands of possible chemically termolecular
eactions in typical combustion systems and yet, a
riori, it is not straightforward to know which of 
hese many possibilities are sufficiently important
o warrant quantification using master equation
calculations. Recently, Barbet et al. [8] introduced
an approach to identify and estimate rate con-
stants for each possible chemically termolecular
reaction based only on current information about
other reactions. Application of this approach
within a screening procedure revealed the potential
importance of non-Boltzmann kinetic sequences
involving reactive collisions of C 2 H 

∗
3 (formed via H

+ C 2 H 2 ) with X = H, OH, and O 2 on macroscopic
properties of C 2 H 2 combustion [8] . Their results
[8] revealed both the impact of including H + C 2 H 2
+ X with the thermal product branching ratios and
the additional impact of including H + C 2 H 2 + X
with different product branching ratios. Altogether,
these results suggest that the potential impact of 
such non-Boltzmann sequences (H + C 2 H 2 + X)
result from their two distinct effects on the kinetics:
(1) increased overall rates of conversion of H +
C 2 H 2 (i.e. via reactive collisions with X consuming
C 2 H 

∗
3 that would otherwise dissociate back to H +

C 2 H 2 ) and (2) altered product branching ratios (i.e.
via rovibrational excitation of the C 2 H 

∗
3 influencing

the products formed in reactive collisions with X). 
The potential importance of the identified non-

Boltzmann kinetic sequences could be especially
significant given that C 2 H 2 is one of the major
intermediates of hydrocarbon combustion. Con-
sequently, understanding the chemistry of C 2 H 2
combustion is important to building hierarchical
kinetic models for larger hydrocarbons and, in
fact, has been the topic of many previous studies
( [9] and the references therein). However, the
above-mentioned results from Barbet et al. [8] were
based on estimates from an approximate screening
procedure intended merely for identifying non-
Boltzmann kinetic sequences with strong potential
for impact, such that determining the actual role of 
H + C 2 H 2 + X on combustion properties requires
improved quantification. 

Therefore, for the present study, we performed
master equation calculations to quantify rate
constants for H + C 2 H 2 + X to assess their impact
on combustion properties and provide rate con-
stants for use in phenomenological kinetic models.
These calculations employ a new methodology for
coupling master equations to derive rate constants
for phenomenological reactions describing non-
Boltzmann sequences spanning multiple potential
energy surfaces that bears some similarity to the
methodology of Burke et al. [4] . The present
methodology goes beyond the earlier method-
ology [4] by (1) accounting for the additional
energy contributed by the rovibrational modes of 
X and relative translation between AB 

∗ and X,
(2) accounting for the dependence of the AB 

∗ + X
capture rate constants on rovibrational energy of 
the AB 

∗ via a semi-microcanonical approach [1] ,
(3) modifying some aspects of the implementation
to facilitate recursive application to an arbitrary
number of coupled potential energy surfaces,
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Fig. 1. Potential energy surface [10,11] diagram for the coupled master equation calculations. The major pathways are 
denoted in solid lines and minor pathways in broken lines. All energies are relative to the ground state of C 2 H 3 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(4) automating the entire workflow from coupled
master equations to phenomenological kinetic
modeling of combustion. 

This methodology was then implemented for H
+ C 2 H 2 + X with X = O 2 , H, and OH. The discus-
sion and results presented below focus primarily
on X = O 2 , for which we find non-Boltzmann
reaction sequences to have a substantial impact,
but we also describe calculations for X = H and
OH, for which our limited calculations show non-
Boltzmann reaction sequences have a lesser effect,
in the Supplemental Material. 

In particular, we find that reactive collisions of 
C 2 H 

∗
3 , formed via H + C 2 H 2 association, with O 2

both (1) increase the overall rates of conversion of 
H, C 2 H 2 , and O 2 to products and (2) influence the
product branching ratios (notably enhancing rad-
ical branching). We also find that inclusion of the
phenomenological reactions describing such non-
Boltzmann kinetic sequences (H + C 2 H 2 + O 2 ) in
combustion kinetic models has a pronounced im-
pact on ignition delay times – of roughly an order
of magnitude. The results also indicate pronounced
differences in the ignition delay time dependence
on temperature and O 2 mole fraction – yielding
signatures that are likely observable experimentally.

2. Methodology 

Clearly, the “interface” between two reactive
systems (e.g. ME1: A + B = AB and ME2: AB + X,
as shown in Fig. 1 for A = H, B = C 2 H 2 , and X =
O 2 ) is complicated. At the interface between ME1
and ME2, AB 

∗ with rovibrational energy E (group
1) can react with thermally distributed X with en-
ergy E 

′ contained in both the rovibrational modes
of X and relative translation between X and AB
(group 2), where the energy distribution of group 2
follows a Boltzmann distribution with temperature,
T . The resultant W 

∗
1 (C 2 H 3 O 

∗
2 in Fig. 1 ) would have

a rovibrational energy equal to E 
′′ = E + E 

′ . The
energy distribution of the produced W 

∗
1 (E 

′′ ) is then
modified through energy-transferring collisions
before further reactions. Ultimately, the rovibra- 
tionally excited W 

∗
1 can be thermalized to W 1 , 

dissociate “backward” to (AB + X) ∗, or dissociate 
“forward” along ME2 to form various bimolecular 
species (P 1 –P 8 in Fig. 1 ). When W 

∗
1 dissociates to 

bimolecular species, the energy in excess of the 
dissociation threshold is distributed in the rovi- 
brational and relative translational modes of the 
fragments. And specifically for back dissociation, 
this energy is partitioned between group 1 and 2. 
Therefore, the sequence of AB 

∗ reacting with X to 
produce W 

∗
1 followed by collisional energy transfer 

and eventual back dissociation to (AB + X) ∗, while 
not consuming AB 

∗ on the net, can result in a type 
of association-back-dissociation-driven energy 
transfer mechanism. 

While some methodologies [12,13] , utilizing the 
MESMER code [14] , have been shown to exactly 
satisfy detailed balance [12] (including for the pro- 
cesses involved in the association-back-dissociation 
energy transfer mechanism), the present method- 
ology, utilizing the MESS code [15] , enables cal- 
culations of rate constants for phenomenological 
reactions (from thermal sets of reactants to ther- 
mal sets of products) that describe non-Boltzmann 
kinetic sequences including in situations that re- 
quire “species merging” [15,16] (which was not a 
component of the other methodologies [12,13] ). 
In the present methodology, the association-back- 
dissociation energy transfer process is only approx- 
imately modeled. In reality, a proper quantification 
of both typical energy-transferring processes and 
those involved in the association-back-dissociation 
mechanism would likely require dynamics calcula- 
tions, which are not considered here or in [12,13] . 

The present methodology bears some similarity 
to the previous methodology of Burke et al. [4] , 
which couples multiple master equations together 
to track the energy distributions of reacting com- 
plexes across multiple potential energy surfaces 
to calculate rate constants for phenomenological 
reactions between thermal sets of reactants and 
thermal sets of products. This previous method- 
ology [4] had also included a novel modification 
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f the common irreversible sink approach for
ncluding bimolecular reactions of AB 

∗ and X
n ME1 [1–6] that accounted for reversibility
approximately) at the ME1-ME2 interface by
reating AB 

∗ that reacts with X to form W 
∗
1 that

ack dissociates to have never reacted at all. The
resent methodology here goes beyond this earlier
ethodology [4] in the following ways. 
First, whereas the earlier methodology [4] ne-

lected the energy contributed by group 2 (the
ovibrational modes of X and relative translation
etween AB 

∗ and X) during reaction of AB 
∗ +

 and energy taken away by group 2 during back
issociation of W 

∗
1 to (AB + X) ∗, the present

ethodology accounts for this energy under cer-
ain approximations for the energy contained in
roup 2 upon back dissociation. Namely, the en-
rgy contained in group 2 upon back dissociation
s assumed to be the same as group 2 contributed
o the W 

∗
1 energy, such that AB 

∗ that reacts with X
o form W 

∗
1 that dissociates back to AB 

∗ can still be
onsidered to have not reacted at all – enabling (1)
n approximate treatment of reversibility in AB 

∗ +
 = W 

∗
1 via a modified irreversible sink rate [4] and

2) a proper treatment of the energy-transferring
ollisions of the back-dissociated AB 

∗ in ME1.
owever, as discussed above, such a treatment still
eglects the above-mentioned association-back-
issociation energy transfer mechanism. 
Second, whereas the earlier methodology [4] ap-

roximated the capture rate constant for AB 
∗ +

, k AB ∗+X → W 
∗
1 
(E, T ) , as the thermal capture rate

onstant for AB + X, k AB ∗+X → W 
∗
1 
(T ) , the present

ethodology accounts for the energy dependence
f k AB ∗+X → W 

∗
1 
(E, T ) via a semi-microcanonical

pproach [1] . While this approach [1] assumes
hat all reactant modes contribute equally to the
eaction coordinate (which may not be appropriate
articularly for barrierless reactions), its use, when
ombined with the consideration of energy of 
roup 2, at least allows the thermal rate constants
o be correctly reproduced in the low [X] limit. 
Third, whereas the earlier methodology [4] em-

loyed a single sink in ME1 for the total forward
imolecular reaction rate (which required results
rom subsequent master equations) and then
ultiplied this by various branching ratios from
ultiple subsequent master equations to calculate
hannel-specific rate constants for thermal reac-
ants, r , to final thermal products, j , the present
ethodology employs multiple sinks in ME1 that
orrespond to the channel-specific rate constants
o final thermal products, j . We expect that this
mplementation may facilitate application of the
ame code to an arbitrary number of master
quations through recursion. 
Fourth and finally, whereas the earlier method-

logy [4] was implemented with many manual steps,
he present methodology is implemented via an
ntirely automated workflow from coupled master
equations to phenomenological kinetic modeling –
enabling tractable calculations over broader ranges
of conditions or for different reaction sequences. 

2.1. Theoretical approach 

Specifically, here, bimolecular reactions AB 
∗

+ X are treated using a novel modification of 
the sink approach [1–6] by including multiple
pseudo-first-order sinks in ME1 to simulate
product-channel-specific reactions of AB 

∗ + X to
thermal products, j � = R, with rates according to 

ω AB ∗(+X) → j (E ) = k AB ∗+X → j (E;T )[ X ] (1)

where [X] is the concentration of X and
k AB ∗+X → j (E;T ) is the rate constant for reactions
of AB 

∗ with rovibrational energy E with X (where
group 2 follows a thermal distribution with tem-
perature, T ) to ultimately form some set of thermal
products, j = W j or P j . Note that the exclusion of 
a sink for j = R, which corresponds to reactions
of AB 

∗ + X to form W 
∗
1 that ultimately back

dissociates, is equivalent to assuming that it never
occurred (i.e. in a similar manner to [4] ). The rate
constant for AB 

∗ + X → j can then be expressed as 

k AB ∗+X → j (E;T ) 

= 

∫ ∞ 

0 
{ k AB ∗+X → W 

∗
1 
(E , E 

′ ) αW 
∗
1 → j (E + E 

′ ) 

× f 2 (E 
′ , T ) } dE 

′ (2)

where k AB ∗+X → W 
∗
1 
(E , E 

′ ) is the capture rate con-
stant for AB 

∗ + X → W 
∗
1 for given E and E 

′ ;
αW 

∗
1 → j (E + E 

′ ) is the probability that W 
∗
1 with to-

tal rovibrational energy, E + E 
′ = E 

′′ , ultimately
produces some set of thermal products, j; f 2 ( E 

′ ,
T ) is energy distribution of group 2 at energy
E 

′ for the temperature T , which in the situation
described above is simply the Boltzmann distri-
bution, f 2 (E 

′ , T ) = ρ2 (E 
′ ) exp (−E 

′ /k B T ) /Q 2 (T ) ,
with ρ2 ( E 

′ ) being the density of states of group 2,
k B being the Boltzmann constant, and Q 2 ( T ) being
the partition function for group 2. The density of 
states of group 2 is the convolution of the density
of states for the rovibrational modes of X, ρX,rovib ,
with that for the relative translation between AB 

∗

and X, ρAB ∗-X,trans , i.e. 

ρ2 (E 
′ ) = 

∫ E ′ 
0 

ρX,rovib (x ) ρAB ∗-X,trans (E 
′ − x ) dx (3)

Here, k AB ∗+X → W 
∗
1 
(E , E 

′ ) is calculated using
the semi-microcanonical approach of Maran-
zana et al. [1] that assumes that the rate con-
stant depends only on the total energy from
groups 1 and 2 combined, E 

′′ = E + E 
′ , i.e.

k AB ∗+X → W 
∗
1 
(E , E 

′ ) ≈ k AB ∗+X → W 
∗
1 
(E + E 

′ ) , viz. 

k AB ∗+X → W 
∗
1 
(E 

′′ ) = 

1 
h 
N 

� = 
12 (E 

′′ ) 
ρ1 , 2 (E 

′′ ) 
(4)
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where h is Planck’s constant; N 

� = 
12 (E 

′′ ) is the number
of states for the transition state connecting AB + X
and W 1 at energy E 

′′ ; and ρ1,2 ( E 
′′ ) is the convolved

density of states of group 1 and 2, i.e. 

ρ1 , 2 (E 
′′ ) = 

∫ E ′′ 
0 

ρ1 (E ) ρ2 (E 
′′ − E ) dE (5)

where it may be helpful to note again that
E 

′′ − E = E 
′ . 

2.2. Implementation 

Master equation calculations are performed in
PAPR-MESS [15] with PESs for ME1 and ME2
from [10,11] . Given that N 2 and O 2 have similar
energy transfer parameters, for simplicity, energy
transfer parameters for N 2 [10,17] are used for all
the considered mixtures (primarily composed of 
N 2 and O 2 ). (Consequently, there are no mixture
effects due to different energy transfer parameters
among mixture components [18–22] .) 

In general, in the equations above, αW 
∗
1 → j (E 

′′ )
could also encapsulate non-Boltzmann sequences
that extend beyond ME2 through treatment of 
product energy distributions, as in [4,23] , or re-
cursion of the present approach. For simplicity,
the present calculations do not track energy dis-
tributions of non-Boltzmann sequences beyond
ME2, which could in particular influence the
likelihood that HCO of P 6 promptly dissociates.
However, trajectory calculations of Goldsmith et
al. [24] suggest that essentially all HCO formed
from even thermal C 2 H 3 + O 2 promptly dissoci-
ates, in which case tracking the energy distributions
beyond ME2 is not necessary anyway. In this case,
αW 

∗
1 → j (E 

′′ ) (which is simply the probability that
W 

∗
1 with total rovibrational energy, E 

′′ , is stabilized
to some thermal complex, W j , or promptly disso-
ciates to bimolecular species, R or P j ) is directly
calculable via MESS [15] . For calculations of 
αW 

∗
1 → j (E 

′′ ) from ME2, for simplicity, all poten-
tial wells other than W 1 are treated as “merged”
species (where they are still considered in the
ME but they are not considered among the ther-
mal reactants or products in phenomenological
reactions [15,16] .) 

With the inclusion of pseudo-first-order sinks
in ME1 corresponding to each AB 

∗ + X → j
(as fictitious dissociation channels) with rates
according to Eqs. (1) –(5) , pseudo-second-order
rate constants, k A + B(+ X ) → j , for phenomenolog-
ical reactions from thermal A + B (i.e. H +
C 2 H 2 ) to each set of thermal products j can be
obtained from MESS [15] . Thereafter, rate con-
stants, k A + B+ X → j , for chemically termolecular
reactions of A + B + X (i.e. H + C 2 H 2 + O 2 )
can be obtained by dividing by [X], i.e. k A + B+ X → j 

= k A + B(+ X ) → j /[X]. For the present calculations,
C 2 H 3 is considered to be “merged” [15,16] given
its clear non-Boltzmann distributions with high
X O 2 (as found below). (Importantly, when above- 
mentioned procedure is implemented for low X O 2 
and C 2 H 3 is not considered to be “merged”, rate 
constants obtained via ME1 for C 2 H 3 + O 2 repro- 
duce thermal rate constants obtained directly from 

ME2.) 
(Additional calculations that assess the im- 

pact of the above-mentioned association-back- 
dissociation energy transfer mechanism are 
presented in the Supplemental Material. The 
calculations suggest that the additional energy 
transfer mechanism yields a higher overall rate 
of conversation of H, C 2 H 2 , and O 2 to products 
and a lower branching ratio to the O + CH 2 CHO 

channel than those presented below. Interestingly, 
inclusion of these calculated rate constants in ki- 
netic modeling yields similar ignition delay times. 
Overall, it appears that improved quantification 
of this process may be worthwhile for improved 
quantification of H + C 2 H 2 + O 2 .) 

2.3. Kinetic modeling 

To evaluate the impact of non-Boltzmann reac- 
tion sequences on combustion modeling, ignition 
delay times (IDTs, based on the largest temperature 
time derivative) under constant-volume, adiabatic 
conditions are simulated using Cantera 2.4.0 [25] . 
The model of Glarborg and co-workers [26] is 
used as the nominal model for IDT simulations 
(due to its favorable performance in predicting 
IDTs compared to other models [9] ). In the present 
model variants, H + C 2 H 2 = C 2 H 3 and C 2 H 3 + 

O 2 in the nominal model were replaced with the 
present calculations. One model variant includes 
70% prompt dissociation of HCO in P 6 (to match 
the nominal model [26] ); another includes 100%, 
which trajectory calculations of Goldsmith et al. 
[24] indicate is more realistic. (Note that the nom- 
inal model [26] employs rate constants calculated 
via the same ME1 [10] and ME2 [11] files used 
here, such that the nominal model and model 
variant with 70% HCO prompt dissociation yield 
the same results in the low X O 2 limit, where C 2 H 3 
is thermalized prior to bimolecular reactions.) 

3. Results and discussion 

The computational methods discussed in 
Section 2 , which were automated via in-house 
scripts, are implemented for the reactive sequence 
presented in Fig. 1 to evaluate the branching 
fractions and phenomenological rate constants at 
various T /P/X O 2 conditions. While the results and 
discussion presented below focus mainly on the 
non-Boltzmann reaction sequence H + C 2 H 2 + O 2 
at 1 atm, the qualitative trends observed also hold 
at other pressures (see Supplemental Material). 
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Fig. 2. Branching fractions of C 2 H 3 O 
∗
2 to various prod- 

ucts j , αW 
∗
1 → j (E 

′′ ) , as a function of initial energy E ′′ of 
C 2 H 3 O 

∗
2 (relative to the ground-state energy of C 2 H 3 ) at 

1000 K and 1 atm. 
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Fig. 3. Total “forward” flux (normalized by peak height) 
of C 2 H 

∗
3 + O 2 (gray) and fractional fluxes to the two ma- 

jor channels (black and red) as a function of the rovi- 
brational energy of reacting C 2 H 

∗
3 relative to the ground- 

state energy of C 2 H 3 at 1000 K and 1 atm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.1. Microcanonical (energy-resolved) branching 
ractions 

The calculated microcanonical branching frac-
ions of C 2 H 3 O 

∗
2 as a function of nascent energy of 

 2 H 3 O 
∗
2 , generated from C 2 H 

∗
3 + O 2 association,

re plotted in Fig. 2 for 1000 K and 1 atm. At
ow energies, the majority of C 2 H 3 O 

∗
2 dissociates

o (HCO + CH 2 O) ∗, as a result of it being the
ominant pathway proceeding via the lowest lying
ransition states ( Fig. 1 ). At intermediate ener-
ies, the branching fraction to (HCO + CH 2 O) ∗

ecreases while those to (C 2 H 3 + O 2 ) ∗ and (O
 CH 2 CHO) ∗ increase, such that three sets of 
roducts (HCO + CH 2 O) ∗, (C 2 H 3 + O 2 ) ∗ and (O +
H 2 CHO) ∗ compete for the dissociating C 2 H 3 O 

∗
2 .

t high energies, back dissociation becomes the
ominant channel for C 2 H 3 O 

∗
2 , followed by disso-

iation to (O + CH 2 CHO) ∗ due to their (relatively)
oose transition states. While the exact values of 
W 

∗
1 → j (E 

′′ ) are functions of temperature, pressure,
nd mixture composition, the trends for energy
ependence of αW 

∗
1 → j (E 

′′ ) observed in Fig. 2 are
pplicable to a wider range of conditions. 
Figure 3 plots the total flux of C 2 H 

∗
3 + O 2

hat dissociates “forward” to various products
 � = R and the fractional fluxes to the two ma-
or product channels: (HCO + CH 2 O) ∗ and (O +
H 2 CHO) ∗. At sufficiently low X O 2 (not shown),
here thermalizing collisions greatly outnumber
he reactive ones, the energy distribution of react-
ng C 2 H 

∗
3 closely resembles the Boltzmann distribu-

ion, yielding C 2 H 3 O 
∗
2 with an energy distribution

oncentrated at lower energies; given that C 2 H 3 O 
∗
2 

issociating to (HCO + CH 2 O) ∗ dominates the low-
nergy branching of C 2 H 3 O 

∗
2 ( Fig. 2 ), the major-

ty of the reacting C 2 H 
∗ + O 2 flux forms (HCO +
3 
CH 2 O) ∗ (dotted lines in Fig. 2 ). As X O 2 increases, so
does the ratio of reactive to thermalizing collisions;
as a result, the energy distribution of reacting C 2 H 

∗
3

is shifted towards higher energies, yielding C 2 H 3 O 
∗
2

with an energy distribution concentrated at higher
energies where (O + CH 2 CHO) ∗ is the major prod-
uct from the “forward” dissociation. Therefore, the
fractional flux to (O + CH 2 CHO) ∗ becomes more
important and essentially dominates as X O 2 ap-
proaches 100% (dashed and solid lines in Fig. 3 ). 

3.2. Phenomenological rate constants 

Figure 4 shows the final branching fractions
directly from thermal H + C 2 H 2 to the two major
bimolecular products (O + CH 2 CHO) ∗ and (HCO
+ CH 2 O) ∗ at 1 atm and various T /X O 2 conditions.
The sum of these two channels accounts for over
85% of the total H + C 2 H 2 + O 2 flux over the
considered conditions. As a result of the energy
dependence in Fig. 3 , the branching fraction of H
+ C 2 H 2 + O 2 = (O + CH 2 CHO) ∗ monotonically
increases with X O 2 while that of H + C 2 H 2 + O 2
= (HCO + CH 2 O) ∗ monotonically decreases with
X O 2 . (For reference, X O 2 = 0 would correspond
to the thermal case.) In addition, since the energy
distributions of all reactants shift towards higher
energies at higher temperature, the formed C 2 H 3 O 

∗
2

would also have an energy distribution concen-
trated at higher energies. This shift results in the
positive temperature dependence for the branching
fraction of H + C 2 H 2 + O 2 = (O + CH 2 CHO) ∗,
given that (O + CH 2 CHO) ∗ dominates C 2 H 3 O 

∗
2

dissociation at high energies, and the negative
temperature dependence for that of H + C 2 H 2 +
O 2 = (HCO + CH 2 O) ∗. The X O 2 dependence tends



L. Lei and M.P. Burke / Proceedings of the Combustion Institute 38 (2021) 661–669 667 

Fig. 4. Branching fractions of H + C 2 H 2 + O 2 as a func- 
tion of O 2 mole fraction at 1 atm and various temper- 
atures to the two major products: H + C 2 H 2 + O 2 = 

(O + CH 2 CHO) ∗ (top) and H + C 2 H 2 + O 2 = (HCO + 

CH 2 O) ∗ (bottom). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Pseudo-second-order rate constants for net H + 

C 2 H 2 consumption for thermal sequential pathways and 
non-Boltzmann sequences (top) and the ratio of rate con- 
stants from non-Boltzmann calculations to those assum- 
ing thermal C 2 H 3 (bottom) at 1 atm for varied T /X O 2 . 
For the thermal case, k(T, P, X O 2 ) = (k 1 · k 2 [ O 2 ]) / (k −1 + 

k 2 [ O 2 ]) is plotted, with thermal rate constants for R1 
(H+C 2 H 2 = C 2 H 3 ) and R2 (C 2 H 3 +O 2 = products). 
to be less pronounced at high temperatures, since
the C 2 H 3 O 

∗
2 energy distribution is already con-

centrated in the region where αC 2 H 3 O 
∗
2 → j (E 

′′ ) only
shows weak energy dependence ( Fig. 2 ) such that
any shifts in the energy distribution to higher en-
ergies with increasing X O 2 would only have minor
impacts. 

Figure 5 presents the calculated rate constants
for the total H + C 2 H 2 consumption at 1 atm
and various T /X O 2 conditions, which combined
with the information in Fig. 4 gives the channel-
specific rate constants from H + C 2 H 2 (+ O 2 ) to
various thermal products. To evaluate the distinct
impact of non-Boltzmann effects on the overall
consumption rate of H + C 2 H 2 , Fig. 5 com-
pares pseudo-second-order rate constants for H
+ C 2 H 2 consumption via chemically termolec-
ular reactions (from coupled ME calculations
of ME1+ME2 where C 2 H 3 is “merged”) and
pseudo-second-order rate constants for H + C 2 H 2
consumption via the thermal sequential pathways
(based on rate constants from uncoupled ME
calculations of ME1 and ME2 for H + C 2 H 2 and a
quasi-steady-state assumption for C 2 H 3 – equiva-
lent to merging C 2 H 3 in the ME calculations). The 
results indicate that inclusion of reactive collisions 
of C 2 H 

∗
3 serve to increase the overall conversion 

rate of reactants to products (by up to ∼ 30%), 
because reactive collisions can convert C 2 H 

∗
3 com- 

plexes (that might otherwise back dissociate to 
H + C 2 H 2 ) to products. These enhancements in the 
total consumption rate unsurprisingly, are highest 
at higher temperatures, where the C 2 H 3 system 

is closer to its low-pressure limit regime (where 
collisions are more rate limiting). 

3.3. Implications for combustion kinetic modeling 

Combustion simulations are performed to 
assess the impact of non-Boltzmann C 2 H 

∗
3 + O 2 on 

ignition delay times. Simulations are performed us- 
ing the Glarborg model [26] and modified versions 
of it that incorporate calculated channel-specific 
rate constants for H + C 2 H 2 + O 2 → products. 
To be consistent with [26] and allow more straight- 
forward comparison, 70% of nascent HCO is 
assumed to promptly dissociate to H + CO in 
one scenario. Another (more realistic) scenario 
where 100% of HCO promptly dissociates is also 
considered. 

Figure 6 shows the predicted IDTs at 1 atm 

and φ = 1 . 3 in a C 2 H 2 /air mixture. Including 
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Fig. 6. Ignition delay times for C 2 H 2 /air mixtures at 1 atm 

(top) and ratio of calculated IDTs using Glarborg model 
[26] to those applying various modifications denoted in 
legend (bottom). 
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on-Boltzmann reaction sequences tends to in-
rease the overall system reactivity and reduce the
DTs. As the chain branching reaction H + C 2 H 2
 O 2 = O + CH 2 CHO promotes reactivity, the
igher branching fractions to this channel due
o non-Boltzmann effects for high X O 2 shorten
DTs (reaching a factor of ∼ 4). Non-Boltzmann
ffects are stronger at lower initial temperatures,
here the ratio of chemical activation energy
o thermal energy is larger and the enhance-
ent in branching to O + CH 2 CHO is larger

 Fig. 4 ). Interestingly, if all nascent HCO promptly
issociates, consistent with recent trajectory cal-
ulations by Goldsmith et al. [24] , the predicted
DTs are a factor of 8 faster than predictions
sing the nominal Glarborg model. Additional
imulations for the X O 2 -dependence of IDTs in
he Supplemental Material also reveal substantial
ffects that even yield qualitatively different X O 2 
ependence. 
Compared to the n-propyl reaction sequence

4] where reactions between non-Boltzmann
OOH 

∗ and O 2 were found to be important only
t sub-atmospheric pressures (e.g. ∼ 30 torr), sig-
ificant impacts are observed in the current C 2 H 

∗
3 

 O 2 system at higher pressures ( ∼ 1-10 atm).
his difference is likely due to the presence of a
airly loose transition state for the radical-radical
hannel to O + CH 2 CHO ( Fig. 1 ), which can
ompete with the barrierless back dissociation
hannel to C 2 H 3 + O 2 even at high energies. There-
ore, C 2 H 3 O 

∗
2 at higher energies can dissociate in

omparable branching fractions to O + CH 2 CHO
nd C 2 H 3 + O 2 ( Fig. 2 ) rather than dominantly
ndergoing back dissociation, which serves to
uppress non-Boltzmann effects. 
4. Conclusions 

A new methodology for calculating rate con-
stants for phenomenological reactions describing
non-Boltzmann kinetic sequences spanning mul-
tiple potential energy surfaces is presented and
applied to H + C 2 H 2 + X resulting from C 2 H 

∗
3

+ X reactions involving C 2 H 
∗
3 formed via H +

C 2 H 
∗
2 association. The results for X = O 2 reveal

significant impacts of non-Boltzmann sequences
on total conversion rate from H, C 2 H 2 , and O 2 to
products, product branching fractions from C 2 H 

∗
3

+ O 2 , and C 2 H 2 ignition delay times. Not only was
the impact of H + C 2 H 2 + X found to be substan-
tial – as high as an order of magnitude – but also
H + C 2 H 2 + X manifests in markedly different T
and X O 2 dependence – yielding signatures that are
likely observable experimentally. 
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