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Abstract

A kinetic sensitivity analysis of almost any combustion observable will highlight pressure-dependent reac-
tions important to predictions. Third-body efficiencies play a critical role in pressure-dependent reactions,
serving as a species-specific multiplier on the rate constant of the reference collider (M). When third-body
efficiencies are specified, the typical convention is to specify third-body efficiencies for a handful of common
species relative to nitrogen, argon, or helium as the reference (in large part due to insufficient data for most
other species). Species without explicit specification of a third-body efficiency are implicitly assumed to have
a value of 1.0 —i.e. the same as the reference collider. While the impact of values used for third-body efficien-
cies for commonly specified species like water or carbon dioxide is well recognized, the impact of unspecified
or “missing” third-body colliders is considerably less known. Naturally, the lack of specification of third-
body efficiencies for some species could conceivably yield significant prediction errors. Their impact could be
especially pronounced given that many unspecified third bodies, which are likely to have more rovibrational
degrees of freedom or have permanent dipole moments, may be more effective in inducing energy transfer
than the monatomic or diatomic gases used as a reference. Here, we present a screening procedure to estimate
the potential impact of unspecified third-body efficiencies; outline key results across an array of models, fu-
els, and initial conditions; and explore implications for model development, optimization, and validation.
In general, we find that the impact of unspecified third-body efficiencies can be substantial — large enough
to potentially contaminate parameter inference in optimization studies in some cases and resolve factor-of-
three differences between models and experimental data in other cases. These results therefore have further
implications for the list of relevant colliders to be considered in both future modeling and energy transfer
studies.
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It is well recognized that energy-transferring
collisions play a key role in controlling rates of
reactions critical to prediction of combustion
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observables. For example, any kinetic sensitivity
analysis will typically reveal the importance of
at least a few critical pressure-dependent reac-
tions. As a result, a great deal of attention has
been devoted to establishing pressure-dependent
rate constants for these reactions. The impor-
tance of the mixture composition dependence of
pressure-dependent reaction rates is also becom-
ing increasingly recognized; many recent studies
have been devoted to quantifying the efficiencies
of various common bath gases for combustion
reactions [1-8], evaluating the impact of mixture
rules [9-13], and understanding the manifestations
of reactive third-bodies [14-19]. This paper focuses
on a relatively unexplored question as part of our
group’s broader quest to understand the impact
of and better represent mixture dependence — the
impact of unspecified third-body efficiencies.

In kinetic models, pressure-dependent reaction
rate constants are often specified for a given refer-
ence collider “M” (almost always Ar, He, or Ny).
These rate constants are sometimes accompanied
by collider-specific third-body efficiencies which are
species-specific multipliers of the rate constant of
the reference collider (M) for a given species. When
third-body efficiencies are specified, the typical
convention is to specify efficiencies for a handful of
common species (e.g. O,, CO, H,0, CO,) relative to
the reference (in large part due to insufficient data
for most other species). The impact of the values
used for third-body efficiencies of commonly spec-
ified species (e.g. H,O, CO;) on combustion pre-
dictions has been studied extensively (e.g. [20-28])
(though improved quantification of CO, and H,O
efficiencies remains an important outstanding is-
sue). However, species without explicit specification
of a third-body efficiency are implicitly assumed to
have a value of 1.0 —i.e. the same as the reference
collider. The impact of this assumption for un-
specified third-body colliders is considerably less
known.

Naturally, the lack of specification of third-
body efficiencies for some species could have a
significant impact on combustion predictions. Fur-
thermore, this impact could be pronounced given
that many unspecified species, which are likely
to have more rovibrational degrees of freedom
or may even have permanent dipole moments,
may be more effective in inducing energy transfer
than the monatomic or diatomic gases used as
a reference. For example, Jasper and co-workers
[3,4] found that methane (polyatomic) and water
(polyatomic and polar) both have high rates of en-
ergy transfer compared to the typical monatomic
or diatomic reference gases. Moreover, Fletcher
et al. [29] found that many larger molecules are
more effective at transferring energy in collisions;
and Bernshtein and Oref found that collisions
between large aromatic compounds were more
efficient than collisions between aromatics and
common diluents [30]. Furthermore, recent results

from Matsugi [31] indicate that larger molecules
and polar molecules tend to have high third-body
efficiencies. Therefore, it appears worthwhile to
quantify the impact of “missing” third-body
efficiencies on model predictions of various com-
bustion properties — a question that could have
implications for model development, optimization,
and/or validation as well as the list of colliders
worth considering in future studies of third-body
efficiencies for combustion-relevant colliders.

Here, to address this question, we present a
screening procedure that estimates the potential un-
certainties due to “missing” third-body efficiencies
in predictions of ignition and flame behavior. Next,
we present the results from this procedure across
an array of kinetic models, fuels, and initial condi-
tions (temperatures, pressures, and equivalence ra-
tios) to identify general themes. We then highlight
a few cases in depth to understand the key pairs
of reactions and unspecified colliders. Finally, we
explore the implications of unspecified third-body
efficiencies on model development, optimization,
and model validation. In general, we find that the
impact of unspecified third-body efficiencies can
be substantial — large enough potentially to con-
taminate parameter inference in optimization stud-
ies and resolve factor-of-three differences between
models and experimental data. These results there-
fore have further implications for the list of relevant
colliders to be considered in both future modeling
and energy transfer studies.

2. Methods

A screening procedure was developed to esti-
mate the impact of unspecified third-body efficien-
cies by simply switching the reference species to the
species with the highest third-body efficiency (and
re-normalizing the specified efficiencies and origi-
nal reference species). The script encoding the pro-
cedure reads a kinetic model input file and, upon
encountering a pressure-dependent reaction, per-
forms the following steps:

1. Check if the reaction lists any efficiencies;

2. If efficiencies are present, find the maximum
efficiency listed;

3. Multiply the pre-exponential factor for the
low-pressure-limit rate constant by the max-
imum value (effectively switching the refer-
ence species to the species with the highest
efficiency);

4. Normalize all the listed efficiencies by the
maximum value (to maintain the same rate
constants for each species with specified
third-body efficiency). If no efficiency is
listed for Ar, He, N,, and O, (which are
usually either the original reference collider
or assumed to be the same as the original
reference collider), they are all assigned
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Table 1
Mechanisms used for flame speed and ignition delay
screening simulations [23,33-45].

Mechanisms Flame Ignition
speed delay

FFCM-1 v

Aramco 2.0

Galway DME v

Zhao DME v

Li/Dryer Methanol v
v
v

Metcalfe

LLNL Reduced Heptane
JetSurf

Galway Heptane

LLNL C8-Cl16

A NN

the corresponding value for the original
reference.

This script produces a modified kinetic model
input file with the most effective collider as the
reference collider. (Note that this procedure only
examines reactions written in terms of the refer-
ence species “M” and does not consider reactions
written in PLOG format or mixture rule effects
[9-11], both of which may produce deviations in
addition to those examined here. See Table S16
in Supplemental Material for a count of various
pressure-dependent formats in each model.)

Comparisons of combustion predictions using
the nominal and modified kinetic model then
reveal the impact of unspecified third-body col-
liders. If predictions using the modified model do
not deviate from those using the nominal model,
the list of specified colliders is deemed sufficient
for that particular combustion situation. Alter-
natively, if predictions using the modified model
deviate significantly from those of the nominal
model, sensitivity analysis is used to identify
the pressure-dependent reactions responsible for
the differences. (It is perhaps worth noting that
the deviations found here should not be interpreted
as the “true” error for not specifying third-body
efficiencies for a given collider since data for most
colliders and reactions are not available to evaluate
a true error.) Further simulations that include one
additional collider at a time for each of the sensi-
tive pressure-dependent reactions can then be used
to pinpoint the specific “missing” collider(s) in the
reaction(s) responsible for the deviations.

This procedure was implemented for a variety of
kinetic models, given in Table 1. Predictions (using
Cantera [32]) were performed across a broad range
of fuels (cf. Fig. 1), equivalence ratios (0.5 to 4.5),
and pressures (1 atm to 10 atm) for laminar flame
speeds and across a broad range of fuels (cf. Fig. 4),
equivalence ratios (0.5 to 4.0), temperatures (500 K
to 1700 K), and pressures (1 atm to 100 atm) for
ignition delay times.

3. Results and discussion
3.1. Laminar flame speeds

To visualize the results across a broad array
of cases for laminar flame speeds, Figs. 1 and 2
show deviations due to unspecified third-body
efficiencies for various fuels and equivalence ratios.
Each bar in Fig. | shows the range of maximum
deviations across different models for a given fuel,
where the lower limit of the bar indicates the
maximum deviation observed for the model with
the smallest maximum deviation, while the upper
limit of the bar indicates the maximum deviation
observed for any model; the large gap between the
upper and lower limits on each bar gives an indica-
tion of the strong dependence of collider efficiency
uncertainties on the kinetic model used. Each
x-mark in Fig. | indicates the average maximum
deviation across all models, which may serve as an
indication of whether a particular fuel is generally
affected or if only a few models are affected for
that fuel. Similar results are shown in Fig. 2 for
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Percent deviation from nominal model

Fig. 1. The average (x-marks) and range (bars) of maxi-
mum laminar flame speed deviations found for each fuel
among different models. Each bar shows the range of
maximum deviations across different models for a given
fuel, where the lower limit of the bar indicates the maxi-
mum deviation observed for the model with the smallest
maximum deviation, while the upper limit of the bar in-
dicates the maximum deviation observed for any model.
Each x-mark indicates the average maximum deviation
across all models.
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Fig. 2. The average (x-marks) and range (bars) of max-
imum laminar flame speed deviations found for each
equivalence ratio among different models (cf. Fig. 1 cap-
tion).
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Fig. 3. Flame speed predictions for CyHy/air mixtures as
a function of equivalence ratio for several pressures (Top)
and percent deviations from the nominal model (Bottom).

Table 2

For the four cases highlighted previously, this table enu-
merates the pressure-dependent reactions as well as the
critical colliders without specified efficiencies that cause
most of the deviations seen in Figs. 3, 6-8.

Reference  Reaction(s) Collider
figure
Fig. 3 CHj +H (+ M) < CHy (+ M), CH,

CyH; + H(+ M) & CoH3 (+ M),
HCO+M«+ CO+H+M
Fig. 6 H,0, (+ M) <>OH + OH (+ M)  CH;0H
Fig. H+ CH; (+ M) & GH3 (+ M) CGyH,, GoHy
Fig. H+CyH, (+ M) < GoHy (+ M), CoHp
H+0,(+M)<HO,(+M)

0

various equivalence ratios. As shown in Figs. 1
and 2, the largest deviations appear for smaller
fuels and higher equivalence ratios — both of which
correlate with higher fuel mole fractions in the
fuel/air mixture and the fact that fuel molecules
are often among the species without specified
third-body efficiencies. While the largest deviations
(~20%) tended to occur at higher equivalence ra-
tios than those typically considered in experimental
and modeling studies, deviations up to ~ 7% are
found even for equivalence ratios near 1.5.

Model predictions of C,Hs/air flame speeds
shown in Fig. 3 are representative of the general
trends observed. The exact results shown are for
model variants based on FFCM-1 (though similar
results are found for other models such as Metcalfe
[23]). Here, deviations from the nominal model are
largest at high equivalence ratios. Sensitivity analy-
sis revealed a few pressure-dependent reactions re-
sponsible for the deviations, displayed in Table 2.
Further simulations identified that the fuel itself,
C,H,, was the species without a provided efficiency
that was most responsible for the deviations.

3.2. Ignition delay times

To visualize the results across a broad array of
cases for ignition delay times, Figs. 4 and 5 show
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Fig. 4. The average (x-marks) and range (bars) of max-

imum ignition delay time deviations found for each fuel
among different models (cf. Fig. 1 caption).
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Fig. 5. The average (x-marks) and range (bars) of maxi-
mum ignition delay time deviations found for each equiv-
alence ratio among different models (cf. Fig. | caption).

deviations due to unspecified third-body efficien-
cies for various fuels and equivalence ratios across
different kinetic models. Similar to the largest
deviations for flame speeds, the largest deviations
for ignition delay times appear for smaller fuel
molecules and there is still a strong kinetic model
dependence in the collider efficiencies. The trend
with equivalence ratio is less pronounced for igni-
tion delay times than for flame speeds. However,
aside from the results for C,;H,, the results show a
general trend to larger deviations at high equiva-
lence ratios (similar to that for flame speeds). Some
key results and insights are discussed below for a
few case studies.

Figure 6 shows ignition delay time deviations for
stoichiometric and rich CH;OH/air mixtures. The
exact results shown are for model variants based on
Li et al. [33] (though similar results are found for
other models such as Olm et al. [46], Metcalfe [23],
and Aramco 2.0 [23.35-40]). Sensitivity analysis
indicated that H,O,(4+M) = OH + OH(+M) is
the reaction primarily responsible for the deviation.
Further simulations then identified CH3OH as the
unspecified collider responsible for the deviation.
Deviations reach ~30% for stoichiometric mix-
tures (where the CH;0OH mole fraction is 12.3%)
and ~ 50% for rich mixtures (where the CH;OH
mole fraction is 35.9%).

Similarly, Fig. 7 shows ignition delay time
deviations for stoichiometric and rich C4Ho/air
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Fig. 6. Ignition delay time predictions for CH3;OH/air
mixtures at several equivalence ratios (Top) and devia-
tions from the nominal model (Bottom).
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Fig. 7. Ignition delay time predictions for C4Ho/air mix-
tures at several equivalence ratios (Top) and deviations
from the nominal model (Bottom).

mixtures. The exact results shown are for model
variants based on Aramco 2.0 [23,35-40]. Further
analysis indicated that unspecified third-body ef-
ficiencies for H 4+ C,H,(+M) < C,H;3(+M) were
responsible for the deviations. Interestingly, the
key unspecified colliders were not the parent fuel
(C4Hyp) but fuel fragments (C,H, and C,Hy). The
importance of smaller fuel fragments (e.g. C,Ho,
C,H,), rather than the parent fuel, was observed
for other larger fuel molecules (e.g. n-heptane).
Indeed, the mole fractions of small fuel fragments
can reach higher values than larger parent fuels
and, consequently, the impact of unspecified effi-
ciencies of small fuel fragments can be higher than
those for the parent fuel.

The most significant deviations again were
found in C,H,/air mixtures as shown in Fig. 8 for
equivalence ratios of 1.0 and 4.0. The exact results
shown are for model variants based on Aramco 2.0
[23,35-40] (similar results are found for other mod-
els such as Gimenez-Lopez et al. [47] and Metcalfe
et al. [23]). The most significant deviations were
found in intermediate temperature ranges. Inter-
estingly, the maximum deviations are comparable
for stoichiometric and rich mixtures even though
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Fig. 8. Ignition delay time predictions for C,Hj/air mix-
tures at several equivalence ratios (Top) and deviations
from the nominal model (Bottom).

they peak at different temperatures (~ 1100 K for
an equivalence ratio of 1.0 and ~800 K for an
equivalence ratio of 4.0). Further analysis iden-
tified C,H, as the critical unspecified collider for
H+02+M<—>H02+Mand C2H2+H+M<—>
CH;(+M).

Across many ignition delay time simulations, the
critical unspecified collider belonged to a relatively
short list of fuel fragments or fuels which exist in
sufficient quantities (especially at higher equiva-
lence ratios) to affect observables. These critical col-
liders and reactions for the cases highlighted above
are tabulated in Table 2.

3.3. Implications for model development,
optimization, and validation

Interestingly, the magnitude of the deviations
observed are comparable (or larger) than both
(1) uncertainties in experimental measurements
and (2) differences between model predictions and
experimental data — differences that often moti-
vate parameter adjustments in model development
studies to match data. In such cases, differences
between experimental data and model predictions
may be attributed to the wrong aspects of the
model in model development and/or optimization
studies.

For example, for the purposes of uncertainty
quantification, unspecified third-body efficiencies
constitute a major structural uncertainty [49-51].
Use of experimental measurements whose predic-
tions are impacted by these uncertainties is likely to
impose false constraints on the model parameters
— essentially contaminating parameter inference
based on the data [53]. Interestingly, CH;OH/air
ignition delay times, which appear to be strongly
affected by unspecified efficiencies, are among
the targets considered in a recent optimization
study [46,48]. Figure 9 shows the deviations due to
unspecified efficiencies (for models from [33,46]) at
the exact conditions of one of these optimization
targets. Here, the estimated deviations (of ~ 20-
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Fig. 9. Ignition delay time predictions for a CH3;OH/air
mixture using models based on [33,46] compared to exper-
imental data [48] (Top) and deviations from these nominal
models (Bottom).
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Fig. 10. Ignition delay time predictions for CoH»/O,/Ar
mixtures at several equivalence ratios using models based
on [47] compared to experimental data [52].

50%) are larger than the experimental uncertainty
(~ 10%).

The effects highlighted here are also of rele-
vance to model development and validation more
broadly. For example, Fig. 10 shows the impact of
unspecified third-body efficiencies on predictions
of C,H,/O,/Ar ignition delay times based on the
model of Gimenez-Lopez et al. [47] compared to
experimental data [52] used to test the model. The
impact of unspecified efficiencies reaches a fac-
tor of ~3 and tend to improve agreement with
the experimental data (at least at high equiva-
lence ratios). In fact, use of typical values for
C,H, and C,Hy4 collision efficiencies (from mod-
els where they are specified) instead of those used
in the algorithm here yields deviations in simula-
tions that are lower but still significant — of similar
or greater magnitude to errors reported in many ig-
nition delay studies. These results suggest that un-
specified efficiencies may contribute to the differ-
ences between model predictions and experimental
data.

4. Conclusions

Results generated across a wide range of kinetic
models, combustion properties, fuels, temperatures,

pressures, and equivalence ratios revealed that the
impact of unspecified third-body efficiencies can
be substantial — reaching up to ~20% for laminar
flame speeds and a factor of ~ 3 for ignition delay
times.

Based on the cases explored in depth, the crit-
ical unspecified collider was usually a small fuel
molecule (e.g. C;H,, C;Hy) —even if the parent fuel
were much larger (e.g. C4H;o or C;Hjs) — which
can be present in higher mole fractions at a given
equivalence ratio. While the largest deviations were
observed for small fuels (e.g. C,H,, CH3;0H), even
larger fuels (e.g. C4H o or C;H¢) were found to
exhibit significant deviations (e.g. up to ~ 50%
for ignition delay times). Similarly, deviations
usually increased with equivalence ratio, where
fuel mole fractions are higher, though deviations
even for lean and stoichiometric mixtures are still
significant.

Altogether, the present results suggest that
uncertainties in unspecified third-body efficiencies
could be alleviated through consideration of a
small list of common fuels and fuel fragments (e.g.
CH;0H, C,H,, C,H,) in future kinetic modeling
studies. A major impediment to reducing this
uncertainty is that data for most collider and fuel
pairs are not currently available. Clearly, future
studies characterizing third-body efficiencies would
be highly worthwhile and the present study would
suggest that the list of commonly considered
colliders be expanded to include more small fuel
fragments. In the meantime, unspecified third-body
efficiencies can be considered to constitute a major
uncertainty in the model structure worth consid-
ering in future model development, optimization,
and validation studies. The present procedure may
serve as a useful tool to estimate potential devia-
tions due to unspecified third-body efficiencies.

Similarly, since most unspecified species are
likely to have higher efficiencies than the usual
monatomic or diatomic reference species, it could
be argued that using the species with the highest ef-
ficiency as the reference species (i.e. the modified
models produced by the present procedure) may
actually be more accurate.

While the present paper is focused on one spe-
cific aspect of uncertainties due to collider effects
— the impact of unspecified third-body efficiencies
— there are of course a number of aspects of colli-
sional effects that require further attention. These
include (among others): (1) improved characteriza-
tion of energy-transfer parameters (a la [1-8]) es-
pecially for common diluents, H,O, CO,, and, as
per the present study, common fuels and fuel frag-
ments across many reactions; (2) ability to specify
temperature- and pressure-dependent third-body
efficiencies in combustion codes (without sacrific-
ing ability to represent mixture dependence accu-
rately, cf. [9]); (3) lack of collider effects included
for most reactions whose rate constants are written
in PLOG format; (4) development and incorpora-
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tion of improved mixture rules [9-13] in combus-
tion codes to better represent the mixture depen-
dence of rate constants for pressure-dependent re-
actions; and (5) improved characterization of and
improved rate laws for chemically termolecular re-
actions that manifest from reactive collisions of
the energized intermediates that mediate pressure-
dependent reactions [14-19]. In general, for many
reasons, the treatment of mixture dependence has
not yet reached the same level of fidelity as treat-
ments of temperature and pressure dependence in
chemical kinetics.
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