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Abstract 

Complex-forming reactions, whose rate constants depend on pressure and collisional energy transfer char- 
acteristics of the surrounding bath gas, play a major role in the kinetics of combustion. In most realistic 
combustion environments, multiple species of distinct collisional energy transfer characteristics are present 
in significant quantities and thus contribute to collisional energy transfer involved in such systems. Recent 
studies have indicated that certain representations of multi-component pressure dependence (i.e. “mixture 
rules”) and/or a failure to implement a mixture rule can result in errors reaching an order of magnitude, 
whereas recently proposed mixture rules yield errors less than 10%. The present study compares the perfor- 
mance of various mixtures rules for representing multi-component pressure dependence of the multi-channel 
CH 3 + OH reaction in flames, using a novel dynamic procedure for evaluating mixture effects as a function of 
reaction progress (viz. local temperature, pressure, and mixture composition). This procedure enables mixture 
effects to be simulated in current combustion codes despite codes not yet having functional forms intended 
to capture these mixture dependence effects. Results from this procedure, combining master equation simu- 
lations and kinetic-transport simulations, indicate that recently proposed mixture rules based on the reduced 
pressure provide a considerably more accurate representation of mixture effects for CH 3 + OH than previ- 
ous mixture rules based on the absolute pressure. Furthermore, the present results demonstrate that mixture 
effects for the CH 3 + OH reaction, which are not accounted for in many models, have a significant effect 
on predictions of the laminar flame speed – of comparable magnitude to differences motivating parameter 
adjustments in model development studies. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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Table 1 
Mixture rules for multi-component pressure dependence 
[7] . 

LMR,P: k p,LMR,P (T, P, X ) = 

∑ 

i k i,p (T, P) X i 
LMR,R: k p,LMR,R (T, P, X ) = 

∑ 

i k i,p (T, R LMR ) ̃  X i,LMR 

R LMR (T, P, X ) = 

∑ 

i k 0 ,i (T ) X i [ M] 
k ∞ (T ) 

˜ X i,LMR (T, P, X ) = 

k 0 ,i (T ) X i 
∑ 

j k 0 , j (T ) X j 
NMR,R: k p,NMR,R (T, P, X ) = 

∑ 

i k i,p (T, R NMR ) ̃  X i,NMR 

R NMR (T, P, X ) = 

∑ 

i f i (T, X ) k 0 ,i (T ) X i [ M] 
k ∞ (T ) 

˜ X i,NMR (T, P, X ) = 

f i (T, X ) k 0 ,i (T ) X i 
∑ 

j f j (T, X ) k 0 , j (T ) X j 

Subscripts i and p refer to the i th component and p th reac- 
tion channel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Introduction 

A large fraction of combustion reactions pro-
eed through rovibrationally excited complexes
hose fate is influenced by collisional energy trans-
er. Indeed, energy-transferring collisions between
hese excited complexes and the surrounding bath
as are responsible for pressure dependence in com-
ustion kinetics. 
Rate constants for these complex-forming re-

ctions depend not only on pressure but also
n the bath gas species or, more generally, bath
as mixture composition. Current frameworks for
ressure-dependent reactions (e.g. as used in com-
ustion codes [1–4] ) are largely premised on the-
ries and data for pure, inert bath gases. In com-
ustion mixtures, however, multiple species are
resent in sufficient amounts to contribute to en-
rgy transfer and, therefore, influence rate con-
tants of pressure-dependent reactions. The effects
f mixture composition on pressure-dependent
ate constants – if they are treated at all – are usu-
lly treated via a “mixture rule,” which estimates
ate constants in the bath gas mixture from those
f the individual components. 
Available options for treating mixture effects in

ombustion codes [1–4] differ among codes, often
iffer among versions of the same code, and even
iffer among representations of pressure depen-
ence within the same version of the same code. For
eactions expressed using the Troe formula [5] with
 single specification of centering factors and Ar-
henius expression for the low-pressure limit, along
ith temperature- and pressure-independent third-
ody efficiencies, it is usually the case that third-
ody efficiencies operate as multipliers on the low-
ressure limit rate constant, which is then used
o calculate the rate constant at the given pres-
ure in the mixture – yielding a mixture rule (un-
er the limitations of temperature- and pressure-
ndependent third-body efficiencies) equivalent to
ur more general linear reduced-pressure-based
ixture rule (LMR,R in Table 1 ), which we find
o be very effective in representing mixture effects
6–8] . However, the inability to specify unique tem-
erature and pressure dependence for each bath
as, in addition to limitations of the original Troe
ormula [5] in representing pressure dependence
or any bath gas, contribute to potential errors for
his option in treating mixture pressure dependence
f up to ∼ 90% for even single channel reactions
6] . Furthermore, the need to represent the more
omplicated pressure dependence of multi-channel
nd/or multi-well reactions has motivated the use
f forms with many more parameters that go be-
ond forms (such as the Troe formula [5] ) based on
he simple Lindemann–Hinshelwood form. 
For these more complicated pressure-dependent

orms (e.g. PLOG and Chebyshev polynomials)
that have no inherent limitations on the accuracy
of the representation for pressure dependence for
a single bath gas nor on the number of chan-
nels or wells in the reaction, there are three com-
mon possibilities for the way mixture effects are
treated in codes. In the first possibility, pressure-
and temperature-dependent rate constants cannot
be specified uniquely for each bath gas. Given that
some bath gases have very high third-body efficien-
cies (e.g. ∼ 20 for H 2 O in some reactions [9,10] ),
the inability to specify bath gas dependence of rate
constants can be easily understood to give potential
errors of an order of magnitude. In the second pos-
sibility, pressure- and temperature-dependent rate
constants can be specified uniquely for each bath
gas species, but each separate reaction expression
is assumed to occur independently – i.e. no mixture
rule is used. This lack of a mixture rule can be easily
understood to give potential errors of up to a factor
of n , where n is the number of separate expressions,
in the high-pressure limit. In the third possibil-
ity, pressure- and temperature-dependent rate con-
stants can be specified uniquely for each bath gas
species, and the classic linear mixture rule (LMR,P
in Table 1 ) is used to estimate the rate constant
in the mixture. At first glance, this third possibil-
ity may seem to be best of the three, in that it is
not clearly in error a priori. However, despite many
studies of mixture effects nearly fifty years ago for
single-channel reactions [6,11,12] , particularly in
the low-pressure limit, the classic linear mixture
rule had been scarcely tested across the interme-
diate falloff regime and for multi-channel and/or
multi-well reactions. 

We have been conducting a series of studies
developing and testing representations of mixture
effects for multi-channel and/or multi-well reac-
tions using ab initio master equation calculations
as a benchmark. To date, we have tested the clas-
sic linear mixture rule and two recent mixture
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Fig. 1. Potential energy surface for the CH 3 + OH reac- 
tion (excluding the abstraction reaction, CH 3 + OH = 

3 CH 2 + H 2 O) [19] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rules [6–8,13] (cf. Table 1 ) against master equa-
tion calculations for the single-channel H + O 2
(+M) = HO 2 (+M) reaction and estimated the
corresponding uncertainties due to mixture rules
on high-pressure hydrogen flame speed predictions
[6] and on experimental determinations of third-
body efficiencies [13] ; we have tested these three
mixture rules against master equation calculations
for the multi-channel CH 2 O decomposition reac-
tion [7] and allyl + HO 2 reaction [8] and calculated
the impact of mixture representations for allyl +
HO 2 on high-pressure propene ignition delay times
[8] . A key finding from our results so far is that
the classic linear mixture rule yields errors of up to
∼ 60% for single-well, single-channel reactions and
a factor of ∼ 10 for single-well, multi-channel reac-
tions – such that all three of the possible treatments
of mixture effects (for the most accurate and gen-
eral forms for representing pressure dependence)
have the potential to introduce substantial errors in
estimating rate constants in mixtures. 

We, therefore, have developed new mixture rules
for use in combustion codes that represent multi-
component pressure dependence more accurately
for our previous test cases and hence provide a
promising approach to incorporate mixture effects
in combustion codes. We are also pursing addi-
tional test cases to ensure the general applicabil-
ity of these new mixture rules to a wide range
of reactions and combustion environments so that
they can be used reliably in future combustion
modeling software. Our ultimate goal is to de-
velop representations of mixture composition de-
pendence that accurately describe the kinetics of 
excited complexes undergoing energy-transferring
collisions with multiple species [6–8] and reactive
collisions [14–18] . 

In the present study, we assess the impact
of mixture effects for multi-channel reactions on
laminar flame speed predictions, focusing on the
CH 3 + OH reaction (cf. Fig. 1 ) as a case study.
Product-channel-specific rate constants for the
CH 3 + OH reactions, and specifically their branch-
ing ratio at high temperatures, were identified as im- 
portant factors in predicting flame speeds in recent 
modeling studies [20,21] given their differing effects 
on the radical pool. As discussed above, currently 
available representations of multi-component pres- 
sure and temperature dependence in combustion 
codes are limited for multi-channel systems. And 
for this multi-channel CH 3 + OH reaction, it is 
common (e.g. [20–24] ) for kinetic models to use 
pressure-dependent rate constants calculated by 
Jasper et al. [19] for He within representations that 
assume that rate constants are independent of the 
bath gas species. 

Therefore, the objectives of the present study are 
to investigate mixture effects on CH 3 + OH at the 
local mixture and temperature conditions encoun- 
tered in methane flames at various pressures, assess 
performance of mixture rules in representing them, 
and evaluate their impact on laminar flame speed 
predictions. Below, we first present various mix- 
ture rules for representing multi-component pres- 
sure dependence, the numerical details for the mas- 
ter equation calculations, and the method for dy- 
namically evaluating mixture effects within freely 
propagating flame simulations. This novel dynamic 
procedure enables mixture effects to be simulated 
in current combustion codes despite codes not yet 
having functional forms intended to capture these 
mixture dependence effects. Using this procedure, 
we then demonstrate the impacts of mixture effects 
on the CH 3 + OH reaction within methane flames, 
show their impacts on methane flame speeds, and 
assess the performance of mixture rules in repre- 
senting them. Finally, we explore how these effects 
are influenced by pressure. 

The results below suggest that mixture effects 
are significant in multi-component systems – of 
comparable magnitude to differences motivating 
parameter adjustments in model development 
studies. While the classic linear mixture rule ex- 
hibits deficiencies in capturing mixture effects, 
recently proposed reduced-pressure-based mixture 
rules are found to provide a reasonable representa- 
tion of mixture effects. Therefore, their incorpora- 
tion into combustion codes would be worthwhile. 

2. Analytical and computational methods 

2.1. Mixture rules 

Three mixture rules are considered here 
( Table 1 ): the classic linear mixture rule (LMR,P), 
which is based on absolute pressure ( P ), and two 
recently developed mixture rules (LMR,R and 
NMR,R) based on the reduced pressure ( R ). The 
latter two have been shown to better represent mix- 
ture behavior for other single-well, single-channel 
and single-well, multi-channel reactions [6–8] . 

The classic linear mixture rule (LMR,P), esti- 
mates the rate constant of the p th reaction chan- 
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Table 2 
Energy transfer parameters for considered colliders. 

〈 �E d 〉 i (cm 
−1 ) μi ,0, A ( T ) Colliders 

Collider A 133.0 × ( T /298) 0.8 1 He 
Collider B 184.1 × ( T /298) 0.8 1.5 O 2 / N 2 
Collider C 506.3 × ( T /298) 0.8 4 CO 2 
Collider D 992.3 × ( T /298) 0.8 6 CH 4 
Collider E 2296.9 × ( T /298) 0.8 9 H 2 O 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

el in the mixture, k p ( T, P , X ), as a linear sum
f the rate constants of each bath gas compo-
ent at the same pressure, k i,p (T, P) , weighted by
heir mole fractions, X i , in the mixture. (Through-
ut the text, X denotes the vector of mole frac-
ions of each species in the mixture.) The linear
ixture rule in reduced pressure (LMR,R) esti-
ates the rate constant of the p th reaction chan-
el in the mixture, k p ( T, P , X ), as a linear sum
f the rate constants of each bath gas component
valuated at the same reduced pressure, k i,p (T, R) ,
eighted by each component’s fractional contri-
ution to the reduced pressure, ˜ X i . The nonlin-
ar mixture rule in reduced pressure (NMR,R) dif-
ers from LMR,R in its additional incorporation
f activity coefficients for each component, f i ( T ,
 ), which account for nonlinearities in the low-
ressure limit [7,11] , in the calculation of the re-
uced pressure. (A detailed derivation of f i ( T , X )
nd the procedures to solve for it for each compo-
ent in a multi-channel system are available in [7] .)
n each case, the reduced pressure for multi-channel
eactions is calculated from the total decomposition
ow-pressure-limit rate constants in each bath gas
omponent, k 0, i ( T ), rather than the channel-specific
ow-pressure-limit rate constants, k 0, i,p ( T ), since the
ormer better reproduces master equation calcula-
ions [7] . 

.2. Numerical simulations 

.2.1. Master equation calculations 
Master equation calculations were performed

sing the PAPR-MESS code [25] for the CH 3 OH
ystem, with the potential energy surface ( Fig. 1 )
rom Jasper et al. [19] . The PAPR-MESS input files
ere first generated from the original Variflex in-
uts [19] and confirmed to yield the same rate con-
tants (within 5%). Similar to original calculations
n He [19] , the standard exponential-down model
11] is used to describe the collisional energy trans-
er function (using the same average energy trans-
erred per down collision, 〈 �E d 〉 = 133 × ( T /298
) 0.8 cm 

−1 , for He as [19] ); the collision frequency
 Z ) is estimated using the Lennard-Jones model
using the same parameters, σ = 2 . 57 Å and ε =
 . 1 cm 

−1 , for He as [19] ). 
In the flames considered below, O 2 , N 2 , CO 2 ,

H 4 , and H 2 O, together with He, comprise over
6% of the local mixture everywhere throughout
he simulation domain. Given that data for the rel-
vant bath gases are not available for the CH 3 OH
ystem, the present calculations assume third-body
fficiencies relative to He, μ0, i,He = k 0, i / k 0, He , of 1.5,
.5, 4, 6, and 9 for i = O 2 , N 2 , CO 2 , CH 4 , and
 2 O, respectively, which are within the range of 
eported values for these bath gases in other re-
ctions [9,10,26] . While non-unity third-body effi-
iencies usually arise from differences in both Z and
 �E d 〉 , the results shown below use the same Z for
all bath gases and attribute higher third-body effi-
ciencies solely to higher 〈 �E d 〉 ( Table 2 ) – which we
have found to provide the most rigorous tests of the
new (more accurate) reduced-pressure-based mix-
ture rules [6,7] . 

When differences in the third-body efficiencies
are instead solely attributed to differences in Z
(i.e. using the same 〈 �E d 〉 for all bath gases), both
LMR,R and NMR,R exactly reproduce master-
equation-calculated rate constants in mixtures (see
Supplemental Material). Thus, the performance of 
new reduced-pressure mixture rules for mixtures
with differences in both Z and 〈 �E d 〉 among collid-
ers would likely be at least as good as (and probably
better than) indicated in the current paper. 

2.2.2. Dynamic procedure for evaluating mixture 
effects in flames 

Laminar flame simulations were performed
for CH 4 /O 2 /diluent mixtures using the FreeFlame
module in Cantera [1] . The simulations include
multi-component transport and Soret effects; the
grid is adaptively refined to achieve gradient and
curvature values of < 0.02 (yielding nearly 1000
grid points). 

Model predictions are shown below using var-
ious modified versions of the model of Metcalfe
et al. [20] . In these various model versions, rate con-
stants for the CH 3 + OH reaction are calculated ei-
ther from the master equation for pure He as the
bath gas (similar to the original calculations [19] ),
from the master equation for the local mixture as
the bath gas, or from each of the three mixture rules
for the local mixture as the bath gas. 

Calculations based on rate constants from the
master equation for He as the bath gas are ob-
tained by directly replacing the rate constants in
Metcalfe et al. [20] with Arrhenius fits to rate con-
stants calculated from the master equation with He
as the bath gas at each pressure. However, due to
current limitations in the ability to represent multi-
component pressure dependence in Cantera and
other combustion codes, the other model versions
use Arrhenius fits to rate constants calculated us-
ing the local mixture composition (obtained from
flame simulations) at each temperature for each set
of initial conditions. For these model versions for
each set of initial conditions, simulations are first
performed using the nominal model [20] and then
the temperature, T , and mole fractions of major
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Fig. 2. Simulation results for a stoichiometric 
CH 4 /O 2 /He flame at 10.0 atm: a) temperature and 
net reaction rate of CH 3 + OH; b) species profiles; c) 
ratio of rate constants in the mixture to those in pure He; 
and deviation of rate constants estimated by d) LMR,P, 
e) LMR,R, and f) NMR,R from those calculated by the 
master equation. 
species, X , (which account for over 96% of the en-
tire mixture) are sampled every five grid points to
ensure a thorough coverage of the computational
domain. Master equation input files are then gen-
erated for each sampling point (where any species
other than O 2 , N 2 , CO 2 , CH 4 , and H 2 O are as-
sumed to have the same energy transfer parame-
ters as He), and the rate constants for each chan-
nel at the specific sampling condition, k p ( T, P , X ),
are calculated using PAPR-MESS code. The re-
sultant rate constants are then fitted to Arrhenius
expressions where the temperature dependence of 
the fit captures the variations in both the local
temperature and mixture composition through the
flame – thus allowing mixture effects to be simu-
lated in Cantera despite Cantera not having func-
tional forms intended to capture these mixture de-
pendence effects. This procedure is implemented
automatically with in-house scripts for each initial
equivalence ratio and pressure condition. The pro-
cedure used for each mixture rule is the same except
that each mixture rule, rather than the master equa-
tion, is used to evaluate k p ( T, P , X ) at each con-
dition. Iterations of this procedure were found to
yield negligible differences ( < 1%) at representative
conditions. 

3. Results and discussion 

3.1. Mixture effects on CH 3 + OH within the flame

The effect of mixture composition on CH 3 +
OH reaction rate constants inside a flame is demon-
strated in Fig. 2 for a stoichiometric CH 4 /O 2 /He
flame at 10 atm. As shown in Fig. 2 a and b, the
total CH 3 + OH reaction rate peaks at a location
where the temperature is ∼ 2000 K, the reactants
are nearly completely depleted, and the products
are present in high mole fractions – with ∼ 4% O 2 ,
∼ 0% CH 4 , ∼ 3% CO 2 and ∼ 13% H 2 O. 

Overall, throughout the flame, the presence of 
species with higher third-body efficiencies than He
(CH 4 , O 2 , CO 2 , H 2 O) in large quantities indicates
that the collisional energy transfer rate for the mix-
ture is higher than for pure He. Consequently, as
indicated in Fig. 2 c, rate constants in the mixture
are higher for all stabilization/decomposition chan-
nels and lower for all chemically activated channels
than in pure He. The enhancements in stabiliza-
tion rate constants become more pronounced with
increasing temperature – as the stabilization reac-
tions approach a pressure falloff regime (i.e. the low
pressure limit) where energy transfer is more rate
limiting. Similarly, the reductions in the chemically
activated rate constants become less pronounced
with increasing temperature – as the chemically ac-
tivated reactions approach a pressure falloff regime
where they are independent of energy transfer rates.
At the location of peak total CH 3 + OH reaction
rates, rate constants are higher than their corre-
sponding values in pure He for stabilization reac- 
tions (by a factor of ∼ 3 for CH 3 + OH = CH 3 OH) 
though are very close to their corresponding values 
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Fig. 3. Laminar flame speeds for CH 4 /O 2 /He mixtures at 
10.0 atm (top) and the relative difference between flame 
speed predictions with and without mixture effects or 
prompt dissociation (bottom). Lines show model predic- 
tions as indicated in the legend. Symbols show experimen- 
tal measurements from [27] . 
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Fig. 4. Sensitivity coefficients of CH 4 /O 2 /He flame 
speeds at 10.0 atm to the most sensitive CH 3 + OH rate 
constants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n pure He for chemically activated reactions – sug-
esting that the primary impact of mixture com-
osition on the CH 3 + OH reaction for the flame
onditions plotted in Fig. 2 is to increase the stabi-
ization rate. 

As shown in Fig. 2 d, rate constants estimated
y the classic linear mixture rule (LMR,P) exhibit
eviations from those calculated from the master
quation – under-predicting some channels and
ver-predicting other channels by up to ∼ 40%. At
he location of peak total CH 3 + OH reaction rates,
he deviations for stabilization/decomposition rates
re most significant, where rate constants for CH 3 
 OH = CH 3 OH are under-predicted by LMR,P
y ∼ 40%. By contrast, as shown in Fig. 2 e–f,
he reduced-pressure-based mixture rules yield
ignificantly smaller deviations – with maximum
eviations of ∼ 10% for LMR,R and ∼ 5% for
MR,R (similar to our results for other reaction
ystems [6–8] ). 

.2. Mixture effects on laminar flame speeds 

To demonstrate the impact that mixture effects
or the CH 3 + OH reaction have on flame speed pre-
ictions, Fig. 3 compares flame speed predictions
or CH 4 /O 2 /He mixtures at 10 atm among various
odels containing different treatment of mixture
effects for the CH 3 + OH reaction. These results
indicate that predicted flame speeds using rate con-
stants calculated from the master equation for the
mixture are lower than those for pure He – by as
much as ∼ 15% at lean conditions. 

Sensitivity analysis for these conditions ( Fig. 4 )
indicates that CH 3 + OH = CH 3 OH and CH 3 +
OH = CH 2 OH + H are the two most sensitive
CH 3 + OH reaction channels at these flame con-
ditions, where CH 3 + OH = CH 3 OH (a chain-
terminating reaction) inhibits reactivity and CH 3
+ OH = CH 2 OH + H (a chain-carrying reac-
tion) promotes reactivity. The magnitude of the
sensitivity coefficient for CH 3 + OH = CH 3 OH,
which Fig. 2 shows to be among the channels most
strongly affected by mixture composition, is high-
est at lean conditions, where the largest differences
in flame speed predictions are observed among dif-
ferent treatments of mixture effects in Fig. 3 . Over-
all, Fig. 2 indicates that including the effects of 
local mixture composition on the CH 3 + OH re-
action tend to increase stabilization reaction rates
(e.g. for CH 3 + OH = CH 3 OH) and decrease chem-
ically activated reaction rates (e.g. for CH 3 + OH =
CH 2 OH + H) – both of which tend to reduce the
flame speed. As discussed in the previous section,
LMR,P underestimates the stabilization rate con-
stants and overestimates the chemically activated
rate constants (cf. Fig. 2 d). As a result, simulated
flame speeds using rate constants from LMR,P for
the mixture are higher than those using rate con-
stants from the master equation for the mixture. By
contrast, simulations that employ either LMR,R or
NMR,R to estimate CH 3 + OH reaction rate con-
stants in the mixture yield predicted flame speeds
that are nearly identical to those that employ rate
constants directly calculated from the master equa-
tion for the mixture. 

Additional calculations varying the third-body
efficiencies in Table 2 (to evaluate the influence
of their uncertainties) indicate that the predicted
flame speeds for the mixture could be lower than
those for pure He by ∼ 7% (if all μ0, i,A are lower by
a factor of 2) to ∼ 20% (if all μ0, i,A are higher by
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Fig. 5. Laminar flame speeds for CH 4 /air mixtures at 1.0 
atm and CH 4 /O 2 /He mixture (15%O 2 , 85%He) at 60.0 
atm (top) and the relative difference between flame speed 
predictions with and without mixture effects or prompt 
dissociation (bottom). Lines show model predictions as 
indicated in the legend. Symbols show experimental mea- 
surements from [29] (open circles) and from [27] (open 
squares). (Note: model predictions including prompt dis- 
sociation were not performed at 60 atm given that prompt 
dissociation fractions were not provided at 60 atm in [28] .) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a factor of 2) at the lean conditions of Fig. 3 – al-
together suggesting that the mixture effects, which
cannot yet be directly treated in current kinetic
models and codes, comprise a significant source of 
uncertainty in combustion simulations. 

For context, the differences in predicted flame
speeds due to mixture effects for CH 3 + OH are
of comparable magnitude to the differences be-
tween predictions and experimental data motivat-
ing parameter adjustments in model development
studies [20] . Additional simulations (based on the
variant of the model of Metcalfe et al. [20] from
Labbe et al. [28] ) are also shown in Fig. 3 to
explore the extent to which the flame speed re-
ductions from mixture effects may counterbalance
flame speed enhancements from HCO prompt dis-
sociation. Interestingly, at near stoichiometric con-
ditions, the impact of mixture effects for CH 3 + OH
and HCO prompt dissociation are similar in mag-
nitude though opposite in sign, such that they ap-
proximately cancel. However, for leaner mixtures,
the impacts of mixture effects on the CH 3 + OH
reaction become significantly stronger. 

3.3. Mixture effects across various pressures 

To assess the impacts of mixture effects for the
CH 3 + OH reaction on flame speeds at differ-
ent pressures, flame speed predictions for the same 
model variants are shown in Fig. 5 for CH 4 /O 2 /N 2 
mixtures at 1 atm and for CH 4 /O 2 /He mixtures at 
60 atm. At both 1 atm and 60 atm, simulations us- 
ing CH 3 + OH rate constants calculated from the 
master equation for the mixture are lower than sim- 
ulations using CH 3 + OH rate constants calculated 
from the master equation assuming pure He as the 
bath gas – by up to ∼ 10% at 1 atm and ∼ 8% at 60 
atm. 

Again, simulations employing the classic linear 
mixture rule to estimate CH 3 + OH rate constants 
noticeably differ from those employing the mas- 
ter equation to calculate CH 3 + OH rate constants 
in the mixture. However, simulations employing 
reduced-pressure-based mixture rules (LMR,R and 
NMR,R) are nearly identical to those employing 
the master equation to calculate CH 3 + OH rate 
constants in the mixture. 

4. Conclusions 

The performance of various mixture rules rep- 
resenting multi-component pressure dependence 
for CH 3 + OH was evaluated via comparisons 
against master equation calculations. Compar- 
isons revealed that the classic linear mixture rule 
(LMR,P) yields deviations for mixture rate con- 
stants of ∼ 40% for typical combustion mixtures, 
whereas newly proposed mixture rules based on re- 
duced pressure exhibit deviations of generally less 
than ∼10% and ∼5% respectively. Flame speed 
predictions suggest that the impacts of mixture ef- 
fects for CH 3 + OH are comparable to those mo- 
tivating rate parameter adjustments in modeling 
studies to reproduce combustion measurements, 
and the impacts are as strong as, if not stronger 
than, those from HCO prompt dissociation for the 
considered conditions. Newly proposed reduced- 
pressure mixture rules are shown to accurately cap- 
ture these mixture effects within combustion simu- 
lations. 

A novel dynamic correction procedure was pre- 
sented to enable mixture effects to be simulated 
in current combustion codes despite codes not yet 
having functional forms intended to capture these 
mixture dependence effects. Now that this proce- 
dure has revealed that mixture effects can be sig- 
nificant and newly proposed mixture rules are ca- 
pable of representing them, it is recommended that 
future combustion codes incorporating these vali- 
dated mixture rules will instead account for such 
mixture effects directly without the need for the 
present correction procedure. Similarly, improved 
quantification of mixture effects for the CH 3 + OH 

reaction requires improved characterization of en- 
ergy transfer parameters for various bath gases, in- 
cluding CO 2 and H 2 O (in addition to common dilu- 
ents). Until then, it appears that failure to account 
for mixture effects could be responsible for flame 
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peed uncertainties as large as 20% – which greatly
xceeds typically quoted experimental uncertain-
ies and is comparable to differences between model
redictions and experimental data motivating pa-
ameter adjustments in modeling studies. 
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