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a b s t r a c t 

Rate constants for the title reaction for different bath gas species, M, are essential to accurate combustion 

predictions. Most experimental studies of the title reaction assume the reaction is in the low-pressure 

limit. Furthermore, experimental studies for M = H 2 O usually rely on measurements in H 2 O/ A mixtures, 

separate measurements in a reference bath gas M = A , and an assumed mixture “rule,” which estimates 

rate constants in the mixture from those of pure bath gases. We present results from master equation 

calculations to quantify the uncertainties due to these assumptions in experimental interpretations. Our 

calculations indicate potential errors due to falloff and mixture rule assumptions that would be imper- 

ceptible experimentally over typical variations of pressure and composition yet introduce substantial un- 

certainties (reaching ∼50%) in reported rate constants, which often involve extrapolation to zero pressure 

and unity mole fraction. Going forward, we recommend that experimentally determined pseudo-second- 

order rate constants for H + O 2 ↔ HO 2 for the experimental pressure and mixture composition (which 

are independent of these assumptions) be reported, that experiments used to derive rate constants in 

the low-pressure limit or for M = H 2 O be conducted at lower pressures and higher H 2 O fractions (where 

these assumptions are more accurate), and that uncertainty analysis consider uncertainties due to falloff

and mixture rule assumptions. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

The title reaction is among the most important reactions in

ombustion. Given that it competes with main chain branching re-

ction, H + O 2 = OH + O, it may be the most important pressure-

ependent reaction. Indeed, their competition plays a key role in

he H 2 /O 2 explosion limits [1–3] and, more generally, many com-

ustion properties for all fuels [4–6] . 

Since the early studies of combustion kinetics [1–3] , the reac-

ion has been known to proceed via a rovibrationally excited HO 2 

omplex that is stabilized through energy-transferring collisions

ith the surrounding “bath gas” molecules (i.e. the Lindemann–

inshelwood mechanism [7,8] ). The rate constant, k i ( T, P ), depends

n pressure, P , because the collision rate depends on pressure.

imilarly, it also depends on the bath gas species, i , (i.e. k i ( T, P )), or

ore generally the bath gas mixture composition, X , (i.e. k ( T, P , X )),

ecause the collision frequency and amount of energy transferred

er collision depend on the molecular characteristics of the bath

as/complex pair [9–14] . 
∗ Corresponding author at: 220 Mudd Building MC 4703; 500 W. 120th St; New 

ork, NY 10027, United States. 
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Determining k i ( T, P ) for the major species in combustion mix-

ures has been a major research focus since the infancy of com-

ustion kinetics [11,15–27] – for both direct use in kinetic models

nd understanding microscopic energy transfer mechanisms. Other

han N 2 and O 2 , H 2 O is probably the most important bath gas

pecies, given that it is a major combustion product, is a major

iluent in Exhaust Gas Recirculation (EGR) [28] and Moderate or

ntense Low-oxygen Dilution (MILD) [29] strategies, and is espe-

ially effective in stabilizing HO 2 [11,16–24] . 

Nearly all experimental studies devoted to determining

 H 2 O 
(T , P ) rely on k ( T, P , X ) measurements in H 2 O/ A mixtures

ith H 2 O mole fractions X H 2 O ≈ 5–25%, k A ( T, P ) measurements,

nd an assumed mixture “rule” [16–24] . The classic linear mixture

ule [30] 

 LMR-P (T , P, X ) = 

M ∑ 

i =1 

k i (T , P ) X i (1)

s the most commonly used mixture rule, such that k H 2 O (T , P ) is

etermined via 

 H 2 O , LMR-P (T , P ) = 

k (T , P, X ) − k A (T , P ) X A 
X H 2 O 

(2)
. 

https://doi.org/10.1016/j.combustflame.2019.11.041
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2019.11.041&domain=pdf
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Table 1 

Exponential-down factors in 1D-ME that reproduce reported data at 296 K. 

k i, 0 -eff,LMR-P,exp (T, P, X ) a k i, 0 -eff,LMR-P (T, P, X ) b 〈 �E d 〉 i ( T ) c 
O 2 

d 3.1 3.10 35.03 

Ar/O 2 
d,f 2.2 2.20 30.71 

N 2 /O 2 
d,f 4.3 4.30 40.13 

H 2 O/O 2 
e,f 50 49.69 101.77 

a from [22] , units: 10 −32 cm 
6 molec −2 s −1 ; 

b calculated using PAPR-MESS, units: 10 −32 cm 
6 molec −2 s −1 ; 

c the listed exponential-down factors in i /O 2 mixtures are for i , units: 

cm 
−1 ; 

d calculated at 100 Torr; 
e calculated at 5 Torr; 
f X i /X O 2 = 98 . 5% / 1 . 5% for i = Ar, N 2 ; X i /X O 2 = 10% / 90% for i = H 2 O. 
Furthermore, most studies [16–20,22,24] (including the three

highlighted here [20,22,24] ) also assume k ( T, P , X ) is in its low-

pressure limit, 

k 0 (T , X ) = lim 

P→ 0 
k (T , P, X ) / [ M] (3)

at the experimental P yielding an “effective” low-pressure limit, 

k 0 -eff(T , P, X ) = k (T , P, X ) / [ M] (4)

such that 

k H 2 O , 0 -eff,LMR-P (T , P, X ) = 

k 0 -eff(T , P, X ) − k A, 0 -eff(T , P ) X A 
X H 2 O 

(5)

is then calculated and reported. (Note that this is implicitly what

occurs in combustion codes [31,32] if k H 2 O , 0 -eff is fit to experi-

mental data using a kinetic model containing separate expressions

reading “H + O 2 + A = HO 2 + A” and “H + O 2 + H 2 O = HO 2 +

H 2 O”). 

In reality, the dependence of rate constants on mixture compo-

sition is generally not linear [30,33–36] . In fact, this was realized

around the time when collider-specific effects first became a ma-

jor topic of study (e.g. [9,10] and references therein); and, conse-

quently, understanding the dependence of rate constants on mix-

ture composition was a major topic of study about half a century

ago. While these studies revealed that the dependence of rate con-

stants on the mixture composition was not strictly linear at pres-

sures below the high-pressure limit, the magnitude of these effects

was generally found to be relatively small (e.g. ∼10-20% in the low

pressure limit for typical single-channel reactions [33] ) compared

to experimental precision at that time . 

The observation that mixture rule errors were less than exper-

imental precision at the time of those studies five decades ago

likely contributed to a now outdated, but still prevailing, notion

that the linear mixture rule introduces negligible uncertainty. For

example, mixture rules are not usually considered in experimental

[16–24] or computational [28,37–39] uncertainty analysis. 

The systematic errors from mixture rules on experimental inter-

pretations are now worth revisiting for two reasons. First, drastic

improvements in experimental methods for kinetics experiments

(e.g. [40] ) over the period since most previous mixture studies

have resulted in an impressive level of precision – on the or-

der of ∼10–20% for rate constants of H + O 2 (+M) = HO 2 (+M)

[22,24] . Second, our recent studies have revealed much larger de-

viations from the classic linear mixture rule in the intermediate

falloff regime than the ∼10–20% found for single-channel reac-

tions in the low-pressure limit [33] – reaching ∼60% for single-

channel reactions [34] and a factor of ∼10 for multi-channel re-

actions [35,36] . Indeed this question, together with falloff effects,

was discussed after the authors’ presentation on mixture effects at

the 2018 Flame Chemistry Workshop, raised by Juergen Troe after

[24] at the 2018 Combustion Symposium, and pointed out in a re-

cent paper [41] . 

Here, we address this question at the conditions of three

experimental studies [20,22,24] using a master equation (ME)

model that is entirely consistent with the experimental data

[20,22,24] but does not involve any assumptions of low-pressure

limit rate constants or mixture rules. Because deviations from mix-

ture rules are sensitive to pressure (i.e. the extent of falloff), this

question can only be explored considering both falloff and mixture

effects simultaneously, as done here. We then also use this ME

model to estimate uncertainties due to both assumptions across

wide ranges of pressure and composition – to serve as a guide

for selection of future experimental conditions to derive k A ,0 ( T ) and

k H 2 O,0 (T ) . 
. Methodology 

.1. Master equation calculations in PAPR-MESS 

Ab initio master equation (ME) calculations are performed for

he title reaction using a 1D-ME model in PAPR-MESS [42] based

n the multi-reference variable reaction coordinate transition state

heory (VRC-TST) calculations of Harding et al. [43] . The collisional

nergy transfer function is described by the common exponential

own model [12] , where the probability of a “down” collision of

O 2 with initial energy E by i yielding HO 2 with a (lower) final en-

rgy E ′ is given by P i (E ′ , E) = 
1 
N i 

exp [ −(E − E ′ ) / 〈 �E d 〉 i )] for E > E ′ ,
ith N i being the normalization factor; the probability function

or “up” collisions, P i ( E 
′ , E ) for E < E ′ , is obtained via detailed bal-

nce. Collision frequencies for HO 2 -H 2 O were calculated based on a

ipole-dipole collision frequency [11,44] , as recommended for HO 2 -

 2 O elsewhere [11,18,22] (cf. Supplemental Material). Collision fre-

uencies for all other HO 2 -bath pairs use the Lennard Jones model.

he parameters, A i and n i , describing average energies transferred

er down collision via 〈 �E d 〉 i = A i (T / 298) n i for each i are chosen

uch that ME calculations of k ( T, P , X ) together with Eqs. (4) and

5) reproduce k i ,0-eff( T, P ) and k i, 0-eff,LMR-P (T , P, X ) reported in ex-

erimental studies from Michael et al. [22] and Shao et al. [24] at

orresponding conditions. 

.1.1. Reproducing reported data at 296 K 

The rate constants reported by Michael et al. [22] were deter-

ined at a temperature of 296 K. Experimental pressures were var-

ed from 25 to 200 Torr for pure O 2 and mixtures of Ar/O 2 and

 2 /O 2 ; and experimental pressures were varied from 2.2 to 7.0 Torr

or H 2 O/O 2 mixtures. The mixture composition for i /O 2 mixtures

here i = Ar, N 2 is taken to be X i = 0 . 985 and X O 2 = 0 . 015 ; and the

ixture composition for H 2 O/O 2 mixtures is taken to be X H 2 O = 0 . 1

nd X O 2 = 0 . 9 (consistent with that reported in the experimental

tudy [22] ). 

At 296 K, the dipole-dipole collision frequency for HO 2 -H 2 O

ystem is calculated to be 7 . 37 × 10 −10 cm 
3 s −1 , which can be ef-

ectively reproduced in PAPR-MESS [42] using the (fictitious) pa-

ameters σH 2 O 
= 2 . 673 Å [45] and εH 2 O = 6360 . 64 cm 

−1 within

 Lennard Jones model. The exponential-down factors are cho-

en such that the ME calculated rate constants match those re-

orted in [22] at a representative pressure of 100 Torr for pure

 2 and mixtures of Ar/O 2 and N 2 /O 2 and of 5 Torr for H 2 O/O 2 

ixtures (roughly the midpoint of the experimental pressure

anges). 

For A = O 2 , k A ,0-eff( T, P ) is calculated from the ME results for k ( T,

 , X ) via Eq. (4) ; and for all i in i /O 2 mixtures, k i, 0 -eff,LMR-P (T , P, X )

s calculated from the ME results for k ( T, P , X ) via Eqs. (4) and (5) .

xponential-down factors are first chosen for A = O 2 such that the

alculated k O 2 , 0 -eff(T , P ) (shown in the third column of Table 1 )

atches the experimentally reported k O , 0 -eff,exp (T , P ) (shown in
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Table 2 

Exponential-down factors in 1D-ME that reproduce reported data at 

1200 K. 

k i, 0 -eff,LMR-P,exp (T, P, X ) a k i, 0 -eff,LMR-P (T, P, X ) b 〈 �E d 〉 i ( T ) c 
Ar 4.93 4.93 162.85 

N 2 6.82 6.82 186.15 

H 2 O/Ar 
d 113 112.82 862.33 

a from [24] , units: 10 −33 cm 
6 molec −2 s −1 ; 

b calculated using PAPR-MESS, units: 10 −33 cm 
6 molec −2 s −1 ; 

c the listed exponential-down factors in i /Ar mixtures are for i , units: 

cm 
−1 ; 

d X H 2 O /X Ar = 10% / 90% . 
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he second column of Table 1 ). Using these exponential-down fac-

ors for A = O 2 , exponential-down factors for i = Ar, N 2 , and H 2 O

re then chosen such that the calculated k i, 0 -eff,LMR-P (T , P, X ) (also

hown in the third column of Table 1 ) match k i, 0 -eff,LMR-P,exp (T , P, X )

also shown in the second column of Table 1 ) in each of the mix-

ures. The last column in Table 1 summarizes the obtained 〈 �E d 〉
or O 2 , Ar, N 2 and H 2 O at 296 K in the 1D-ME model. 

.1.2. Reproducing reported data at 1200 K 

A similar procedure is performed for 1200 K and 15 atm, repre-

entative of the experimental conditions of Shao et al. [24] . Exper-

mental values at 1200 K (shown in the second column of Table 2 )

re first calculated from the reported Arrhenius expressions in

24] . The mixture composition for H 2 O/Ar mixtures is taken to be

 H 2 O 
= 0 . 1 and X Ar = 0 . 9 (within the reported range experimen-

ally); the determinations for Ar and N 2 are assumed to be for

ure bath gases. The ME calculations (shown in the third column

f Table 2 ) are performed at a representative pressure of 15 atm

or Ar, N 2 , and H 2 O/Ar mixtures. 

At 1200 K, the dipole-dipole collision frequency for HO 2 -H 2 O

ystem is calculated to be 8 . 62 × 10 −10 cm 
3 s −1 , which can be ef-

ectively reproduced in PAPR-MESS [42] by using the (fictitious)

arameters σH 2 O 
= 2 . 673 Å [45] and εH 2 O = 6479 . 91 cm 

−1 within a

ennard Jones model. The results are presented in Table 2 for the

D-ME model. 

.1.3. Testing consistency with reported data at 800 K 

After the parameters, A i and n i , within 〈 �E d 〉 i = A i (T / 298) n i 

or each i were chosen such that ME calculations of k ( T, P ,

 ) together with Eqs. (4) and (5) reproduce k i ,0-eff( T, P ) and

 i, 0-eff,LMR-P (T , P, X ) reported at 296 K [22] and 1200 K [24] (and

orresponding pressure and mixture conditions), the results from

his ME model were then tested against the reported k i ,0-eff,exp ( T, P )

nd k i,0-eff,LMR-P,exp (T , P, X ) from Ashman and Haynes [20] at 800 K

nd 1 atm. The values for k i ,0-eff( T, P ) and k i,0-eff,LMR-P (T , P, X ) calcu-

ated by the ME model, together with Eqs. (4) and (5) , reproduced

he reported values within 13% – well within the reported uncer-

ainties of 30%, such that the ME model is also consistent with the

eported data at 800 K. 

.2. Master equation calculations in Variflex 

Since all one-dimensional ME models make assumptions in the

reatment of angular momentum, additional calculations were per-

ormed using alternative assumptions in the treatment of angular

omentum – to test the sensitivity of the derived results to the

ssumptions regarding angular momentum. Here, ab initio ME cal-

ulations are also performed for the title reaction using a 2D/ ϕ-

E model [12] (which makes different assumptions about angular

omentum transfer) in Variflex [46] based on the VRC-TST calcu-

ations of Selleväg et al. [15] . 

Similar procedures are repeated for the 2D/ ϕ-ME model to de-

ive the parameters, A i and n i , for each i in the 2D/ ϕ-ME model

uch that the 2D/ ϕ-ME model also reproduces reported data. The
rocedures are otherwise identical to those above for the 1D-ME

odel except for the following modification: (due to the lack of

unctionality to handle bath gas mixtures in Variflex, the code

hich implements the 2D/ ϕ-ME model) the exponential-down fac-

ors are instead chosen such that the calculated k i ,0-eff( T, P ) match

he reported k i, 0 -eff,LMR-P,exp (T , P, X ) from the experiments (i.e. as-

uming experiments were conducted in only pure mixtures). The

quivalent tables to Tables 1 and 2 are provided as Table S5 and

6 in the Supplemental Material. 

It is worth noting that with the 2D/ ϕ-ME calculations, it is not

ossible to reach the experimentally reported rate constants for

 2 O at both 296 and 1200 K even in the strong-collision limit

nd even when using the dipole-dipole collision frequency. How-

ver, comparison of the 1D-ME and 2D/ ϕ-ME model results for O 2 ,

r, and N 2 can be used to assess the differences in the estimated

xtent of falloff (which also affects estimates of deviations from

MR,P). 

Of course, full 2D-ME calculations [13,47] would allow proper

reatment of angular momentum but insufficient data are avail-

ble to implement such a treatment for the mixtures considered

ere. Nevertheless, full a priori 2D-ME calculations [5,48] , which

re available for Ar as the bath gas, are used here as another point

f comparison for Ar to assess differences in the predicted extent

f falloff among ME models. 

. Results and discussion 

Ultimately, the methodology described in the previous section

ields a 1D-ME model that is entirely consistent with the exper-

mental data [20,22,24] but does not involve any assumptions of

ow-pressure limit rate constants or mixture rules. This 1D-ME

odel is then used to assess the potential errors due to the low-

ressure limit and linear mixture rule assumptions in previous and

uture experimental interpretations. 

.1. Interpretations of previous experiments 

Results from the ME calculations are presented in Table 3 for

xperimental conditions representative of previous experiments at

96 K and ∼5 Torr [22] , 800 K and 1 atm [20] , and 1200 K and

15 atm [24] . While k ( T, P , X ) is directly calculated from the ME,

ll other quantities are calculated from k ( T, P , X ) and Eqs. (1) –(5) .

alues are presented across a range of H 2 O mole fractions in

 2 O/ A mixtures from 0.0 to 1.0, where X H 2 O = 0.0 corresponds to

ure A and X H 2 O = 1.0 corresponds to pure H 2 O. Note that the ital-

cized values roughly correspond to the range of mixtures consid-

red experimentally ( X H 2 O ≈ 0.0 to 0.2) whereas the non-italicized

alues are outside the experimental ranges. Results are shown for

he 1D-ME for all mixtures; results are shown for the 2D/ ϕ-ME

odel for pure O 2 , N 2 , and Ar only and an a priori 2D-ME for Ar

nly. As such, the results discussed below refer to those from the

D-ME model, unless otherwise noted. 

The first two rows for each T / P / A, k 0-eff( T, P , X ) and

 H 2 O , 0 -eff,LMR-P (T , P, X ) , correspond to what is generally reported

n most experimental studies. Specifically, k 0-eff( T, P , X ) for X H 2 O 
 0.0 would usually correspond to the value reported for A and

 H 2 O , 0 -eff,LMR-P (T , P, X ) for X H 2 O = 0.1 (roughly the midpoint of

any experimental ranges of X H 2 O ) would usually correspond to

he value reported for H 2 O. The values indicated by “d” and “e” su-

erscripts are, in fact, exactly the values reported since the energy-

ransfer parameters in the ME model were chosen to match these

alues. Again, the “0-eff” and “LMR-P” subscripts denote that the 

eported values are not necessarily the actual low-pressure limit

r pure H 2 O values but rather the derived values if one were

o make the low-pressure limit and linear mixture rule assump-

ions. Eqs. (4) and (5) can be inverted from k ( T, P , X ) and
0-eff
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Table 3 

Results for conditions representative of [22] , [20] , and [24] . 

1D-ME model 2D/ ϕ-ME model 2D-ME model 

X H 2 O 0.00 0.05 0.10 0.20 0.50 1.00 0.00 0.00 

H 2 O / O 2 at 296 K and 5 Torr 

k 0-eff( T, P , X ) 3.20 5.55 7.85 12.40 25.84 47.90 3.20 –

k H 2 O,0-eff,LMR-P (T, P, X ) a – 50.14 49.69 d 49.18 48.48 47.90 – –

k ( T, P , X ) b 5.22 9.05 12.80 20.22 42.15 78.14 5.22 –

k 0 ( T , X ) 
a 3.21 5.57 7.88 12.47 26.11 48.76 3.21 –

k 0-eff( T, P , X )/ k 0 ( T , X ) 1.00 1.00 1.00 0.99 0.99 0.98 1.00 –

k ( T, P , X )/ k LMR-P ( T, P , X ) 1.00 1.02 1.02 1.02 1.01 1.00 1.00 –

k H 2 O,LMR-P (T, P) /k H 2 O (T, P) – 1.05 1.04 1.03 1.01 1.00 – –

k H 2 O,0-eff,LMR-P (T, P, X ) /k H 2 O,0 (T ) – 1.03 1.02 1.01 0.99 0.98 – –

H 2 O / N 2 at 800 K and 1 atm 

k 0-eff( T, P , X ) 
a 1.39 2.38 3.32 5.10 10.02 17.39 1.35 –

k H 2 O,0-eff,LMR-P (T, P, X ) a – 21.21 20.67 19.94 18.65 17.39 – –

k ( T, P , X ) c 1.27 2.18 3.04 4.68 9.19 15.96 1.24 –

k 0 ( T , X ) 
a 1.53 2.65 3.74 5.87 12.12 22.41 1.37 –

k 0-eff( T, P , X )/ k 0 ( T , X ) 0.91 0.90 0.89 0.87 0.83 0.78 0.98 –

k ( T, P , X )/ k LMR-P ( T, P , X ) 1.00 1.09 1.11 1.11 1.07 1.00 1.00 –

k H 2 O,LMR-P (T, P) /k H 2 O (T, P) – 1.22 1.19 1.15 1.07 1.00 – –

k H 2 O,0-eff,LMR-P (T, P, X ) /k H 2 O,0 (T ) – 0.95 0.92 0.89 0.83 0.78 – –

H 2 O / Ar at 1200 K and 15 atm 

k 0-eff( T, P , X ) 
a 0.49 e 1.06 1.57 2.50 4.89 8.17 0.49 0.40 

k H 2 O,0-eff,LMR-P (T, P, X ) a – 11.86 11.28 e 10.54 9.29 8.17 – –

k ( T, P , X ) c 4.51 9.72 14.41 22.94 44.86 74.90 4.51 3.65 

k 0 ( T , X ) 
a 0.65 1.45 2.21 3.70 8.08 15.29 0.52 0.47 

k 0-eff( T, P , X )/ k 0 ( T , X ) 0.76 0.73 0.71 0.68 0.61 0.53 0.94 0.84 

k ( T, P , X )/ k LMR-P ( T, P , X ) 1.00 1.21 1.25 1.23 1.13 1.00 1.00 1.00 

k H 2 O,LMR-P (T, P) /k H 2 O (T, P) – 1.45 1.38 1.29 1.14 1.00 – –

k H 2 O,0-eff,LMR-P (T, P, X ) /k H 2 O,0 (T ) – 0.78 0.74 0.69 0.61 0.53 – –

a 10 −32 cm 
6 molec −2 s −1 ; b 10 −15 cm 

3 molec −1 s −1 ; c 10 −13 cm 
3 molec −1 s −1 ; 

d,e Values are used to fit 〈 �E d 〉 at d 296 K to reported k H 2 O , 0 -eff,LMR-P [22] and 
e 1200 K to reported Arrhenius fits for k Ar,0-eff and 

k H 2 O , 0 -eff,LMR-P [24] ; 
f Values in italics roughly correspond to experimental ranges of X H 2 O ; 

g Calculated via PLOG fits of data from 

[5] for Ar only. 
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Fig. 1. Variation in k Ar,0-eff( T, P ) (a, where ˆ κ = 6 . 45 × 10 −33 cm 
6 molec −2 s −1 ) and k H 2 O , LMR-P (T, P, X ) (b, where κ = 7 . 49 × 10 −12 cm 

3 molec −1 s −1 ) over the ranges of experi- 

mental conditions considered in [24] . 
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k H 2 O , 0 -eff,LMR-P (T , P, X ) to give k ( T, P , X ), which is the value of the

pseudo-second-order rate constant (i.e. that for H + O 2 ↔ HO 2 )

from the experiment, presented in the third row of the table. 

The fourth row of the table displays the “actual” low-pressure

limit rate constant, k 0 ( T , X ), according to the 1D-ME model cal-

culated by inserting ME results for k ( T, P , X ) at decreasing P into

Eq. (3) to evaluate the P → 0 limit. The “actual” low-pressure limit

rate constant, corresponding to the P → 0 limit, can be contrasted

with the effective low-pressure limit rate constant, k 0-eff( T, P , X ),

corresponding to the experimental P (e.g. Fig. 1 ). Their ratio (high-

lighted in bold), k 0-eff( T, P , X )/ k 0 ( T , X ), presented in the fifth row,

can then be interpreted as the deviation from the low-pressure
imit for a given temperature, pressure, and mixture estimated by

he 1D-ME model. 

The sixth row, k ( T, P , X )/ k LMR-P ( T, P , X ), is the deviation of the

ate constant in the mixture estimated by the classic linear mixture

ule (LMR,P) from that calculated by the 1D-ME model. The sev-

nth row, k H 2 O,LMR-P (T , P ) /k H 2 O (T , P ) , is then the error in extract-

ng k H 2 O (T , P ) from k ( T, P , X ) via the linear mixture rule (LMR,P).

s depicted in Fig. 1 , the errors in extracting k H 2 O (T , P ) from k ( T,

 , X ) via LMR,P are larger than the deviations from LMR,P because

he errors in extracting k H 2 O (T , P ) involve extrapolation from X H 2 O 
 0.1 (of the experiments) to X H 2 O = 1.0 (pure H 2 O). The final row,

 H O , 0 -eff,LMR-P (T , P, X ) /k H 2 O , 0 (T ) , is the error in extracting the low-

2 
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Table 4 

Separate Troe expressions of 1D-ME calculations for Ar, N 2 , and H 2 O. 

k Ar,0 ( T ) 
a = 1 . 26 × 10 −27 T −1 . 67 exp 

(
− 438 . 48 K /T 

)

Ar k ∞ ( T ) b = 2 . 04 × 10 −12 T 0 . 58 exp 
(
107 . 57 K /T 

)

F c, Ar = 0 . 4148 

k N 2 , 0 (T ) 
a = 4 . 83 × 10 −27 T −1 . 81 exp 

(
− 400 . 86 K /T 

)

N 2 k ∞ ( T ) b = 2 . 04 × 10 −12 T 0 . 58 exp 
(
107 . 57 K /T 

)

F c, N 2 = 0 . 4225 

k H 2 O , 0 (T ) 
a = 4 . 80 × 10 −27 T −1 . 42 exp 

(
− 337 . 68 K /T 

)

H 2 O k ∞ ( T ) b = 2 . 04 × 10 −12 T 0 . 58 exp 
(
107 . 57 K /T 

)

F c, H 2 O = 0 . 4872 

a unit: cm 
6 molec −2 s −1 ; 

b unit: cm 
3 molec −1 s −1 ; 

c all fits agree with 1D-ME calculations within 23% for all temperatures from 500 

– 30 0 0 K and all pressures from the low- to high-pressure limit. 

Table 5 

Temperature-dependent energy-transfer parameters from 1D-ME model. 

〈 �E d,i 〉 (cm 
−1 ) Z i ( 10 

−10 cm 
3 molec −1 s −1 ) 

Ar 30.87 × ( T /298 K) 1.194 0.230 × T 0.393 × exp (81.070 K/ T ) 

N 2 40.38 × ( T /298 K) 1.097 0.257 × T 0.395 × exp (85.036 K/ T ) 

H 2 O 102.47 × ( T /298 K) 1.529 2.604 × T 0.165 × exp (30.378 K/ T ) 

Table 6 

Single Troe expression of 1D-ME calculations with third-body efficiencies. 

k M ,0 ( T ) 
a = 1 . 26 × 10 −27 T −1 . 67 exp 

(
− 438 . 48 K /T 

)

k ∞ ( T ) b = 2 . 04 × 10 −12 T 0 . 58 exp 
(
107 . 57 K /T 

)

F c = 0 . 4148 

εN 2 = 1 . 53 , εH 2 O = 22 . 56 

a unit: cm 
6 molec −2 s −1 ; 

b unit: cm 
3 molec −1 s −1 . 
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ressure limit rate constant for pure H 2 O, k H 2 O , 0 -eff,LMR-P (T , P, X ) ,

rom k ( T, P , X ) due to both the low-pressure limit and linear mix-

ure rule assumptions. 

Interestingly, the estimated errors due to the low-pressure

imit assumption (indicated in bold), k 0-eff( T, P , X )/ k 0 ( T , X ),

f ∼5%, ∼10-15%, and ∼30% for the experimental condi-

ions representative of [20,22] , and [24] are comparable to re-

orted uncertainties of 3–10%, 30%, and 12–19%. Similarly, the

rrors due to the assumed mixture rule in deriving H 2 O-

pecific rate constants, k H 2 O (T , P ) , from k ( T, P , X ), (indicated

n bold) of ∼5%, ∼15-20%, and ∼40-45% for conditions rep-

esentative of [20,22] , and [24] are also comparable to re-

orted uncertainties. While it may initially seem surprising that

he potential errors in the reported k i ,0 ( T )’s could be compa-

able to and/or exceed experimental precision, it is worth not-

ng that the variation in k i ,0-eff( T, P ) and k H 2 O , 0 -eff,LMR-P (T , P, X )

ver the experimental ranges of pressure and H 2 O mole frac-

ion is typically less than the experimental precision – with

 Ar,0-eff(1200 K, 16.8 atm) and k Ar,0-eff(1200 K, 32.5 atm) differing

y only ∼8% and k H 2 O , 0 -eff,LMR-P (1200 K , 15 atm , X H 2 O = 0 . 04) and

 H 2 O , 0 -eff,LMR-P (1200 K , 15 atm , X H 2 O = 0 . 14) differing by only ∼9%

 Fig. 1 ) – such that these potential errors, while significant, would

e imperceptible experimentally. 

It would be tempting to say that the 1D-ME model results could

e used to correct for the errors due to assumptions in the experi-

ental interpretations. The “corrected” values would correspond to

he underlined values in Table 3 , which are the low-pressure limit

alues for pure Ar and pure H 2 O, k 0,Ar ( T ) and k 0 , H 2 O (T ) , calculated

y the 1D-ME. 

However, additional 2D/ ϕ-ME calculations and a priori 2D-ME

esults [5,48] suggest that exact quantification of falloff effects

and, correspondingly, mixture effects) depends on the treatment

f angular momentum (cf. the final two columns of Table 3 and

upplemental Material). For example, the three ME models all sug-

est different corrections to the low-pressure limit rate constants

or Ar at 1200 K – the 1D-ME, 2D/ ϕ-ME, and a priori 2D-ME cal-

ulations yield k 0-eff( T, P , X )/ k 0 ( T , X ) values of 0.76, 0.94, and 0.84,

espectively. With mixture rule deviations being sensitive to falloff

34] , the errors due to the classic linear mixture rule assumption

an likewise be expected to depend on the treatment of angular

omentum. Therefore, any quantitative corrections to reported ex-

erimental quantities for H 2 O must await mixture analysis using

n a priori 2D-ME, which has yet to be attempted for any reaction.

ltogether, these results suggest that it would be most appropriate

o think of the 1D-ME results as simply an alternative interpreta-

ion of the experimental data (and an indication of the additional

ncertainties in the experimental interpretations due to assump-

ions in the analysis). 

Combining Arrhenius fits of k ∞ (T), the high-pressure limit rate

onstant [43] , Arrhenius fits of k i ,0 ( T ) for each i from the 1D-ME

alculations evaluated via Eq. (3) , and fits for the centering factor,

 c,i , of k i ( T, P ) for each i from 1D-ME calculations across various

ressures within the standard Troe formula [49] yields the repre-

entation of the 1D-ME model in Table 4 . 

In theory, the above expressions would be best implemented

sing our nonlinear reduced-pressure-based mixture rule [34–36]

NMR,R, within ∼3% for the title reaction [34] ) along with the

resent Z i ( T ) and 〈 �E d 〉 i ( T ) for each i , as reported in Table 5 .
he expressions could also be implemented (with reasonable, al-

eit less, accuracy) using our linear reduced-pressure-based mix-

ure rule [34–36] (LMR,R, within ∼10% for the title reaction [34] ).

owever, neither of these two recently proposed mixture rules are

vailable yet in combustion codes. Most combustion codes would

ither implement the above expressions using the classic linear

ixture rule (LMR,P) or no mixture rule – introducing ∼60% or

actor of three uncertainties in k ( T, P , X ), respectively. 
In the interim, the title reaction would likely be best repre-

ented as a single Troe expression ( Table 6 ) for M = Ar, with (as

equired within the current implementations of the single Troe ex-

ression) T - and P -independent third-body efficiencies for each i ,

i = k i, 0 /k M, 0 of 1.53 for i = N 2 and 22.56 for i = H 2 O – since most

ombustion codes implement this expression using a mixture rule

imilar to LMR,R. This of course comes at the expense of not being

ble to represent the unique T and P dependence of each i (in-

roducing another ∼25% uncertainty for each i in addition to the

25% fitting errors for the reference bath gas, Ar). 

Altogether, considering the sensitivity of the ME results to un-

ertainties in angular momentum transfer ( > ∼20%), limitations

f the usual Troe formula in representing P dependence for a

ure bath gas [50] ( ∼20%, cf. Table 4 ), other uncertainties in ex-

erimental interpretations (e.g. secondary reactions), and above-

entioned limitations in the ability to represent T, P , and X depen-

ence, uncertainties of 50% or more in the expression presented in

able 6 would not be unexpected. 

.2. The path forward 

Achieving lower uncertainties for the title reaction in kinetic

odeling would likely require both (1) improved quantification

f k ( T, P , X ) over broad ranges of T, P , and X and (2) improved

bilities to represent k ( T, P , X ) over broad ranges of T, P , and X

n combustion codes. With regard to (1), a priori 2D-ME calcu-

ations for combustion-relevant bath gases, high-accuracy experi-

ents over wider ranges of T, P , and X , and/or combining theoreti-

al and experimental data within frameworks that can account for

ther experimental interpretation uncertainties (e.g. secondary re-

ctions, physical model parameters) [51–53] would be worthwhile.

With regard to (2), incorporation of more accurate mixture

ules (such as LMR,R and NMR,R with uncertainties in representing

he title reaction within ∼10% and 3%, respectively [34] ) [34–36]
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Fig. 2. 1D-ME calculated deviations of applying “effective” low-pressure limit (top row) and classic linear mixture rule (bottom row) in deriving bath-gas-specific rate 

constants in H 2 O/Ar mixture at various ( T, P , X ) conditions. 
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into combustion codes [31,32,54,55] would be worthwhile. Further-

more, our recent results [56] suggest that new mixture rules may

still be needed to describe the coupled kinetics of the title reaction

and related chemically termolecular reactions (H + O 2 + H/O/OH)

[57] . 

3.3. Recommendations for future experiments 

With regard to future experiments, above all else, we rec-

ommend that future experimental studies report k ( T, P , X ), the

pseudo-second-order rate constant for H + O 2 ↔ HO 2 , for each T,

P , and X condition. (Of course, it would be most useful for stud-

ies to report the raw data to allow for the data to be reinterpreted

in light of any new information about secondary reactions and ex-

perimental uncertainties in addition to assumptions regarding the

title reaction, but the present discussion focuses on suggestions for

reporting derived rate constants for the title reaction.) If one were

to find k ( T, P , X ) by fitting measurements at constant T / P / X con-

ditions using a kinetic model, one would write the reaction sim-

ply as “H + O 2 ↔ HO 2 ” in a CHEMKIN or CANTERA input file and

fit the preexponential factor at that condition to give k ( T, P , X ),

which could then be tabulated at various T, P , and X conditions

of the experiments. In such a way, any uncertainties introduced in

the interpretations of the data due to the assumption of k being in

the low-pressure limit and/or following the classic linear mixture

rule (LMR,P) would be avoided entirely. 

If one is interested in performing experiments to derive k A ,0 ( T )

and k H 2 O , 0 (T ) , one could choose experimental conditions to limit

uncertainties due to the low-pressure limit and linear mixture

rule assumptions. In that regard, the present 1D-ME model can be

used to estimate the potential errors due to both assumptions over

broad ranges of P and X H 2 O . Figure 2 shows the deviation from the

low-pressure limit and the error in extracting k H 2 O (T , P ) from k ( T,

P , X ) via the linear mixture rule (LMR,P), calculated from the 1D-
E over broad ranges of P and X H 2 O . In general, the potential er-

ors due to the two assumptions are lowest at low pressures; and

otential errors due to the linear mixture rule are lowest for high

 2 O mole fractions. For example, according to the ME model, if

igh-temperatures experiments were to be conducted for P < 0.1

tm (or P < 0.01 atm) for a H 2 O/Ar mixture with X H 2 O > 0.2 (or

 H 2 O 
> 0.25), the errors due to the low-pressure limit assumption

nd classic linear mixture rule could each be limited to ∼10% (or

5%). 

Of course, since the title reaction is not in the low-pressure

imit under many combustion-relevant conditions, high-accuracy

xperiments would be worthwhile across broad ranges of T, P , and

 to ensure accurate quantification of k through the intermediate

alloff regime (i.e. higher pressures). Given current limitations in

ombustion codes, this would be best accomplished by fitting k ( T,

 , X ) as discussed above. If one were interested in deriving the

arameters for a Troe expression of the data, this would be best

ccomplished by fitting the parameters within LMR,R or NMR,R

34–36] (external to current codes) to the derived k or, with

educed fidelity to the unique T and P dependence of each i , using

 single Troe expression within codes that implement a mixture

ule similar to LMR,R (internal to current codes). The former has

he advantage of enabling more accurate representations that can

e used in future combustion codes; the latter has the advantage

f enabling self-consistent representations for current combustion

odes. 

. Conclusions 

Master equation (ME) calculations for the title reaction were

erformed using a 1D-ME model with parameters chosen to

ield rate constants consistent with reported data from recent

igh-precision studies of the title reaction. This model was then

sed to estimate the potential errors in the derived k i ,0 ( T ) due to
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he assumption that the reaction is in the low-pressure limit and

ollows the classic linear mixture rule. Interestingly, the estimated

rrors due to the low-pressure limit assumption, k 0-eff( T, P , X )/

 0 ( T , X ), of ∼5%, ∼10-15%, and ∼30% for the experimental con-

itions representative of [20,22] , and [24] are comparable to re-

orted uncertainties of 3–10%, 30%, and 12–19%. Similarly, the er-

ors due to the assumed mixture rule in deriving H 2 O-specific rate

onstants, k H 2 O (T , P ) , from k ( T, P , X ), of ∼5%, ∼15-20%, and ∼40-

5% for conditions representative of [20,22] , and [24] are also com-

arable to reported uncertainties. Comparison of the ME model

esults for the variation of the derived rate constants across typi-

al ranges of experimental conditions relative to experimental pre-

ision reveals that these potential errors, while significant, would

ave been imperceptible experimentally. 

Further comparisons of the 1D-ME model results to those

rom an alternative one-dimensional model, the so-called 2D/ ϕ-ME

odel, (performed here) and an a priori 2D-ME model [5,48] sug-

est that even the present 1D-ME interpretation of the experi-

ental data is subject to uncertainties in the treatment of angular

omentum that are not insignificant. Still, the present 1D-ME cal-

ulations can be viewed as an alternative interpretation of the ex-

erimental data (and provide an indication of the additional un-

ertainties in the experimental interpretations due to assumptions

n the analysis). Furthermore, available representations of mix-

ure effects for pressure-dependent reactions in current combus-

ion codes introduce additional uncertainties in the representation

f the 1D-ME-model-calculated rate constants. 

Reducing uncertainties for the title reaction in kinetic model-

ng will require both (1) improved quantification of k ( T, P , X ) over

road ranges of T, P , and X and (2) improved abilities to represent

 ( T, P , X ) over broad ranges of T, P , and X in combustion codes. 

Until then, the above results suggest that both falloff and mix-

ure effects are now significant uncertainty sources and should

e considered in future uncertainty analysis of experimentally de-

ived k A ,0 ( T ) and k H 2 O , 0 (T ) . Likewise, until improved mixture rules

34–36] can be incorporated in combustion codes, treatment of the

 / P / X dependence in kinetic models constitutes a significant struc-

ural uncertainty [51] (of up to ∼90% [34] ). Future mixture rules

ill also need to describe the coupled kinetics of termolecular as-

ociation reactions (such as the title reaction) and related chemi-

ally termolecular reactions [57,58] (such as H + O 2 + H/O/OH) [56] .

Finally, the present results suggest the advantages of differ-

nt protocols for reporting experimental data for rate constants of

ressure-dependent reactions. Namely, it is recommended that ex-

erimentally determined pseudo-second-order rate constants, k ( T,

 , X ), for H + O 2 ↔ HO 2 for the experimental temperature, pres-

ure, and mixture composition (which are independent of low-

ressure limit and mixture rule assumptions) be reported (to avoid

he uncertainties due to these assumptions entirely). Some rec-

mmendations were also provided for future experimental studies

hat aim to determine low-pressure limit rate constants for vari-

us bath gases and/or derive parameters within Troe expressions

f experimental data. 
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