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Abstract

The high-temperature bromine chemistry was updated and the in-

hibition mechanisms involving HBr and Br2 were re-examined. The

thermochemistry of the bromine species was obtained using the Active

Thermochemical Tables (ATcT) approach, resulting in improved data

for, among others, Br, HBr, HOBr and BrO. Ab initio calculations

were used to obtain rate coefficients for selected reactions of HBr and

HOBr, and the hydrogen/bromine/oxygen reaction mechanism was

updated. The resulting model was validated against selected exper-

imental data from literature and used to analyze the effect of HBr

and Br2 on laminar, premixed hydrogen flames. Our work shows that

hydrogen bromide and molecular bromine act differently as inhibitors

in flames. For HBr, the reaction HBr + H ⇀↽ H2 + Br (R2) is rapidly

equilibrated, depleting HBr in favor of atomic Br, which is the major

bromine species throughout the reaction zone. The chain-breaking
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steps are then H + Br + M → HBr + M (R1), Br + HO2 → HBr +

O2 (R7), and Br + Br + M → Br2+M (R8). In Br2-doped flames,

the reaction Br2 + H ⇀↽ HBr + Br (R9) is far from equilibration and

serves to deplete H in the reaction zone by competing with H + O2 →
O + OH. The inhibition is augmented by recombination of Br (R8).

If the inlet Br2 mole fraction exceeds about 20%, reactions (R8) and

(R2) are both reversed, now acting to promote chain branching and

increase the flame speed. According to the present model, cycles in-

volving HOBr are not important for generation or removal of chain

carriers in these flames.

2



Introduction

Bromine reactions are important in stratospheric chemistry where, on a per

atom basis, bromine is considerably more active in depleting ozone than

chlorine [1]. Despite recent regulations, brominated flame retardants are still

an ingredient in many materials, and bromine reactions continue to be a

concern in relation to waste incineration processes [2, 3]. Due to the inter-

action of bromine species with the combustion process and with other trace

species, there is a renewed interest in the elementary reactions of bromine

species, in particular at higher temperatures [4]. The presence of bromine

species may enhance or inhibit fuel oxidation, depending on the reaction

conditions [5]. This behavior is similar to that reported for trace elements

naturally occurring in combustion, e.g. N, S, Cl, and K/Na [6]. In flames,

bromine appears to be the most effective halogen inhibitor, and bromine

species have been reported to narrow the composition limits of inflamma-

bility [7–11] and to decrease flame speeds [12–19]. The inhibiting effect of

bromine species has also been observed at lower temperatures in batch reac-

tor [20,21] and flow reactor [22] experiments. However, static reactor experi-

ments have shown that hydrogen bromide acts to catalyze the slow oxidation

of hydrocarbons [5, 23–29].

Despite the considerable interest in high-temperature bromine reactions, de-

tails of the chemistry remain uncertain. Most bromine reactions have only

been characterized experimentally at low temperatures, if at all, and bromine

reaction mechanisms have not been validated over a wider range of conditions.

The first computational studies of the inhibiting effect of bromine species in

flames were conducted by Dixon-Lewis and coworkers [30–32] for premixed

hydrogen–air flames and later by Westbrook for hydrocarbon flames [33,34].

These early studies dealt mainly with HBr and Br2 as inhibitors. More recent

chemical kinetic studies of the interaction of bromine species with combustion

chemistry have emphasized CF3Br and related halogens [19,22,34–39].

It is known that even for brominated hydrocarbons and commercial inhibitors

such as CF3Br (Halon 1301), the active species in the radical removal cycles

are mainly HBr and Br, together with CH3Br [14,16,22,35,40]. However, the

earlier studies of the Br/H/O system and the effects of bromine on combus-

tion were limited by incomplete data for thermodynamic properties of some

1



of the potentially important bromine species, as well as uncertainties in the

rate constants of many of the steps involved in the inhibition. The objec-

tive of the present work is to update our knowledge of the high-temperature

bromine chemistry and re-examine the inhibition mechanisms involving HBr

and Br2. The thermochemistry of the bromine species is re-examined and

the hydrogen/bromine/oxygen reaction mechanism is updated, partly based

on ab initio calculations for key reactions. The resulting model is validated

against selected experimental data from literature and used to analyze the

effect of HBr and Br2 on laminar, premixed hydrogen flames.

Thermochemistry

The thermochemistry of the bromine-containing species of interest, given

in Table 1, was obtained using the Active Thermochemical Tables (ATcT)

approach [41,42], which, in contrast to the traditional ”sequential” approach,

derives accurate, reliable, and internally consistent thermochemical values by

analyzing and simultaneously solving [43–45] all the available thermochemical

interdependencies defined in the underlying Thermochemical Network (TN)

[46,47]. The most recent ATcT TN (ver. 1.110) [45,48], which contains more

than 13000 thermochemical determinations encompassing over 900 chemical

species, has been expanded and updated (ver. 1.112) to accommodate the

targeted bromine-containing species. The resulting ATcT values have been

in turn used to update the database of Goos, Burcat, and Ruscic [49,50] with

the appropriate polynomials.

Under the auspices of CODATA, Br2, Br, and HBr, were established as ”key”

thermochemical species by Cox et al. [51], and the gas-phase enthalpies of

formation that were derived by critical evaluation of data available up to (ap-

prox.) 1983, ∆fH
0
298(Br2) = 30.91±0.11 kJ mol−1, ∆fH

0
298(Br) = 111.87±0.12

kJ mol−1, and ∆fH
0
298(HBr) = -36.29±0.16 kJ mol−1, have been adopted

without further scrutiny by virtually all subsequent thermochemical tabula-

tions. For gaseous Br2 (the formation enthalpy of which is equivalent to the

vaporization enthalpy of condensed-phase bromine corrected for ideal vs. real

behavior) there are indeed no relevant measurements since the evaluation of

Cox et al. However, for Br and HBr, there are several newer determina-

tions that can potentially improve and/or modify the thermochemistry of
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these two ”key” species, such as, for example, the analysis of spectroscopic

data by Gerstenkorn and Luc [52] leading to a refined value of D0(Br2), or

the spectroscopic determination of predissociation of HBr+ [53] that allows

access to D0(HBr) via a positive ion cycle. Thus, the current ATcT value

for Br (unchanged from the value in the very recently given interim set of

ATcT enthalpies of formation of several atoms [45]; enthalpy of formation at

298.15 K of 111.85±0.06 kJ mol−1, while confirming the original CODATA

value [51], is actually more accurate by a factor of two. The agreement for

Br is not replicated in the case of HBr. The original CODATA value for HBr

is essentially based on the assigned value for aqueous Br− and the selected

solvation enthalpy of HBr. In contrast to this, the ATcT TN - while also

containing the relevant aqueous thermochemistry -takes advantage of newer

thermochemical cycles that are entirely gas-phase. Consequently, ATcT cur-

rently produces an enthalpy of formation of HBr (-35.85±0.15 kJ mol−1 at

298.15 K) that is higher (less negative) than the value assigned by CODATA

by an amount that - while not large in absolute terms - exceeds substan-

tially the combined uncertainties, leading to the conclusion that the aqueous

thermochemical route selected by CODATA contains a hidden cumulative

systematic bias that is larger than their declared uncertainty. It should be

stressed here that while the current ATcT value for HBr relies heavily on

spectroscopic data, it is, at the same time, still entirely consistent (within

the respective uncertainties) with the relevant calorimetric [54,55] and aque-

ous [56–64] thermochemical measurements.

For BrO, the ATcT TN contains a number of experimental determinations

that are relevant to defining its D0 [65–71]. These are complemented by the

results of several high-level electronic structure computations [72–78], which,

if and when possible, were recast as congeneric reactions, adding within the

TN relevant interdependences between various haloxyl radicals and/or their

ion counterparts (halosyls and hypohalites). The resulting ATcT value for

the enthalpy of formation of BrO (123.6±0.3 kJ mol−1 at 298.15 K) is about

2 kJ mol−1 lower and nearly an order of magnitude more accurate than the

value given by JANAF [79] and Gurvich et al. [80] (both report 125.8±2.4

kJ mol−1).

Good definition of the thermochemistry of the basic bromine-containing

species discussed briefly above is a prerequisite for deriving with some con-

fidence the thermochemistry of HOBr, which potentially plays a pivotal role
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in the chemical processes presented in this study. The often-cited lower limit

for the enthalpy of formation of HOBr at 298.15 K of -56.2±1.8 kJ mol−1

given by Ruscic and Berkowitz [81] is based on their determination of the

photoionization onset for fragmentation into Br+ and OH. However, two com-

plications regularly seem to escape focus. Firstly, the limiting value derived

from that particular photodissociative onset intrinsically depends, inter alia,

on the choice for the enthalpy of formation of OH. Ruscic and Berkowitz have

taken the latter from Gurvich et al. [80], which was the best datum available

at that time. Ruscic et al. [82, 83] have subsequently shown that ∆fH
0(OH)

needs to be revised downward by about 2 kJ mol−1. The implication is that

the limiting value of Ruscic and Berkowitz [81] should also be then revised

accordingly. With auxiliary thermochemical data extracted from the current

version of ATcT, the limit of Ruscic and Berkowitz, revised in light of the

change for OH, would correspond to -58.0±1.8 kJ mol−1. A second complica-

tion is related to the generally assumed rigidity of the ”limit”. Prima facie,

photoionization onsets are indeed expected to be strict upper limits, placing

an upper limit on the sum of the enthalpies of formation of the products or

(in this case) a lower limit on the enthalpy of formation of the parent. How-

ever, Ruscic and Berkowitz discuss at some length a substantial complication:

their recorded photoionization spectrum of Br+ is from a mixture of HOBr

and Br2, the latter having a significantly lower onset for photodissociative

ionization to produce the monitored ion Br+ than the former (by 0.169 eV,

according to current ATcT results). While Ruscic and Berkowitz attempted

to find a method of production of HOBr that will minimize the unwanted

Br2 component, the final spectrum nevertheless required a subtraction of

the Br+ signal from Br2. Clearly, such a subtraction of a secondary (and

lower energy) source of the same signal will tend to vitiate the rigidity of the

limit. Luckily, since the studies of HOBr by Ruscic and Berkowitz [81, 84],

there are several new experimental and theoretical determinations relevant

to its thermochemistry, such as kinetic rate constant studies of Monks et

al. [85] and Kukui et al. [86] that complement earlier data by Loewenstein

and Anderson [87], the photodissociation study of Lock et al. [88], and the

computational results by Lee [89], Glukhovtsev et al. [90], Hassanzadeh and

Irikura [78], Ren et al. [91], and Denis [92]. All of these are included in the

TN, resulting in the current ATcT value of ∆fH
0
298(HOBr) = -61.8±0.6 kJ

mol−1. This value is, in fact, somewhat lower than the (revised) lower limit

of Ruscic and Berkowitz, and is relatively similar to the recent evaluation of
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Hassanzadeh and Irikura (-60.5±1.1 kJ mol−1).

With respect to gas phase BrOBr, there are only two experimental deter-

minations of thermochemical relevance: Orlando and Burkholder [93] de-

termined the equilibrium constant between BrOBr, water, and HOBr, and

Thorn et al. [94] measured the photoionization fragmentation onset of BrO+

from BrOBr; for the remaining triatomic bromine oxides (BrOO, OBrO,

BrBrO) there are essentially no earnest experimental thermochemical deter-

minations. The paucity of experimental data is compounded by the fact that

these species tend to seriously strain the electronic structure methods and

their results need to be taken with some caution. The available basis sets

for Br pose a serious constraint on the fidelity of state-of-the-art theoretical

computations. This is further complicated by the fact that even higher order

relativistic effects are far from being negligible and generally need to be ex-

plicitly computed. In addition, single-reference methods (which may, at least

in principle, attain chemical accuracy) suffer from severe spin-contamination

for BrOO and in general produce unusable results. The ATcT values for

the triatomic bromine oxides, given in Table 1, are based on the two men-

tioned experimental determinations related to BrOBr and the best available

theoretical results [74,89,95–98], which were also included in the TN.

Ab Initio Calculations

A number of potentially important reactions in the bromine mechanism have

not previously been characterized experimentally. These include the reac-

tion of HBr with HO2 and a number of steps involving HOBr. In order

to provide more reliable values for the rate constants of these reactions,

we have conducted ab initio calculations. Geometries of stationary points,

and vibrational frequencies scaled by a factor of 0.967, were obtained us-

ing density functional theory with the Gaussian09 program suite [99]. All-

electron B3LYP/6-311+G(d,p) values were derived. Geometries and frequen-

cies for the transition states are given in Fig. 1. Single-point energies were

obtained using spin-unrestricted coupled cluster theory implemented with

Molpro 2009 [100], using the cc-pVTZ and cc-pVQZ basis sets. For bromine

the core electrons were represented via an effective core potential (cc-pVnZ-

PP basis sets) which partially allows for scalar relativistic effects. These
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CCSD(T) results were extrapolated to the infinite basis set limit via the

1/n3 relation of Halkier et al. [101] and with the inclusion of vibrational

zero-point energy yield relative enthalpies at 0 K. The data, summarized

in Table 2, were employed in canonical transition state theory calculations,

using the rigid-rotor and simple harmonic oscillator approximations, with

Wigner tunneling corrections.

The reaction

HBr + HO2 ⇀↽ Br + H2O2 (R5)

has been studied in both the forward and reverse directions at lower tempera-

tures, but with a single exception only upper limit values have been reported.

In the forward direction, Mellouki et al. [102] reported k5 to be smaller than

1.8 x 107 and 2.7 x 108 cm3 mol−1 s−1 at 300 and 400 K, respectively. In

the reverse direction, the most stringent upper limit is k5b(378 K) < 3.0 x

108 cm3 mol−1 s−1 [103]. The rate constant for (R5b) reported by Heneghan

and Benson [104] is in conflict with the upper limits reported in the other

low-temperature studies.

At higher temperatures, there are only indirect results available for the reac-

tion. A reaction between HBr and HO2 (R5) is supported by batch reactor

results on the HBr/O2 reaction system [14, 105–107], but specific values for

k5 were not reported. Clark et al. [21] found that Br + H2O2 (R5b) was

important to explain the effect of HBr on the second explosion limit of the

H2/O2 system. They derived a value of k5b(773 K) ≈ 1011 cm3 mol−1 s−1.

From theory we calculate a rate constant for HBr + HO2 of k5 = 4.2 x 102

T2.93 exp(-3861/T) cm3 mol−1 s−1. In Fig. 2, this value is compared with

data reported in literature. Except for the results of Heneghan and Benson,

the calculated k5 is in agreement with other studies, being well below the

upper limits reported at lower temperatures [102, 103, 108, 109]. Our rate

constant is an order of magnitude lower than the value reported by Clark et

al. [21] at 773 K, but our present modeling of their results, discussed below,

shows little sensitivity to the value of k5.

In the present work, special attention was paid to reactions of HOBr. For

the thermal dissociation of HOBr,

HOBr(+M) ⇀↽ Br + OH(+M) (R19)
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our estimate based on Troe’s formalism [110] for the low-pressure limit is

k19,0 = 1.3 x 1022 T−1.52 exp(-25667/T) cm3 mol−1 s−1. The rate constant

for the high-pressure limit, k19,∞ = 1.0 x 1015 exp(-24500/T) s−1 is only a

rough estimate made from analogy with other simple bond-fission reactions,

but under the conditions of the present study the reaction is at or close to

the low-pressure limit.

The HOBr + H reaction has three product channels,

HOBr + H ⇀↽ BrO + H2 (R20)

HOBr + H ⇀↽ HBr + OH (R21)

HOBr + H ⇀↽ Br + H2O (R22)

For the first channel over 298-2000 K, we get essentially the same barrier as

computed in the literature for the Cl analogue [111,112]. The calculated rate

constant is k20 = 2.0 x 107 T1.91 exp(-4032/T) cm3 mol−1 s−1. We find no

barrier to the other two channels; both reactions are presumably very fast

(for the analogous HOCl channels there are moderate 4-16 kJ mol−1 barriers

instead). Under conditions, where HOBr is formed in significant quantities,

the branching fraction between (R21) and (R22) may become important, but

a reliable estimate of the ratio will require a more detailed study.

Similar to HBr + HO2 (R5), the reaction between HOBr and HO2

HOBr + HO2 ⇀↽ BrO + H2O2 (R25)

is comparatively slow. We get k25 = 1.03 T3.55 exp(-6590/T) cm3 mol−1 s−1.

Reaction Mechanism

The chemical kinetic model used in the present study consists of a H2 oxi-

dation scheme together with a subset for the Br/H/O system. The H2/O2

reaction system has been analyzed in a number of recent comprehensive ki-

netic studies [113–118]. Even though there are consensus values for many of

the key reactions in the hydrogen oxidation mechanism, there are still un-

resolved issues [119] and modeling predictions of important parameters such

as explosion limits and flame speeds vary among the proposed schemes. In
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the present work, we have adopted the mechanism of Rasmussen et al. [118],

updating the rate coefficients for the recombination reactions of H with OH

and with O2 from the recent theoretical study of Sellevag et al. [120]. Even

though the remaining uncertainties, e.g. in the peroxide subset, influence the

calculations presented in this work, they do not affect the conclusions made

on the inhibiting mechanisms of bromine.

The bromine subset is an update of the mechanism developed by Babushok

and coworkers [36, 37] to describe flame inhibition by CF3Br. The thermo-

dynamic properties for bromine species were adopted from the Ideal Gas

Thermochemical Database by Goos, Burcat and Ruscic [49], with updates

from Active Thermochemical Tables, as described above. The transport co-

efficients for use in flame modeling were drawn from Noto et al. [37].

The bromine subset of the reaction mechanism is listed in Table 3. Com-

pared to the work of Babushok and coworkers [36, 37], a number of rate

constants have been updated and a few reactions involving HOBr and BrOO

were added. Where possible, the rate constants were drawn from data eval-

uations [121, 123, 124]. However, a number of potential key reactions were

characterized by transition state theory, as discussed above.

Despite the interest for bromine species as flame inhibitors, most of the work

on elementary reactions have been conducted at lower temperatures. The

key steps in the H2/Br2 system, i.e.

H + Br +M ⇀↽ HBr +M (R1)

HBr + H ⇀↽ Br + H2 (R2)

Br + Br +M ⇀↽ Br2 +M (R9)

Br2 +H ⇀↽ HBr + Br, (R10)

are among the reactions characterized over a wider temperature range. For

these reactions, the preferred rate coefficients [121, 122] were derived from

direct low temperature measurements in combination with interpretation of

results from batch reactors and shock tubes.

A key chain-breaking step in bromine-inhibited combustion is believed to be

the reaction between atomic bromine and the HO2 radical [21, 30],

Br + HO2 ⇀↽ HBr + O2 (R7)
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The rate constant for this reaction has been measured directly at low temper-

atures and by indirect means at higher temperatures. Atkinson et al. [124]

review the available low-temperature data and base their recommendation

on the data from Toohey et al. [103], Laverdet et al. [128], and Bedjanian et

al. [129], which are all in acceptable agreement. The observed kinetics are

consistent with the mechanism proceeding via direct hydrogen atom abstrac-

tion to yield HBr, as also indicated by theoretical studies of the reaction [130].

At the higher temperatures of interest in the present work, only indirect

measurements have been reported. In the forward direction, Dixon-Lewis

and coworkers [30] estimated a value at 1000 K from data on the effect of

HBr on the flame speed [30] of H2/air mixtures. Similarly, Clark et al. [21]

reported a value of k7 at 773 K based on data on the effect of HBr on

the second explosion limit [21] of the H2/O2 system. Values for the reverse

rate constant k7b for the HBr + O2 reaction have been obtained from batch

reactor experiments on HBr oxidation by O2 at temperatures of 658-873

K [14, 105, 106]. Under these conditions the overall reaction is first order

both in [HBr] and [O2]. There is some scatter in the batch reactor data,

which rely on interpreting a complex kinetic system that conceivably is also

affected by reactions on the reactor surface [107].

Figure 3 shows an Arrhenius plot for reaction (R7). Here, the measure-

ments for k7 are compared with data for the reverse step, converted through

the equilibrium constant for the reaction. We have extrapolated the low-

temperature results, assuming a weak non-Arrhenius curvature in the rate

constant. The resulting rate coefficients provide a good description of the

direct measurements and agree within the uncertainty with most of the data

reported at higher temperatures. However, it is noteworthy that the data by

Clark et al. support a stronger temperature dependence, as discussed below,

and it is desirable to have a direct measurement of the reaction rate at higher

temperatures.

Only few of the other bromine reactions listed in Table 3 have been measured

above 500 K. However, many of the reactions have a small or negligible acti-

vation barrier, and results derived at low temperatures can be extrapolated

with some confidence to high temperatures. The HBr+OH reaction (R4) has

an unusual temperature dependence at very low temperatures, but its rate

constant is independent of temperature above 200 K [131].

9



In the present work, we have paid particular attention to the reactions in-

volving HOBr. A chain terminating sequence involving HOBr, such as

Br + OH(+M) ⇀↽ HOBr(+M) (R19b)

HOBr + H ⇀↽ Br + H2O (R22)

Br + HO2 ⇀↽ HBr + O2, (R7)

could possibly constitute an active inhibitive cycle. HOBr was not considered

in the early work on flame inhibition by bromine species. In more recent work,

Babushok and coworkers [36, 37] used an estimated low-pressure limit rate

constant for (R19), which is much smaller than the current RRKM value,

effectively shutting off cycles initiated by (R19b).

In the past, rate constants for HOBr reactions have been estimated by anal-

ogy with chlorine reactions. Even though this analogy works well for a num-

ber of Br/Cl reactions, it should be used cautiously. For HOBr, only the

reaction with atomic O (R23) has been measured directly [124]. It is note-

worthy that this reaction is about two orders of magnitude faster than the

corresponding reaction of HOCl. In addition to k20, we have determined

rate constants for HOBr+H and HOBr+HO2 from ab initio calculations (see

above), while data for HOBr+OH were drawn from a recent theoretical study

by Wang et al. [127] (Table 3).

The most uncertain part of the mechanism involves reactions of BrOO; rate

constants are only rough estimates. However, because of the low thermal sta-

bility of this peroxide, the uncertainties associated with the BrOO reactions

have no impact on the modeling predictions. Table 1 gives a Br–OO bond

strength of 1.7 ± 3.9 kJ mol−1, which is essentially zero. Therefore [BrOO]

should be zero and it is doubtful whether it can be considered as a species.

Results and Discussion

Earlier experimental results on the H2/Br2 chemistry at high temperatures

include data for laminar flame speeds [132–135], flame structure [136], shock

tube results [137–139], and flow reactor results [140]. The H2/Br2 system is

conceptually simple, involving primarily the chain propagating steps, Br +
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H2 ⇀↽ HBr + H (R2b) and Br2 + H⇀↽ HBr + Br (R10), as well as dissociation

/ recombination reactions involving Br2 (R9), HBr (R1) and H2.

Figure 4 shows a comparison between the measurements of Frazier et al. [136]

and modeling predictions for the structure of a spherical, low-pressure H2/Br2
flame. The flame had an initial content of 44.2% bromine and a pressure of

0.117 atm. The modeling predictions are in reasonable agreement with the

experimental data. The H2 concentration is predicted quantitatively, while

Br2 and HBr profiles are slightly shifted. The use of a measured temperature

profile in the calculations puts restrictions on the modeling, and uncertainties

in the temperature will affect also the accuracy of the predictions.

A more severe test of the H2/Br2 mechanism is the prediction of burning

velocities for H2/Br2 mixtures. Figure 5 compares measured laminar flame

speeds for H2/Br2 by Cooley and coworkers [132–134] with modeling predic-

tions. The measurements were conducted on different setups, using Bunsen

type burners as well as tubes, and with a range of different techniques, and

there are some scatter in the data. The modeling predictions are seen to

be in good agreement with the experiments; in particular with the early

measurements [132,133], which we consider to be most reliable.

Figure 6 shows the linear sensitivity coefficients for the predicted flame speed

for three H2/Br2 ratios. According to this analysis, the predictions are most

sensitive to the rate constant of the initiation step,

Br2 +M ⇀↽ Br + Br +M (R8b)

and the two chain-propagating steps,

Br + H2 ⇀↽ HBr + H (R2b)

Br2 +H ⇀↽ HBr + Br, (R9)

All these reactions exhibit positive sensitivity coefficients, while the chain

terminating step,

H + Br +M ⇀↽ HBr +M (R1)

shows a small negative sensitivity. The good agreement between measure-

ments and modeling predictions confirms that this part of the bromine mech-

anism is well established.
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The introduction of oxygen in the hydrogen/bromine system increases the

chemical complexity substantially. Unfortunately, experimental data on the

H/Br/O chemistry at medium to high temperatures are limited. Reported

results are largely limited to data on the effect of HBr on the H2/O2 system,

i.e. explosion limits [20, 21], flammability limits [30] and flame speeds [17,

18]. Among the data obtained at medium temperatures, we have chosen to

emphasize the batch reactor results from Clark et al. [21]. To our knowledge,

these data constitute the most detailed experimental study that has been

reported on the effect of bromine species on hydrogen oxidation.

Clark et al. investigated the inhibition of the second explosion limit of the

hydrogen–oxygen reaction by HBr in a batch reactor at 773 K. Gas mixtures

of H2, O2, and N2, with or without HBr, were premixed in specific ratios at

a pressure greater than the second explosion limit. Gases were then with-

drawn from the vessel until explosion occurred. Clark et al. optimized the

withdrawal rate to ensure that stationary conditions were obtained. The

H2/O2 ratio was varied from 0.15 to 4, while HBr was added in amounts

from 0 to 600 ppm (balance N2).

Even though the results of Clark et al. were reported to be independent of

the surface/volume ratio of the reactor, the condition of the vessel surface

remains a concern. For example a strongly chain breaking surface such as

KCl will remove all HO2 reaching it, with the result that HO2, once formed,

does not react further before it is destroyed. In this way the principal chain

terminating property of atomic Br would be by-passed and the effect of HBr

on the limit would not be likely to be large. However, comparison of the

results of Clark et al. for the undoped experiments with modeling predictions

with the present mechanism indicates that loss of HO2 is small or negligible.

Figure 7 compares selected experimental results of Clark et al. with modeling

predictions with the present mechanism. Here, the inlet H2 concentration

was maintained at 28%, while O2 was varied in the range 7-56%. The data

indicate that at low levels of HBr addition, the explosion limit varies with

the H2/O2 ratio. However, as the HBr concentration increases above 200

ppm, the explosion limit becomes independent on the H2/O2 ratio over the

range investigated and depends solely on [HBr].

The second explosion limit is primarily governed by the competition between
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the reactions

H + O2 → O+OH

H+O2 +M → HO2 +M

and subsequent loss of HO2. The prediction of the explosion limit was sen-

sitive to the choice of criterion (here chosen as the onset of rapid reaction

within 10 s), but the H2/O2 explosion limits were predicted satisfactorily

over a range of ratios and without including surface loss of species, just by a

small adjustment to the collision efficiency of N2 in the H+O2(+M) reaction.

The model describes the results for the H2/O2/HBr system qualitatively

correctly, but underestimates the inhibiting effect of HBr, most pronounced

at low doping levels. According to the calculations, addition of HBr leads to

chain termination through the reactions

HBr + H ⇀↽ Br + H2 (R2)

Br + HO2 ⇀↽ HBr + O2 (R7)

Clark et al. [21] attributed the observed reduction of the pressure limit to

HO2 radical removal by reaction with Br. This is confirmed by a sensitivity

analysis that identifies (R7) as the single most important chain-breaking step

at all conditions investigated. Chain-breaking cycles involving HOBr are not

significant, according to the present model.

Clark et al. used an elementary reaction mechanism to interpret their data.

From their analysis, they were able to derive rate constants for reactions (R7)

and (R8) at 773 K. However, their model contained a number of deficiencies.

For instance, their reaction mechanism included the chain-propagating reac-

tion H+HO2 ⇀↽ OH+OH, but not the terminating step H+HO2 ⇀↽ H2+O2.

In addition, a number of the rate constants in their scheme are now known

to be inaccurate. Still, the present analysis confirms that the best agreement

between modeling predictions and experimental data is obtained with their

estimated ratio of k(H+HO2=OH+OH)/k7 = 8.0±1.6 at 773 K. With the

current rate constant for H+HO2, this corresponds to a value of k7(773 K)

of 8.1 x 1012 cm3 mol−1 s−1, considerably higher than the value of about 5

x 1012 cm3 mol−1 s−1 recommended by Clarke et al. (see Fig. 3) and used in

the present work. The high value is not supported by other measurements,

but a direct determination of k7 at higher temperatures is desirable.
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Contrary to the assumption of Clark et al., our analysis indicates that the

reaction between Br and H2O2 (R8) play at most a small part in this chem-

istry. The present modeling predictions of the explosion limit do not show

sensitivity to the value of k8, even with a much higher value than calculated

from our ab initio calculation (see above) and the derivation Clarke et al. of

k8(773 K) ≈ 1011 cm3 mol−1 s−1 cannot be confirmed by our modeling.

Laminar premixed flames are less prone to surface effects than experiments

conducted in batch reactors. Unfortunately, there are only few experimen-

tal results available on the impact of HBr addition on the flame speed of

hydrogen–air mixtures. Miller et al. [17] and Drake and Hastie [18] have

reported burning velocities of fuel-rich H2/air flames with and without addi-

tion of HBr, while Day et al. [30] investigated the effect of HBr addition on

H2/O2/N2 flames close to the rich flammability limit.

Figure 8 compares the experimental results of Day et al. [30] with modeling

predictions. They investigated the effect of addition of very small quantities

of HBr on the flame speed of H2/O2/N2 close to the rich flammability limit.

As shown in the figure, the burning velocity of the uninhibited mixture was

measured to be 9.2 cm sec−1. Addition of a few hundred ppm of HBr lowered

the flame speed by about 25%.

The model predicts flame speeds about 5 cm sec−1 higher than observed by

Day et al., possibly due to uncertainties in the experimental values and/or

the HO2 subset of the mechanism. As reported by Day et al., modeling

predictions are sensitive to the fate of HO2, and very recent shock tube

results [141] indicate that some of the rate constants in the HO2/H2O2 subset

of our mechanism may be inaccurate. However, in the present work no

modifications were made to improve predictions.

Figure 9 shows sensitivity coefficients for the conditions of Fig. 8 and addition

of 0, 250 and 500 ppm HBr, respectively. With a peak temperature below

1100 K, the undoped flame structure is sensitive to reactions of the HO2

radical. The predicted flame speed is controlled by competition between the

chain-branching and association channels of the H + O2 reaction,

H + O2 ⇀↽ O+OH

H+O2(+M) ⇀↽ HO2(+M),
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as well as by the fate of HO2; i.e., whether HO2 + H is propagating or chain

terminating

HO2 +H ⇀↽ OH+OH

HO2 +H ⇀↽ H2 +O2.

The presence of HBr introduces a number of chain breaking steps that serve

to reduce the flame speed,

H + Br +M ⇀↽ HBr +M (R1)

Br + HO2 ⇀↽ HBr + O2 (R7)

It is noteworthy that only atomic bromine, not hydrogen bromide, is involved

in the flame inhibition. This phenomena was explained in previous work by

Dixon-Lewis and coworkers [30–32]. In a sequence of computational stud-

ies, they investigated the inhibiting effect of hydrogen bromide in premixed

hydrogen–air flames. One of their interesting findings was that HBr virtually

disappeared before the main reaction zone in these flames. This is confirmed

by the predicted structure for the conditions of the 250 ppm HBr flame of

Day et al., shown in Fig. 10. The reaction

HBr + H ⇀↽ Br + H2 (R2)

is so fast that it is effectively equilibrated in all but the very early stages of

the flames. The equilibrium of this reaction is shifted to the right under flame

conditions and HBr is converted to bromine atoms already in the preheating

zone. For this reason, the inhibiting effect of HBr cannot be attributed

to competition for atomic hydrogen between reaction (R2) and H + O2 ⇀↽

O+OH, as suggested in early studies of bromine inhibition. Similarly to the

batch reactor experiments discussed above, HOBr is not predicted to be of

significance for the inhibition.

Miller et al. [17] and Drake and Hastie [18] reported burning velocities of fuel-

rich H2/air flames with and without addition of HBr. Their flames were far

from the flammability limit, characterized by much higher temperatures (≈
2000 K) and burning velocities than the flames of Day et al. Figure 11 com-

pares measured and predicted laminar flame speeds for H2/air/HBr mixtures

as a function of the hydrogen bromine inlet mole fraction and inlet temper-

ature. It is noteworthy that the results for the undoped flames at fuel/air
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equivalence ratio of 1.75 and 2.0, respectively, of 274 cm s−1 and 261 cm s−1

are within the reported range of 260 to 285 cm s−1 (1.75 ≤ ϕ ≤ 2.0) [142–145],

even though they are slightly below the most recent values of 282-285 cm

s−1 [144,145].

Even though these flames are less sensitive to bromine inhibition than those

of Day et al., the addition of 0.5% [18] and 3.1% [17] of HBr, respectively,

is seen to reduce the H2/air flame speed significantly. The model slightly

overpredicts the flame speed, even in uninhibited conditions, but the effect

of HBr addition is captured well.

Figure 12 shows sensitivity coefficients for the conditions of Fig. 11 and ad-

dition of 0, 3 and 6% HBr, respectively. In the absence of HBr, the predicted

flame speed is sensitive to the key chain branching reaction,

H + O2 ⇀↽ O+OH

and to the propagating steps,

OH + H2 ⇀↽ H2O+H

H+O2(+M) ⇀↽ HO2(+M)

HO2 +H ⇀↽ OH+OH

All of these reactions exhibit positive sensitivity coefficients, even the H +

O2 (+M) reaction. The presence of bromine introduces a number of chain

breaking steps that serve to reduce the flame speed,

H + Br +M ⇀↽ HBr +M (R1)

Br + Br +M ⇀↽ Br2 +M (R8)

Br + HO2 ⇀↽ HBr + O2 (R7)

Since the HO2 radical now participates in a terminating reaction sequence

involving (R7), the sensitivity coefficient for the H+O2(+M) reaction shifts

from a positive value at uninhibited conditions to a negative value at high

HBr levels. The inhibiting steps are similar to those of the lower temperature

flames of Day et al., except that also addition of atomic bromine recombina-

tion (R9) is now active. Similarly to the low-temperature flames, hydrogen

bromide is largely consumed prior to the main reaction zone and HBr is not

active in the chain-breaking cycle.
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In Fig. 13 we use the updated chemical kinetic model to investigate Br2/air

mixtures as oxidizer for a flame containing 60% hydrogen, covering the full

range of oxidizers from air to Br2. For these flames, which are rich in the

lighter component throughout, there are available experimental data at each

end of the oxidizer range, but no data in the transition region with a mixture

of air and bromine. The model predicts an interesting behavior. The burning

velocity for 60% H2 in air (ϕ = 3.57) is almost 200 cm s−1 [142–144], while

the 60% H2/40% Br2 mixture has a flame speed of about 30 cm s−1 [132].

Based on these observations, one could expect the flame speed to decrease

monotonically as air was gradually replaced by bromine. However, addition

of Br2 even in minor quantities strongly inhibits the H2/air flame and already

at 3% Br2, the flame speed falls below the value for the pure H2/Br2 flame

(note the logarithmic scale). In the range 10-25% Br2, the model predicts

the flame speed to be close to the flammability limit of 5 cm s−1, as de-

fined by Bui-Pham et al. [146], with a minimum at 20% Br2. Above 20% of

Br2, the burning velocity increases slowly with increasing bromine content,

approaching the value of about 30 cm s−1 for the H2/Br2 flame.

Figure 14 shows sensitivity coefficients for selected H2/air/Br2 flames under

conditions corresponding to Fig. 13. From these results and a corresponding

flux analysis, we can explain the presence of the minimum in the flame speed

according to the following. When Br2 is fed in smaller amounts (<20%), it

mainly reacts with atomic hydrogen,

Br2 +H → HBr + Br. (R9)

This reaction serves to reduce the flame velocity, because Br2 + H is much

faster than H + O2, promoting depletion of H atoms from the system. At low

Br2 concentrations, the Br atom produced in reaction (R9) can react with

H2 to form HBr and H (mechanism M1):

Br2 +H → HBr + Br (R9)

Br + H2 → HBr + H (R2b)

Br2 +H2 → HBr + HBr
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or recombine to form Br2 (mechanism M2):

Br2 +H → HBr + Br (R9)

Br + Br +M → Br2 +M (R8)

Br + H → HBr

In the M1 mechanism, Br reacts with H2 to yield H (R2b), which partially

supports the flame speed. Contrary to this, the M2 mechanism acts as a

termination step. As [Br2] increases, the role of the M2 mechanism becomes

progressively less important. In fact, under these conditions Br mainly reacts

with H2 because the thermodynamic equilibrium does not favor the recom-

bination reaction (R8). At very high Br2 concentrations, the recombination

reaction (R8) acts as a decomposition step. In particular, for amounts of Br2
larger than ∼25%, the M2 mechanism is progressively inhibited and this ex-

plains the increase in the flame speed observed in Fig. 13. It is important to

notice that this increase is only a chemical effect and not a thermodynamic

one. As a matter of fact, the addition of Br2 monotonically decreases the

flame temperature. This role of reaction (R8) on the flame speed is quite

evident also from the sensitivity analysis in Fig. 14, which shows that for

levels of Br2 larger than ∼25%, this reaction serves to activate the system.

Effective flame inhibitors act through gas-phase catalytic cycles that lead to

an effective radical recombination in the reaction zone. There is considerable

evidence that a feature that is responsible for the ranking different kinetic

inhibitors is the relative number of ”catalytic” reaction cycles that remove

active radicals [147, 148]. Bromine systems, along with other halogens, are

the simplest because they contains the lowest variety of such radical removal

reaction cycles, compared to organophosphorus and metal systems [148].

Conclusions

The high-temperature bromine chemistry was updated and the inhibition

mechanisms involving HBr and Br2 were re-examined. The thermochemistry
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of the bromine species was obtained using the Active Thermochemical Tables

(ATcT) approach. The accuracy of heats of formation for key species such

as Br, HBr, HOBr and BrO was significantly improved, compared to ear-

lier evaluations. Ab initio calculations were used to obtain rate coefficients

for selected reactions of HBr and HOBr, i.e., HBr + HO2, HOBr + HO2,

and HOBr + H. Based on the present work and results from literature, the

hydrogen/bromine/oxygen reaction mechanism was updated. The resulting

model was validated against selected experimental data from literature and

used to analyze the effect of HBr and Br2 on laminar, premixed hydrogen

flames. Our work shows that hydrogen bromide and molecular bromine act

differently as inhibitors in flames. For HBr, the reaction HBr + H ⇀↽ H2 +

Br (R2) is rapidly equilibrated, depleting HBr in favor of atomic Br, which is

the major bromine species throughout the reaction zone. The chain-breaking

steps are then H + Br + M → HBr + M (R1), Br + HO2 → HBr + O2

(R7), and Br + Br + M → Br2 + M (R8). In Br2-doped flames, the reaction

Br2 + H ⇀↽ HBr + Br (R9) is far from equilibration and serves to deplete H

in the reaction zone by competing with H + O2 → O + OH. The inhibition

is augmented by recombination of Br (R8). If the inlet Br2 mole fraction

exceeds about 20%, reactions (R8) and (R2) are both reversed, now acting

to promote chain branching and increase the flame speed. Cycles involving

HOBr are not important for generation or removal of chain carriers in these

flames.
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Table 1: Thermodynamic properties for selected bromine species [49]. Units

are kJ mol−1 and J mol−1 K−1.

Species Hf,298 S298 Cp,300 Cp,400 Cp,500 Cp,600 Cp,800 Cp,1000 Cp,1500 Cp,2000

Br 111.85±0.06 175.02 20.79 20.79 20.80 20.83 21.03 21.37 22.26 22.71

Br2 30.88±0.11 245.47 36.06 36.73 37.08 37.31 37.59 37.79 38.26 39.09

HBr -35.85±0.15 198.70 29.14 29.22 29.45 29.87 31.06 32.33 34.76 36.22

HOBr -61.78±0.54 247.78 38.36 41.13 43.23 44.82 47.14 48.92 52.16 54.15

BrO 123.61±0.29 232.90 34.14 37.06 38.74 39.56 39.94 39.77 39.26 39.08

BrOO 110.17±3.89 283.39 46.58 48.84 50.61 52.02 54.03 55.26 56.75 57.36

OBrO 158.18±2.68 270.66 45.24 49.11 51.63 53.31 55.24 56.24 57.31 57.89

BrBrO 164.90±2.14 302.17 51.30 53.48 54.83 55.72 56.97 58.56 67.20 76.09

BrOBr 104.61±1.18 290.49 50.05 52.98 54.62 55.62 56.69 57.33 67.35 119.13
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Table 2: Coupled cluster energies and density functional zero-point vibra-

tional energies (scaled by 0.967).

Species CCSD(T)/ CCSD(T)/ CBS scaled zero- relative 0 K

cc-pVTZ-PP cc-pVQZ-PP extrapolation point energy enthalpy

(au) (au) (au) (au) (kJ mol−1)

HO2 -150.71254 -150.75977 -150.79423 0.01361

HBr -416.29302 -416.31381 -416.32897 0.00573

TS5(HBr+HO2) -566.98865 -567.05705 -567.10697 0.01984 44.0

H -0.49981 -0.49995 -0.50004 0.00000

HOBr -491.36733 -491.41332 -491.44687 0.01221

TS20(H+HOBr) -491.84786 -491.89414 -491.92792 0.00944 42.7

TS25(HOBr+HO2) -642.05062 -642.14514 -642.21411 0.02406 66.2
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Table 3: Rate coefficients for reactions in the Br/H/O subset of the reac-

tion mechanism. The rate constants are expressed in terms of a modified

Arrhenius, K = A Tn exp(-Ea/(RT)). Units are cm, mol, s, J.

A n Ea Source

1. H + Br +M ⇀↽ HBr +Ma 1.9E21 -1.87 0 [121]

2. HBr + H ⇀↽ Br + H2 1.3E10 1.05 682 [122]

3. HBr + O ⇀↽ Br + OH 3.5E12 0.00 12481 [123]

4. HBr + OH ⇀↽ Br + H2O 4.0E12 0.00 -1290 [124]

5. HBr + HO2 ⇀↽ Br + H2O2 4.2E02 2.93 32123 pw (500-2000 K)

6. HBr + BrO ⇀↽ HOBr + Br 1.3E10 0.00 15070 [125]

7. Br + HO2 ⇀↽ HBr + O2 8.6E09 1.00 1960 see text

8. Br + Br +M ⇀↽ Br2 +Mb 1.5E14 0.00 -7118 [121]

Br + Br + Br2 ⇀↽ Br2 +Br2 1.1E15 0.00 -4383 [121]

9. Br2 +H ⇀↽ HBr + Br 4.6E07 2.05 -7553 [122]

10. Br2 +O ⇀↽ Br + BrO 3.1E11 0.00 -8211 [126]

11. Br2 +OH ⇀↽ HOBr + Br 1.1E15 -0.66 0 [4]

12. BrO + H ⇀↽ Br + OH 3.0E13 0.00 0 [36] est

13. BrO + H ⇀↽ HBr + O 1.0E12 0.00 0 [36] est

14. BrO + O ⇀↽ Br + O2 1.1E13 0.00 -1913 [124]

15. BrO + OH ⇀↽ Br + HO2 1.1E13 0.00 -2081 [124]

16. BrO + HO2 ⇀↽ HOBr + O2 2.7E12 0.00 -4162 [124]

17. BrO + BrO ⇀↽ Br + Br + O2 1.6E12 0.00 0 [124]

18. BrO + BrO ⇀↽ Br2 +O2 1.7E10 0.00 -6992 [124]

19. HOBr(+M) ⇀↽ Br + OH(+M) 1.0E15 0.00 203900 est

Low pressure limit 1.3E22 -1.52 213960 pw (700-2000 K)

20. HOBr + H ⇀↽ BrO + H2 2.0E07 1.91 33546 pw (298-2000 K)

21. HOBr + H ⇀↽ HBr + OH 3.0E13 0.00 0 est, see text

22. HOBr + H ⇀↽ Br + H2O 3.0E13 0.00 0 est, see text

23. HOBr + O ⇀↽ BrO +OH 7.2E13 0.00 3576 [124]

24. HOBr + OH ⇀↽ BrO + H2O 1.9E02 3.12 -5234 [127]

25. HOBr + HO2 ⇀↽ BrO + H2O2 1.0E00 3.55 54808 pw (500-2000 K)

26. Br + O2 +M ⇀↽ BrOO+M 2.3E24 -3.90 0 est, c

27. BrOO +H ⇀↽ BrO +OH 3.0E13 0.00 0 est, c

28. BrOO +O ⇀↽ BrO +O2 3.0E13 0.00 0 est, c

29. BrOO +OH ⇀↽ BrO + HO2 2.0E12 0.00 0 est

30. BrOO + Br ⇀↽ Br2 +O2 1.0E14 0.00 0 est, c

a: Third body efficiencies: HBr=2.7, H2O=5

b: Third body efficiencies: N2=1.25, H2O=5.4, Br2=0

c: Estimated by analogy to the corresponding chlorine reaction
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Figure 1: Transition state geometries (bond lengths in 10−10 m and an-

gles in degrees) and frequencies (in cm−1, scaled by 0.967) computed at the

B3LYP/6-311+G(d,p) level of theory for three reactions. From top to bot-

tom: 1) TS5 for HBr + HO2 → Br + H2O2. The dihedral angles HOOH and

OOHBr are 132.3o and -100.5o, respectively. The frequencies are 1388 i, 142,

291, 363, 868, 1040, 1068, 1386, 3550. 2) TS20 for H + HOBr → H2 + BrO

The dihedral angle HHOBr is 180.0o. The frequencies are 1478 i, 344, 591,

642, 1089, 1478. 3) TS25 for HOBr + HO2 → BrO + H2O2. The dihedral

angles HOOH, OOHO and OHOBr are 126.8o, -84.5o and 79.4o, respectively.

The frequencies are 1194 i, 72, 81, 283, 332, 515, 674, 997, 1120, 1338, 1553,

3595.
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Figure 2: Arrhenius plot for the reaction HBr + HO2 ⇀↽ Br + H2O2 (R5).

The symbols denote experiments results: Leu [108], Posey et al. [109], Toohey

et al. [103], Mellouki et al. [102], and Heneghan and Benson [104]. The rate

constants of Leu, Posey et al., Toohey et al., and Heneghan and Benson were

derived from their values for the reverse reaction, using using the equilibrium

constant. The solid line denotes the rate constant used in the present work.
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Figure 3: Arrhenius plot for the reaction Br + HO2 ⇀↽ HBr + O2 (R7).

The symbols denote experiments results: Toohey et al. [103], Laverdet et

al. [128], and Bedjanian et al. [129], Antonik and Lucquin [105], Kochubei

and Moin [106], Rosser et al. [14], Day et al. [30], and Clark et al. [21]. The

solid line denotes the rate constant used in the present work.
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Figure 4: Comparison between experimental [136] and predicted structure

for a spherical, low-pressure H2/Br2 flame. The flame had an initial content

of 44.2% bromine, a pressure of 0.117 atm, and a corrected burning velocity

at 298 K of 23.4 cm/s. The modeling predictions are conducted using the

measured temperature profile [136].
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Figure 5: Comparison between measured and predicted laminar flame speeds

for H2/Br2 mixtures as a function of the bromine inlet mole fraction and inlet

temperature. Symbols represent measured values, while the curves represent

predictions with the current mechanism. The experimental data are drawn

from Cooley et al., 1952 [132], Cooley and Anderson, 1952 [133], and Cooley

and Anderson, 1955 [134].
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Figure 6: Linear sensitivity coefficients for the predicted laminar flame speed

for H2/Br2 mixtures. Conditions similar to those of Fig. 5 (323 K).
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Figure 7: Comparison between experimental data (symbols) [21] and mod-

eling predictions (lines) for the effect of HBr on the second pressure limit of

explosion of H2/O2 mixtures in a batch reactor at 773 K. XHBr denotes the

mole fraction of HBr. Solid lines correspond to closed symbols while dashed

lines correspond to open symbols. Inlet composition: 28% H2, 7-56% O2, 0-

600 ppm HBr; balance N2. The H2/O2/HBr was initially held at a pressure

greater than the second limit; then gases were withdrawn until explosion

occurs. In the modeling of these experiments, the low pressure limit rate

constant for H+O2+N2 was lowered by 10%. The onset of rapid reaction

within a reactor residence time of 10 s (arbitrarily chosen) constituted the

criterion for explosion.
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Figure 8: Comparison between measured [30] and predicted laminar flame

speeds for H2/O2/N2/HBr mixtures at 336 K as a function of the hydrogen

bromine inlet mole fraction. Symbols represent measured values, while the

solid line represents predictions with the current mechanism. The compo-

sition of the inlet gas was 18.8% H2, 4.6% O2 and 76.6% N2, with varying

amounts of HBr.
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Figure 9: Linear sensitivity coefficients for the predicted laminar flame speed

for H2/air/HBr mixtures. Conditions similar to those of Fig. 8.

Figure 10: Predicted laminar flame structure for the H2/O2/N2 flame of

Fig. 8 with 250 ppm HBr.
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Figure 11: Comparison between measured and predicted laminar flame

speeds for H2/air/HBr mixtures at 298 K as a function of the hydrogen

bromine inlet mole fraction. Symbols represent measured values, while the

curves represent predictions with the current mechanism. The experimen-

tal data for the H2/air flames are drawn from Dowdy et al. [142], Aung et

al. [143], Tse et al. [144], and Kwon and Faeth [145], while the H2/air/HBr

data are taken from Miller et al. [17] and Drake and Hastie [18]. The mea-

sured flame speeds were obtained for fuel-air equivalence ratios of 1.75 ≤ ϕ ≤
2.0. The calculations were conducted for an H2/air mixture of 43.4% H2,

11.9% O2 and 44.7% N2 (corresponding to ϕ = 1.875), with varying amounts

of HBr added. In the modeling, the ratios between H2, O2 and N2 are kept

constant; the closure is done on the sum of H2, O2 and N2.
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Figure 12: Linear sensitivity coefficients for the predicted laminar flame speed

for H2/air/HBr mixtures. Conditions similar to those of Fig. 11.
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Figure 13: Predicted laminar flame speeds for H2/air/Br2 mixtures as a

function of the air/bromine ratio (solid line). The hydrogen content of the

inlet gas was maintained at 60% H2, while the oxidizer ranged from pure air

to pure molecular bromine. The inlet gas temperature was 298 K. Symbols

represent measured values for H2/air (ϕ ≈ 3.5) drawn from Dowdy et al. [142],

Aung et al. [143], and Tse et al. [144], and for H2/Br2 (inlet temperature 322

K) drawn from Cooley et al. [132].
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Figure 14: Linear sensitivity coefficients for the predicted laminar flame speed

for H2/air/Br2 mixtures. Conditions similar to those of Fig. 13.
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 0.25473660E+05-0.44668285E+00 0.25000000E+01 0.00000000E+00 0.00000000E+00    3 !S298 = 27.42 cal/mol/K 
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H2  REF ELEMENT   RUS 78H   2    0    0    0G   200.000  6000.000 1000.        1 !BURCAT 
 0.29328305E+01 0.82659802E-03-0.14640057E-06 0.15409851E-10-0.68879615E-15    2 !H298 = 0 
-0.81305582E+03-0.10243164E+01 0.23443029E+01 0.79804248E-02-0.19477917E-04    3 !S298 = 31.23 cal/mol/K 
 0.20156967E-07-0.73760289E-11-0.91792413E+03 0.68300218E+00 0.00000000E+00    4 ! 
O                 L 1/90O   1    0    0    0G   200.000  6000.000 1000.        1 !BURCAT 
 2.54363697E+00-2.73162486E-05-4.19029520E-09 4.95481845E-12-4.79553694E-16    2 !H298 = 59.55 kcal/mol 
 2.92260120E+04 4.92229457E+00 3.16826710E+00-3.27931884E-03 6.64306396E-06    3 !S298 = 38.49 cal/mol/K 
-6.12806624E-09 2.11265971E-12 2.91222592E+04 2.05193346E+00 2.99687009E+04    4 ! 
O2 REF ELEMENT    RUS 89O   2    0    0    0G   200.000  6000.000 1000.        1 !BURCAT 
 3.66096083E+00 6.56365523E-04-1.41149485E-07 2.05797658E-11-1.29913248E-15    2 !H298 = 0 
-1.21597725E+03 3.41536184E+00 3.78245636E+00-2.99673415E-03 9.84730200E-06    3 !S298 = 49.03 cal/mol/K 
-9.68129508E-09 3.24372836E-12-1.06394356E+03 3.65767573E+00 0.00000000E+00    4 ! 
OH HYDROXYL RADI  IU3/03O   1H   1    0    0G   200.000  6000.000 1000.        1 ! 
 2.83853033e+00 1.10741289e-03-2.94000209e-07 4.20698729e-11-2.42289890e-15    2 !H298 = 37.344+/-0.04 kJ/mol [ATcT(RUS/PIN06)] 
 3.70056220e+03 5.84513094e+00 3.99198424e+00-2.40106655e-03 4.61664033e-06    3 !S298 = 43.91 cal/mol/K [BURCAT] 
-3.87916306e-09 1.36319502e-12 3.37165248e+03-1.03814059e-01                   4 !Cp [BURCAT] 
HO2               L 5/89H   1O   2    0    0G   200.000  6000.000 1000.        1 ! 
 4.17226590e+00 1.88120980e-03-3.46292970e-07 1.94685160e-11 1.76091530e-16    2 !H298=12.296+/-0.25 kJ/mol [ATcT(RUS/PIN06)] 
 3.02010736e+01 2.95697380e+00 4.30178800e+00-4.74902010e-03 2.11579530e-05    3 !S298=54.75 cal/mol/K [BURCAT] 
-2.42759610e-08 9.29206700e-12 2.63190983e+02 3.71587740e+00                   4 !Cp [BURCAT] 
H2O               L 5/89H   2O   1    0    0G   200.000  6000.000 1000.        1 !BURCAT 
 0.26770389E+01 0.29731816E-02-0.77376889E-06 0.94433514E-10-0.42689991E-14    2 !H298 = -57.79 kcal/mol 
-0.29885894E+05 0.68825500E+01 0.41986352E+01-0.20364017E-02 0.65203416E-05    3 !S298 = 45.13 cal/mol/K 
-0.54879269E-08 0.17719680E-11-0.30293726E+05-0.84900901E+00-0.29084817E+05    4 ! 
H2O2              T 8/03H   2O   2    0    0G   200.000  6000.000 1000.        1 ! 
 4.57977305e+00 4.05326003e-03-1.29844730e-06 1.98211400e-10-1.13968792e-14    2 !H298 = -135.77+/-0.07 kJ/mol [ATcT(RUS/PIN06)] 
-1.79847939e+04 6.64969660e-01 4.31515149e+00-8.47390622e-04 1.76404323e-05    3 !S298 = 56.05 cal/mol/K [BURCAT] 
-2.26762944e-08 9.08950158e-12-1.76843601e+04 3.27373216e+00                   4 !Cp [BURCAT] 
! 
BR Bromine atom   ATcT/CBR 1.   0.   0.   0.G   200.000  6000.000 1000.        1 
 2.08902355E+00 7.11612338E-04-2.69886632E-07 4.15012215E-11-2.31379689E-15    2 
 1.28556222E+04 9.07042853E+00 2.48422309E+00 1.61406290E-04-5.63460901E-07    3 
 7.46724224E-10-2.58956029E-13 1.27084065E+04 6.86656618E+00 1.34526268E+04    4 
HBR               ATcT/CBR 1.H  1.   0.   0.G   200.000  6000.000 1000.        1 
 2.83372014E+00 1.48517671E-03-5.13137154E-07 8.73711119E-11-5.72363001E-15    2 
-5.17620691E+03 7.43754245E+00 3.48117971E+00 3.42734055E-04-1.80532777E-06    3 
 3.61180553E-09-1.74298435E-12-5.35537141E+03 4.01309183E+00-4.31185963E+03    4 
HOBR              ATcT/CBR 1.H  1.O  1.   0.G   200.000  6000.000 1000.        1 
 4.52559122E+00 1.88368072E-03-6.04303745E-07 8.98998654E-11-5.06961671E-15    2 
-8.92977368E+03 3.31036380E+00 3.31731799E+00 5.05328752E-03-1.73682519E-06    3 
-2.67712334E-09 1.93314146E-12-8.62468312E+03 9.49126178E+00-7.43074457E+03    4 
 



 
   N2/0/ H2O/0/ H2/0/                                        ! 
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BRO Bromoxyl rad  ATcT/CBR 1.O  1.   0.   0.G   200.000  6000.000 1000.        1 
 5.13722924E+00-5.16463629E-04 2.06071880E-07-3.26108430E-11 1.97330917E-15    2 
 1.32089286E+04-1.47001990E+00 2.48296400E+00 6.85676900E-03-3.78833758E-06    3 
-4.21357998E-09 3.45838452E-12 1.38620073E+04 1.20185205E+01 1.48669014E+04    4 
BRO2  Br-O-O      ATcT/CBR 1.O  2.   0.   0.G   200.000  6000.000 1000.        1 
 5.86468709E+00 1.15054394E-03-4.48749383E-07 7.65401422E-11-4.76382575E-15    2 
 1.13364344E+04 7.25754558E-02 3.86330671E+00 9.32478218E-03-1.53469406E-05    3 
 1.36105487E-08-4.81343902E-12 1.17949923E+04 9.86331135E+00 1.32503298E+04    4 
OBRO              ATcT/CBR 1.O  2.   0.   0.G   200.000  6000.000 1000.        1 
 6.29680604E+00 8.01459954E-04-4.48436658E-07 1.30245441E-10-1.11913920E-14    2 
 1.69139434E+04-4.01429458E+00 2.94100682E+00 1.21044737E-02-1.46243775E-05    3 
 7.59656169E-09-1.24878134E-12 1.77244882E+04 1.27723273E+01 1.90245727E+04    4 
BR2 Dibromine     ATcT/CBR 2.   0.   0.   0.G   200.000  6000.000 1000.        1 
 5.18755860E+00-1.38705071E-03 9.35013276E-07-2.07120920E-10 1.41849439E-14    2 
 2.10348349E+03 7.61702748E-02 3.34375055E+00 6.34803695E-03-1.36288984E-05    3 
 1.31573020E-08-4.67760593E-12 2.53163737E+03 9.07775332E+00 3.71410943E+03    4 
BRBRO Br-Br-O     ATcT/CBR 2.O  1.   0.   0.G   200.000  2500.000 1000.        1 
 1.35685053E+01-1.86888434E-02 1.74969684E-05-6.04052650E-09 7.05818095E-13    2 
 1.58488102E+04-3.75916388E+01 4.39159502E+00 9.53670060E-03-1.49296051E-05    3 
 1.06507765E-08-2.60754509E-12 1.82116532E+04 9.05252777E+00 1.98327983E+04    4 
!BRBRO Br-Br-O     ATcT/CBR 2.O  1.   0.   0.G  2500.000  5000.000 2500.        1 ! high-T fit 
!-3.92364143E+00 1.58744363E-02-6.61352433E-06 1.13441463E-09-7.05647980E-14    2 
! 2.22406745E+04 5.84176864E+01 0.00000000E+00 0.00000000E+00 0.00000000E+00    3 
! 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 1.98327983E+04    4 
BROBR             ATcT/CBR 2.O  1.   0.   0.G   200.000  2500.000 1000.        1 
-2.62634818E+01 9.89180447E-02-1.07473125E-04 4.95870096E-08-7.88470019E-12    2 
 1.90588457E+04 1.64572634E+02 3.06249629E+00 1.72160432E-02-3.18524669E-05    3 
 2.74089533E-08-8.95127816E-12 1.11348122E+04 1.35469565E+01 1.25816194E+04    4 
!BROBR             ATcT/CBR 2.O  1.   0.   0.G  2550.000  5000.000 2550.        1 ! high-T fit 
!-1.41118650E+02 1.88016144E-01-8.00195128E-05 1.43268452E-08-9.30194803E-13    2 
! 9.32793775E+04 8.70394868E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00    3 
! 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 1.25816194E+04    4 
 
END 
REACTIONS 
! 
! ***************************************************************************** 
!    H2 subset (basis set)                                                    * 
! ***************************************************************************** 
! 
 H+O2=O+OH                            3.6E15  -0.410   16600 ! RAS/GLA08a HES98 
 H+H+M=H2+M                           7.0E17  -1.000       0 ! RAS/GLA08a COH/WES83 



 
 H2O2+O=HO2+OH                        9.6E06   2.000    3970 ! RAS/GLA08a NBS86,MAR99,LI/DRY04 
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 H+H+N2=H2+N2                         5.4E18  -1.300       0 ! RAS/GLA08a COH/WES83 
 H+H+H2=H2+H2                         1.0E17  -0.600       0 ! RAS/GLA08a COH/WES83 
 H+H+H2O=H2+H2O                       1.0E19  -1.000       0 ! RAS/GLA08a COH/WES83 
 H+O+M=OH+M                           6.2E16  -0.600       0 ! RAS/GLA08a MIL/BOW89 
   H2O/5/                                                    !  
 H+O2(+M)=HO2(+M)                     5.8E11   0.6724   -290 !            SEL/MIL08 
   LOW  / 7.2E20 -1.73 536 /                                 !            N2 
   TROE /0.72 1E-30 1E30 1E30/                               !            Fc=0.72 
   N2/1/ AR/0/ H2O/11/ H2/2/ O2/1/                           ! (O2 = 0.78; H2 = 2) 
!   N2/0.9/ AR/0/ H2O/11/ H2/2/ O2/1/                         ! For batch reactor exps  
 O+O+M=O2+M                           1.9E13   0.000   -1788 ! RAS/GLA08a NBS86 
   N2/1.5/ O2/1.5/ H2O/10/                                   ! 
 O+H2=OH+H                            3.8E12   0.000    7948 ! RAS/GLA08a CEC05 
   DUPLICATE                                                 ! 
 O+H2=OH+H                            8.8E14   0.000   19175 ! RAS/GLA08a CEC05 
   DUPLICATE                                                 ! 
 OH+OH=O+H2O                          4.3E03   2.700   -1822 ! RAS/GLA08a SRI/MIC06 
 H+OH(+M)=H2O(+M)                     2.5E13   0.234    -114 !            SEL/MIL08 
   LOW  / 4.5E21 -1.81 499 /                                 !            N2 
   TROE /0.73 1E-30 1E30 1E30/                               !            Fc=0.73 
   AR/0.38/ H2/0.73/ H2O/12/ !HE/0.38/                       !            source?    
 OH+H2=H+H2O                          2.1E08   1.520    3449 ! RAS/GLA08a MIC92 
 H2+O2=HO2+H                          7.4E05   2.433   53502 ! RAS/GLA08a MIC/WAG00  
 HO2+H=OH+OH                          8.4E13   0.000     400 ! RAS/GLA08a RAS/GLA08a 
 HO2+H=H2O+O                          1.4E12   0.000       0 ! RAS/GLA08a CEC05 
 HO2+O=OH+O2                          1.6E13   0.000    -445 ! RAS/GLA08a CEC05 
 HO2+OH=H2O+O2                        3.6E21  -2.100    9000 ! RAS/GLA08a RAS/GLA08a 
   DUPLICATE                                                 ! 
 HO2+OH=H2O+O2                        2.0E15  -0.600       0 !  
   DUPLICATE                                                 ! 
 HO2+OH=H2O+O2                       -2.2E96 -24.000   49000 ! 
   DUPLICATE                                                 ! 
 HO2+HO2=H2O2+O2                      1.9E11   0.000   -1408 ! RAS/GLA08a KAP/TROE02 
   DUPLICATE                                                 ! 
 HO2+HO2=H2O2+O2                      1.0E14   0.000   11034 ! 
   DUPLICATE                                                 ! 
 H2O2(+M)=OH+OH(+M)                   4.0E11   0.000   37137 ! RAS/GLA08a KAP/TRO02 
   LOW  /2.291E16 0.0 43638/                                 ! 
   TROE /0.5 1E-30 1E30 1E30/                                !  (Fc=0.5) 
   H2O/12/ H2/2.5/ AR/0.64/                                  ! 
 H2O2+H=H2O+OH                        1.0E13   0.000    3580 ! RAS/GLA08a CEC05 
 H2O2+H=HO2+H2                        1.7E12   0.000    3760 ! RAS/GLA08a CEC05 



 
! 
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 H2O2+OH=H2O+HO2                      1.9E12   0.000     427 ! RAS/GLA08a HIP/TRO95 
   DUPLICATE                                                 ! 
 H2O2+OH=H2O+HO2                      1.6E18   0.000   29410 ! RAS/GLA08a HIP/TRO95 
   DUPLICATE                                                 ! 
! 
! ************************************************************************ 
!    Bromine reactions                                                    * 
! ************************************************************************ 
! 
H+BR+M = HBR+M                        1.9E21  -1.87        0 ! BAU/MON81 
 HBR/2.7/ N2/1/ H2O/5/  
HBR+H = BR+H2                         1.3E10   1.05      163 ! SEA/PIL91 
HBR+O = BR+OH                         3.5E12   0.00     2981 ! DEM/MOL97 
HBR+OH = BR+H2O                       4.0E12   0.00     -308 ! ATK/TRO07 
HBR+HO2 = BR+H2O2                     4.2E03   2.93     7672 ! pw/PM 
HBR+BRO = HOBR+BR                     1.3E10   0.00     3600 ! HAN/FRA99  
! 
BR+HO2 = HBR+O2                       8.6E09   1.00      468 ! pw 
BR+BR+M = BR2+M                       1.5E14   0.00    -1700 ! BAU/MON81 
 N2/1.25/ H2O/5.4/ BR2/0/  
BR+BR+BR2 = BR2+BR2                   1.1E15   0.00    -2206 ! BAU/MON81 
! 
BR2+H = HBR+BR                        4.6E07   2.05    -1804 ! SEA/PIL91 
BR2+O = BR+BRO                        3.1E11   0.00    -1961 ! HAR/JON98 
BR2+OH = HOBR+BR                      1.1E15  -0.66        0 ! BRY/KNY06 
! 
BRO+H = BR+OH                         3.0E13   0.00        0 ! BAB/TSA96 est 
BRO+H = HBR+O                         1.0E12   0.00        0 ! BAB/TSA96 est as Cl 
BRO+O = BR+O2                         1.1E13   0.00     -457 ! ATK/TRO07 
BRO+OH = BR+HO2                       1.1E13   0.00     -497 ! ATK/TRO07 
BRO+HO2 = HOBR+O2                     2.7E12   0.00     -994 ! ATK/TRO07 
BRO+BRO = BR+BR+O2                    1.6E12   0.00        0 ! ATK/TRO07 
BRO+BRO = BR2+O2                      1.7E10   0.00    -1670 ! ATK/TRO07 
! 
HOBR(+M) = BR+OH(+M)                  1.0E15   0.00    48700 ! pw/PM 
  LOW  / 1.3E22 -1.52  51100 /   
HOBR+H = BRO+H2                       2.0E07   1.91     8012 ! pw/PM  
HOBR+H = HBR+OH                       3.0E13   0.00        0 ! est, see text  
HOBR+H = BR+H2O                       3.0E13   0.00        0 ! est, see text  
HOBR+O = BRO+OH                       7.2E13   0.00      854 ! ATK/TRO07 
HOBR+OH = BRO+H2O                     1.9E02   3.12    -1250 ! WANSUN04 
HOBR+HO2 = BRO+H2O2                   1.0E01   3.55    13090 ! pw/PM 
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BR+O2+M = BROO+M                      2.3E24  -3.90        0 ! est as Cl 
BROO+H = BRO+OH                       3.0E13   0.00        0 ! est as Cl 
BROO+O = BRO+O2                       3.0E13   0.00        0 ! est as Cl 
BROO+OH = BRO+HO2                     2.0E12   0.00        0 ! est  
BROO+BR = BR2+O2                      1.0E14   0.00        0 ! est as Cl 
END 


