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A chemical kinetic model for high-pressure combustion of H, /O, mixtures has been developed by updating some
of the rate constants important under high-pressure conditions without any diluent. The revised mechanism is
validated against experimental shock-tube ignition delay times and laminar flame speeds. Predictions of the present
model are also compared with those by several other kinetic models proposed recently. Although predictions of those
models (including the present model) agree quite well with each other and with the experimental data of ignition
delay times and flame speeds at pressures lower than 10 atm, substantial differences are observed between recent
experimental data of high-pressure mass burning rates and model predictions, as well as among the model
predictions themselves. Different pressure dependencies of mass burning rates above 10 atm in different kinetic
models result from using different rate constants in these models for HO, reactions, especially for H + HO, and
OH + HO, reactions. The rate constants for the reaction H + HO, involving different product channels were found
to be very important for the prediction of high-pressure combustion characteristics. An updated choice of rate
constants for those reactions is presented on the basis of recent experimental and theoretical studies. The role of
O('D), which can be produced by the H + HO, reaction, in the high-pressure combustion of H, is discussed.
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YDROGEN attracts much attention because of its importance

as a future energy resource enabling the reduction in envi-
ronmental load. Although liquid rocket propulsion is currently the
only practical device that uses hydrogen as a fuel, it is likely that our
demand for hydrogen will rise in the future.

Several detailed chemical kinetic mechanisms of hydrogen
combustion have recently been developed and are being updated by
many researchers [1-6]. These models have been validated using a
wide range of measurements and were generally found to be in good
agreement with experimental data, including ignition delay times
with shock tubes, reaction behavior in flow reactors, and laminar
flame speeds. Rate constants and third-body efficiencies for many
elementary reactions seem to be evident in hydrogen/oxygen
systems. However, determining some rate constants characterized by
high sensitivity at high pressures has remained a challenge. Among
the recent kinetic models, those developed by Li et al. [2], O’Conaire
et al. [3], and Konnov [4] may have more completely incorporated
data from the most extensive validations. The modeling range covers
temperatures from 950 to 2700 K and pressures up to 87 atm for
shock-tube ignition delay times. These models were also validated
against flow tube experiments at around 900 K, with pressures
ranging from 0.3 to 15.7 atm and against laminar flame speeds up to a
pressure of 20 atm.

A liquid rocket engine is an example of the use of hydrogen as a
fuel, and it may be the first device putting hydrogen into practical use.
In a typical liquid rocket engine, the pressure in the combustion
chamber reaches 200 atm, which is much higher than the pressure in
other popular combustion devices, such as an automobile engine or a
gas turbine. To understand or predict combustion flow in a liquid
rocket engine, a new detailed kinetic mechanism of an H, /O, system
is needed, because all models proposed thus far have not been
validated under high-pressure conditions, limiting their applicability.
Under such high-pressure conditions, it is very difficult to obtain the
experimental data needed to determine a rate constant. Therefore,
some rate constants must be determined theoretically without using
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experimental data. In addition, there is no diluent in the combustion
flow in a liquid rocket engine, although there are some diluents such
as nitrogen or argon in many experimental measurements of flame
speeds or ignition delay times. This also makes it difficult to develop
a detailed kinetic model applicable to a liquid rocket engine.
Recently, chemical kinetics of high-pressure H, combustion have
been reviewed by Law [7] and Chaos and Dryer [8]. Those reviews
indicate the significance of chemical kinetics for predicting the
characteristics of high-pressure H, combustion. Recent studies
performed by Burke et al. [9—11] provide examples in which some
discrepancies can be found between model predictions and
experimental results for hydrogen/oxygen combustion under high-
pressure conditions. In these studies, they examined the pressure
dependencies of mass burning rates for hydrogen mixtures for
equivalence ratios from 0.7 to 2.5 and for pressures from 1 to 25 atm.
They found that under high-pressure conditions, the mass burning
rate decreased as the pressure increased, while under low-pressure
conditions, the mass burning rate increased as the pressure increased.
Predictions of the mass burning rate based on the recently published
chemical kinetic models provide almost the same results and are in
good agreement with the experimental data obtained at lower
pressures. On the other hand, at higher pressures, prediction results
differ significantly depending on the model, and yet prediction of the
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mass burning rate at high pressures is crucial for the application of a
kinetic model that enables us to understand the combustion flow of
the hydrogen/oxygen system at high pressures. Burke et al. [11]
suggested that it would be necessary to modify several rate constants
in the current hydrogen combustion models in order to predict high-
pressure flame properties. They also suggested the possibility that
some important elementary reactions are still missing in the current
hydrogen combustion mechanism.

The objective of this work, therefore, is to construct a detailed
kinetic mechanism of a hydrogen/oxygen system that can be used
under high-pressure and no-diluent conditions, such as a liquid rocket
engine. For the purpose of applying the model at high pressures,
special attention is paid to third-body recombination or dissociation
reactions, which are very important in high-pressure conditions.

I1.

Table 1 shows a detailed kinetic model constructed for this study,
which consists of 21 elementary reactions, including eight species of
H,, O,, H,0, H, O, OH, HO,, and H,0,. This model was developed
by improving or revising some rate constants in the previous model
by Kitano et al. [27]. In developing this model, no attempt was made
to adjust the rate constant in order to obtain agreement with target

Reaction Kinetics

Table 1 H,/O, reaction mechanism (units: cm, mol, cal, K)

Reaction No. Reaction A n E, Fe Efficiency parameters
RI1[12] OH + H, =H,O0+H 2.160 x 108 1.51 3440 —— —_—
R2[13] H+0,=0H+0 1.910 x 10 0.0 16440 —— —_
R3[14] O+H,=0H+H 5.080 x 10* 2.67 6292 —— o

R4 [15] OH + HO, = H,0 + O, 2.890 x 103 0.0 -500 — e

R5¢ H+ HO, =H, + 0, 3.660 x 10° 209 —1450 — —_—

R6[1] H + HO, = OH + OH 7.080 x 1013 0.0 300 —_— —_—

R7 H+ HO, =H,0+ O 1.340 x 103 0.0 1340 —— —_—
R8[16] O+ HO, =0, + OH 3.250 x 103 0.0 0.0 —_— —_—
R9-A2[17] HO, + HO, = H,0, + O, 4.200 x 10" 0.0 12000 —— —_—
R9-B2[18] HO, + HO, = H,0, + O, 1.320 x 10" 0.0 —1192 05 Unity for all species
R9-B2 [18] HO, + HO, + M=H,0, + 0, + M 6.890 x 10'* 0.0 —1947 05 Unity for all species
R10[14] OH 4+ OH =0 + H,0a 4.330 x 103 2.7 —2485

R11 H,0, + H=H,0 + OH 8.190 x 108 1.55 3455 —— —_—
R12-A%[19] H,0, + H=HO, + H, 8.067 x 10" —1.574 16838 —— —_
R12-B2[19] H,0, + H=HO, + H, 1.042 x 103 0.0 6569 —— e
R13-A%[20] H,0, + OH = H,0 + HO, 1.700 x 10'8 0.0 29407 —— —_—
R13-B2[20] H,0, + OH = H,0 + HO, 2.000 x 10'? 0.0 427 —_— —_—

R14 [16] H,0, + O = HO, + OH 6.620 x 10" 0.0 3974 —— —_—
R15-1¢[20] H+ O, =HO, 1.933 x 10" 0.56 0.0 0.62 —_—
RI15-1¢[21,22] H+ 0, + M=HO, + M 4570 x 10" —1.12 0.0 0.62 —_—
R15-2[20] H+ O, =HO, 1.933 x 10'? 0.56 0.0 0.5 e

R15-2¢ H+ O, + H, =HO, + H, 3.520 x 10'®  —0.896 0.0 0.5 —_—

R15-3 [20] H+ O, =HO, 1.933 x 10" 0.56 0.0 0.67 —_—

R15-3 [21,22] H+ 0, +N, =HO, + N, 1.750 x 10" —1.232 0.0 0.67 —_—

R15-4 [20] H+ O, =HO, 1.933 x 10'? 0.56 0.0 0.5 e

R15-4¢ H+ 0O, + 0, =HO, + 0, 1.410 x 10'®  —0.849 0.0 0.5 —_—
R15-5[20] H+ O, =HO, 1.933 x 10" 0.56 0.0 0.81 —_—
R15-5[20] H + O, + H,0 = HO, + H,0 3.630 x 10" —1.0 0.0 0.81 —_—

R15-6 [20] H+ O, =HO, 1.933 x 10'? 0.56 0.0 0.59 —_—

R15-6 [21,22] H+ O, + He = HO, + He 3.630 x 10"  —1.0 0.0 0.59 —_—
R16-1¢[23] H+H+M=H,+M 7.000 x 107 —1.0 0.0 —_— 0,=22;H,0=14.4
R16-2 [23] H+H+H,=H, +H, 1.000 x 10'7  —0.6 0.0 —_—

R16-3 [23] H+H+N,=H, +N, 5.400 x 10" —1.3 0.0 —_— —_—

R16-4 [23] H+H+H=H,+H 3.200 x 10" 0.0 0.0 —_— —_—

R17 H+OH+M=H,0+M 3.500 x 102 —2.0 0.0 —_— H,0 = 12.0; Ar = 0.38; He = 0.38 [2]
R18 [24] H+O+M=0H+M 6.750 x 10" —1.0 0.0 —_— H,0=5.0
R19-1¢[25] 0O+0+M=0,+M 6.160 x 10"*  —0.5 0.0 —_— H, =2.5;H,0=12.0
R19-2 [25] O+ 0+ Ar=0, + Ar 1.890 x 1013 00 —-1790 ——

R19-3 [25] O+ 0O+ He=0, + He 1.890 x 103 00 -—-1790 —— —_—

R20-A [20] H,0, = OH + OH 3.000 x 10 0.0 48482  0.44 H, =3.0,0, =2.2; H,0=15.0; N, = 3.0
R20-B [26] H,0, + M =0OH + OH + M 2.290 x 10'¢ 0.0 43634 ——

R21 O+ OH+ M =HO, +M 3.820 x 10" —0.216 0.0 —_ —_

“Calculated from the canonical variational transition state theory (CVTST) rate constant of the reverse reaction in Ref. [50].

YExpressed as the sum of the two rate expressions.

“When a rate constant is declared specially for an Ar, H,, N,, H, O,, H, O, or He collision partner, the efficiency of Ar, H,, N,, H, O,, H,O, or He is set to zero when determining M for the

same reaction.
Evaluated in this study.
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validation data, except for the rate constant of the H + OH + M =
H,0 + M reaction. Instead, rate constants were compiled from the
most reliable values in the literature. The first key issue was to
determine third-body efficiencies for H,, O,, and H,O, since these
efficiencies are very important and sensitive to the accuracy of the
model under high-pressure and no-diluent conditions. In this section,
a detailed explanation for these elementary reactions is presented.

A. HOZ + HOZ = H202 + 02 (Rg)

This reaction is important at high pressures relevant to rocket
engine combustion because H,0, is predominantly produced by this
reaction. Hydrogen peroxide is an important chain carrier for the
degenerate branching mechanism near the third explosion limit [7].
The rate constant of this reaction has unusual temperature
dependence and reaches a minimum at around 500 K. In the low-
temperature region (below 500 K, where the rate constant decreases
with increasing temperature), pressure dependence of the rate
constant is also observed because the reaction proceeds via H,O,
complex formation [18,28]. Although this pressure dependence has a
large impact on atmospheric chemistry, its relevance to combustion
chemistry is not clear. Baulch et al. [20] indicated that the rate
constant is pressure independent at temperatures above 550 K. The
pressure dependence of this rate constant was not included in the
previous kinetic model [1-3]. However, the termolecular reaction
HO, + HO, + M =H,0, + O, + M is included in Konnov’s
model [4]. He found that this pressure-dependent reaction could not
be negligible for the prediction of shock-tube ignition delay times at
high pressures and relatively low temperatures. In the present model,
we also include the pressure dependence of this reaction with the fall-
off behavior proposed by Atkinson et al. [18]. Since the fall-off
pressure of this reaction is calculated to be around 11 atm at 1000 K
by using low- and high-pressure limiting rate constants recom-
mended by Atkinson et al., the use of a low-pressure limiting rate
constant may not be adequate for high-pressure conditions.

It is also well known that the existence of H,O accelerates this
reaction significantly at low temperatures [18,29,30]. This effect of
water is very important in atmospheric chemistry, but its role
vanishes at temperatures above 400 K [29,30]. Therefore, the
enhancement factor of H,O on the fall-off reaction (R9-B) is not
considered in the present model. The high-temperature rate constant
of the reaction (R9-A), which is independent of pressure, is taken
from Hippler et al. [17].

B. H+ O, +M=HO, + M (R15)

This reaction is most sensitive to ignition delay times near the
second explosion limit, and several theoretical and experimental
studies pertaining to this reaction have recently been conducted
[21,22,31,32]. The high-pressure limiting rate constant of this
reaction is derived from that evaluated theoretically by Troe [33],
which is recommended by Baulch et al. [20] and popularly used in
many other kinetic models. The low-pressure limiting rate constants
for M = H,, O,, and H,O are especially important for the present
purpose. Considerable experimental data are found for M = H,O,
and the third-body efficiency seems to be well established. In the
present model, the rate constant for M = H,O is taken from the
experimental determination by Michael et al. [21], whereas
experimental data for M = O, or H, are rather sparse.

The literature values of rate constants for M = H, [21,31-40] are
depicted in Fig. 1. The low-pressure limiting rate constant of this
reaction has been evaluated recently by Michael et al. [21] on the
basis of the collision theory. The resulting rate constant is in good
agreement with the experimental value determined by Nielson et al.
[34] at room temperature and with that by Baldwin [35] at
T =773 K. Considering the rate constants obtained by Kochubei
and Moin [36] at high temperatures (T = 913-1470 K), the rate
constant was evaluated to be 3.52 x 10"87-98% ¢m® mol=2 s~!. This
expression gives slightly lower values than those recommended by
Baulch et al. [16].

The low-pressure limiting rate constants for O + H, + O, have
been both experimentally and theoretically evaluated by Michael
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Fig. 1 The low-pressure limiting rate constant of H + O, + H, =
HO, + H, (R15-2).

et al. [21] at T =298 K and T = 513-697 K. These values are
plotted in Fig. 2, along with other values from the literature. We
evaluated rate constants at higher temperatures (7 = 1100-1400 K)
using the shock-tube ignition delay times measured by Hasegawa
and Asaba [41]. The related data shown in Fig. 3 have been measured
with 2% H, diluted in O,. It was found that the rate constant of
the O + H, + O, = HO, + O, reaction was very sensitive to the
ignition delay times at around 7 = 1200 K, which is indicated as
the point at which the slope changes around 1000/7 = 0.82 in the
horizontal axis in Fig. 3. This change in slope is caused by the second
explosion limit, which is determined by the competition between the
reactions H + O, = OH + O (R2) and H + O, + O, = HO, + O,
(R15-4). Since the values for reaction R2 are well established, the rate
constants for R15-4 can be evaluated by fitting the corresponding
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Fig. 2 The low-pressure limiting rate constant of H + O, + O, =
HO, + O, (R15-4).
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Fig. 3 Ignition delay times for various initial temperatures in H, /0, =
2/98 mixtures at pressure of 9 atm.
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ignition delay times. Calculated values with three different values of
the A factor for the rate constant of R15-4 are also depicted in
Fig. 3. As indicated in this figure, the low-pressure limiting rate
constant of 8.0 x 10871 ¢m® mol=2 s~! reproduces the experi-
mental results accurately. Figure 2 compares the low-pressure
limiting rate constants obtained by Michael et al. [21] with the
present results and other literature values [42—44]. The expression of
1.41 x 10877084 cm® mol=2s7! is obtained for the low-pressure
limiting rate constant of H 4+ O, + O, = HO, + O, (R15-4) using
the present estimation and the experimental data from Michael et al.
[21]. The present estimation is also in good agreement with the value
proposed by Peeters and Mahnen [43] at 7 = 1500 K.

C. H+OH+M=H,0+ M (R17)

This reaction is sensitive to flame speeds under high-pressure
conditions [2,3]. To our knowledge, no experimental data on the
high-pressure limiting rate constant or the fall-off behavior of the
reaction have been reported in the literature. Sellevag et al. [31]
recently theoretically evaluated the high-pressure limiting rate
constant using the variable reaction coordinate TST on the basis of
potential energy surfaces obtained at the CASPT2/aug-cc-pVTZ
level of the theory. They also evaluated the low-pressure limiting rate
constants for M = N, and Ar. Their values for M = Ar are slightly
lower than the recommended values of Baulch et al. [20] above
1500 K, and for M = N,, their values are two to three times lower
than the recommended value. For M = H,O, Javoy et al. [45]
measured the rate constant using a shock-tube technique combined
with an atomic resonance absorption spectrometry. Available data in
literatures are largely scattered [18,20] and span more than an order
of magnitude. In the kinetic model of Li et al. [2], they increased the A
factor of this reaction recommended by Tsang and Hampson [25] by
1.7 times (k = 3.8 x 10272 cm®mol~2s~!, for M = N,) in order to
obtain better agreement of flame speed calculation. This rate constant
is in the middle of the range of recent literature values. O’Conaire
et al. [3] also increased the A factor to twice the recommended value
in their kinetic model. On the other hand, Konnov [4] used the rate
constant calculated from the rate constant of the reverse reaction of
H,O dissociation measured by Srinivasan and Michael [46].
Temperature dependence of this rate constant is greater than the
recommended rate constant by Baulch et al. [20].

To improve laminar flame predictions, we also modified the A
factor of the rate constant of reaction R17 for M = N,, recommended
by Baulch et al. [20]. The resulting A factor of 3.5x
10%? cm® mol~2s™! is essentially the same as that of Li et al. [2].
The third-body efficiencies for M = Ar, He, and H, O are taken from
Li et al. and O’Conaire et al. [3] (0.38, 0.38, and 12.0 relative to N,,
respectively). The third-body efficiencies for M = H, and O, are
assumed to be the same as that for N,.

D. H,0,+M = OH + OH + M (R20)

This reaction is important at pressures above the third explosion
limit and is sensitive to the ignition characteristics at conditions
relevant to rocket engine combustion. The dissociation of H,0, and
the reverse recombination has been studied frequently in theoretical
modeling and detailed experimental study [20]. Under the present
target conditions (pressures up to 200 atm), this reaction can be in the
fall-off region. The rate constants in the fall-off region have recently
been measured by Kappel et al. [26], and theoretical calculations of
the high-pressure limiting rate constant have been performed by Troe
and Ushakov [47]. Their theoretical fall-off curves are consistent
with the experimental data of Kappel et al. [26]. Their evaluations are
used in the present kinetic mechanism.

E. H + H,0, Reactions (R11 and R12)

There are two possible exit channels for this reaction: H,O, +
H=H,0+OH (RI11) and H,O0, +H=HO, +H, (RI12).
Although those reactions are less sensitive to the laminar flame
speeds at pressures less than 100 atm, the values of these rate
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_ 1012 = —
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“g 1010 4
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=~ 9 ~
10 Measurements 3
Ref. [48]
8 -
10 Ret 1] H+H,0,=HO,+H,
Ref. [51]
107 L L | L | L
0 1.0 2.0 3.0 4.0
10007 /K

Fig. 4 Rate constants of H,0, + H = H,0 + OH (R12).

constants were found to be sensitive to the ignition delay times at
high pressures relevant to liquid rocket engine combustion.

The rate coefficients for the overall H,O, +H reaction
(R11 + R12) have been determined by Klemm et al. [48] and
Michael et al. [49] at low temperatures and by Albers et al. [50] at
T =294-464 K. These authors claimed that reaction RI11
dominated in terms of the rate coefficient. Although the values
obtained by Klemm et al. [48] and Michael et al. [49] are in good
agreement with each other, the values obtained by Albers et al. [50]
are considerably lower. Baldwin and Walker [51] evaluated the rate
constants of R11 and R12 at 7' =713-773 K. These values are
plotted in Fig. 4 together with the recommended values by Baulch
et al. [16], which are mainly based on the results of Baldwin and
Walker [51]. Note that, although the experimental values by Albers
et al. [50] agree well with the recommendation of Baulch et al. [16]
for reaction R12, the values of Albers et al. [50] could be the sum of
the rate constants for reactions R11 and R12. Therefore, the
recommended value of Baulch et al. [16] may be overestimated.

Ellingson et al. [19] recently evaluated the rate constants for
reactions R11 and R12 using the canonical variational transition
theory combined with high-level quantum chemical calculations of
potential energy surfaces. They presented two sets of rate constants
for reaction R12. One (so-called set I in [19]) is obtained with the
electronic structure calculations by the MPW1B95/MG3 method,
and the resulting rate constant is in good agreement with the
experimental data from Albers et al. [50]. The other (set II) is based
on the M05-2X/MG3S calculation, and this rate constant is in good
agreement with the experimental results of Klemm et al. [48].
Although we tried both sets of rate constants for reaction R12 in the
present simulations, the experimental data used in the present study
to validate the mechanism (p < 67 atm) are insensitive to the rate
constant of R12. No experimental data are available at pressures
relevant to rocket engine combustion (p > 100 atm), where this
reaction is expected to be sensitive. We employed the set II rate
constant for reaction R12, which agrees well with the experimental
data of Baldwin and Walker [51] and Klemm et al. [48]. This rate
constant is also in good agreement with the rate constant at low
temperatures recommended by Baulch et al. [16].

Reaction R11 has a higher activation barrier than that of
reaction R12, and there are no reliable experimental data except those
obtained by Baldwin and Walker [51] at T =713-753 K. The
canonical variational theory calculation of this rate constant by
Ellingson et al. [19] is in good agreement with the data of Baldwin
and Walker [51]; hence, this rate constant of R11 is used in the
present kinetic mechanism.

F. H + HO, Reactions (R5, R6, and R7)

The reaction between H atoms and HO, radicals includes three
dominant product channels: H+ HO, =H, + O, (R5), H+
HO, = OH + OH (R6), and H + HO, = H,0 + O (R7). Rate con-
stants of those reactions and product branching ratios have greater
sensitivities to the mass burning rates at high pressures [9-11].
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Recent recommendations and some selected experimental data of
reactions R5—R7 are shown in Figs. 5-7. Most recommendations of
these reactions are based on the room temperature data of Keyser [52]
and Sridharan et al. [53] and modeling studies of H,/O, explosion
limit data obtained by Baldwin et al. [54]. In the experiments of
Keyser [52] and Sridharan et al. [53], concentrations of OCP) and
OH were monitored, and the overall rate and branching fractions
were determined. The rate constants of reactions R5—R7 evaluated by
the International Union of Pure and Applied Chemistry (IUPAC)
Panel [55] are based on those experimental results. At higher
temperatures, there are few data, and the data points are highly
scattered. In general, the data of Baldwin et al. [54] are considered
most reliable [16,18,25,44]. Baldwin et al. [54] determined the ratios
of rate constants ks/ kzk}‘/ % and ke/ k2k}t/ % on the basis of the second
explosion limit data at 7 = 773 K. Therefore, their values of k5 and
ke depend of the choice of k, and k,. Baldwin and Walker later
revised the original values [55], and recent recommended values of
ks and kg by Baulch et al. [20] were based on these revised values
combined with the low-temperature data of Keyser [52] and
Sridharan et al. [53], as shown in Figs. 5 and 6. On the other hand,
Mueller et al. [1] also revised these rate constants using values of &,
and k,, used in their kinetic model. Rate constants of Mueller et al. are
also adopted in the kinetic models of Li et al. [2] and O’Conaire et al.
[3]. Those rate constants of reactions RS and R6 are also depicted in
Figs. 5 and 6. There are considerable differences in the rate constants
of Mueller et al. [1] and Baulch et al. [20] at higher temperatures.

Michael et al. measured the rate constant of the reverse
reaction RS, H, + O, = HO, + H, using a shock tube at T =
1662-2097 K [15]. They also performed the canonical transition
state theory (CTST) calculations for this reaction at 7' =400—
2300 K. Those rate constants are converted to the rate constant of the
reverse reaction R5 combined with the equilibrium constant and are
plotted in Fig. 5, together with the high-temperature data of Hidaka
et al. [56]. The rate constant of R5 obtained from the CTST results
can be expressed as
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Fig. 6 Rate constants of H + HO, = OH + OH (R6).

ks =3.66 x 107297 exp(+1450/RT) (units: cm, mol, cal, K) (1)

As can be observed in Fig. 5, this rate constant agrees quite well with
the rate constant of Mueller et al. [1] at temperatures below 1000 K
and with the room temperature data of Keyser [52] and Sridharan
etal. [53]. The rate constants of Eq. (1) for reaction RS, together with
the rate constant of R6 derived by Muelleretal. [1], are adopted in the
present model.

In the kinetic models of Mueller et al. [1], Li et al. [2], and
O’Conaire et al. [3], reaction R7 is not included. Baldwin et al. [54]
could not separate reaction R7 from reaction R6, because these
reactions are kinetically similar. The product branching fractions
obtained by Keyser [52] and Sridharan et al. [53] indicated that
reaction R7 is much slower than reaction R6. Day et al. [57]
estimated the temperature-independent branching fraction of
k7/ks = 0.1 in their modeling study. However, Konnov [4] indicated
that the sensitivities of the burning velocity to the rate constants of
reactions R6 and R7 have opposite signs. Thus, these reactions are
kinetically different, and both reactions should be considered in the
reaction mechanism. Konnov used the temperature-independent rate
constant of R7 evaluated by Baulch et al. [20]. Recommendation of
the rate constant of reaction R5 by Baulch et al. is also employed in
the Konnov [4] mechanism, but the rate constant of reaction R6 was
taken from Baulch et al. [16] and slightly scaled up to fit the room
temperature evaluation of the IUPAC Panel [18]. In the present
model, the branching ratio of k;/ks = 0.1 is assumed, and the value
of k5 is derived at T = 773 K from the revised value of k4 given by
Mueller et al. [1]. This value at 7 = 773 K is combined with the
values of k; evaluated by the IUPAC Panel [18]. The resulting rate
constant is expressed as

k7 = 1.34 x 103 exp(—1317/RT)(units: cm, mol, cal, K)  (2)

This evaluation is close to the recommended rate constant of Baulch
et al. [16], as shown in Fig. 7.

The detailed mechanism of the H + HO, reaction is actually quite
complex. Mousavipour and Saheb [58] performed high-level
quantum chemical calculations (density functional theory, coupled
cluster singles and doubles model (CCSD), and Gaussian-3 theory
(G3) methods with the aug-cc-pVTZ basis set) of potential energy
surfaces of the H + HO, reaction systems on both singlet and triplet
manifolds. They investigated two different channels on the triplet
surface: H+HO, = H,('=}) + 0,(Z;) (R5) and H+ HO, =
H,0 + O(*P) (R7). Those two channels have activation barriers of
1.48 and 18.6 kcal/mol [CCSD (full)/aug-cc-pVTZ], respectively.
They also evaluated the rate constants using the transition state
theory (TST). The resulting rate constants are plotted in Figs. 5 and 7.
Their rate constant of RS is close to the rate constant of Eq. (1). The
transition states on the lowest triplet surface for the H + HO,
reaction were also investigated by Karkach and Osherov [59], and
similar results were obtained. On the other hand, the rate constant of
reaction R7 (Fig. 7) is very small because of the energy barrier. An
oxygen atom is also produced on the singlet manifold by the channel
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Fig. 7 Rate constants of H + HO, = H,0 + O (R7).
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of H+ HO, =H,0+ O('D) (R7’) through the formation of
energized water oxide, H,OOx*. There is no activation barrier for this
channel. Their rate constant of R7’, evaluated by the Rice-
Ramsperger—Kassel-Marcus (RRKM) theory, is also depicted in
Fig. 7. Interestingly, this rate constant is very close to the rate
constant of R7 recommended by Baulch et al. [16] and, hence, close
to the rate constant of Eq. (2). The implications of this will be
discussed in the next section in detail. Mousavipour and Saheb [38]
distinguished two different channels to produce 20H(*IT)
(reaction R6): one is through the formation of HOOH*, and the
other is through the formation of H,OOx*. The RRKM rate constant
as a sum of these two channels is compared with other rate constants
of reaction R6 in Fig. 6. This rate constant agrees well with the
evaluation of Mueller et al. [1] at lower temperatures, but it gives
higher values at higher temperatures. It is found that the adoption of
this RRKM rate constant in the present model results in faster mass
burning rates at high pressures. They found one more singlet channel
to produce H, + O, (' A) with the activation barrier of 19 kcal/mol
[CCSD (full)/aug-cc-pVTZ]. This channel is slow compared with
other reaction paths and can therefore be neglected.

G. OH + HO, = H,0 + O, (R4)

This reaction also has high sensitivity at high-pressure conditions
around the third explosion limit, since this reaction acts as
termination. Hippler et al. [60] found the deep and narrow rate
constant minimum close to 1250 K. They suggested that the
anomalous temperature dependence of this reaction was caused by
the formation of an intermediate complex. This deep and unusually
narrow rate constant minimum was confirmed by Kappel et al. [26],
but the minimum was observed near 1000 K. Keyser [61] showed
that reaction R4 exhibited no pressure dependence at pressures up to
1000 atm and the temperature from 254 to 382 K.

In the kinetic models of Li et al. [2] and O’Conaire et al. [3], this
unusual temperature dependence was not considered, and they
employed the rate constant recommended by Baulch et al. [16],
which was based on the low-temperature measurement of Keyser
[61]. The high-temperature part of the measurements of Hippler et al.
[60] was adopted by Baulch et al. [20] as a recommendation over the
range 1300-2000 K. Konnov [4] approximated the rate constant as a
sum of two expressions of the low-temperature part [16] and the
high-temperature part [20]. The approximation adopted by Konnov
[4] does not reproduce the deep and narrow rate constant mini-
mum observed by Hippler et al. [60] or Kappel et al. [26].
Sivaramakrishnan et al. [62] recently proposed a new parameter-
ization for the rate of reaction R4. They fitted the rate constant over a
wide range of experimental data using the sum of five Arrhenius
expressions. This expression was further refined by Chaos and
Dryer [8].

Recently, Srinivasa et al. [63] measured the rate constant of R4 at
T =1200-1700 K. They did not observe the clear temperature
dependence. Hong et al. [64] determined the rate constant of R4,
based on the measurement of the reverse rate constant at
T = 1600-2200 K, using a shock tube. Their values of the rate
constants, as well as those of Srinivasa et al. [63], are in good
agreement with the extrapolations of the recommended rate constant
of Baulch et al. [16], based on the low-temperature values. Relatively
high positive activation energy (~17.5 kcal/mol) at 7 > 1300 K
was assigned in the recommendation by Baulch et al. [20], but no
such strong positive temperature dependence was observed in those
two studies.

Gonzalez et al. [66] conducted ab initio calculations of the OH +
HO, reaction, both on the singlet [65] and triplet [66] potential
energy surfaces. They concluded that the reaction proceeds
predominantly on the triplet surface as an H atom abstraction
reaction. It was found that the hydrogen bond in the complex
H,0-0, is too weak to produce significant pressure dependence, and
the reaction is not controlled by the transition state on the triplet
energy surface. They also estimated the thermal rate constant of the
target reaction based on the adiabatic theory and slight negative

temperature dependence, which agrees with the recommended
values by the early review of Baulch et al. [16].

Considering those recent high-temperature determinations of the
rate constants [63,64] and the theoretical consideration of Gonzalez
etal. [66], we adopted the early recommendation of Baulch et al. [16]
for the rate constant of this reaction.

H. H+OH+ M =HO, + M (R21)

Konnov [4] revealed that this reaction was not included in previous
kinetic models [1-5]. Burke et al. [11] demonstrated that this reaction
can reduce the predicted mass burning rate at pressures higher than
10 atm if its rate constant is larger than 10'® cm® mol~?s~!. Since
pressures in our target condition are ranging up to 200 atm, this
reaction can be important and is included in the present model. The
data on the rate constant of this reaction are sparse. To the best of our
knowledge, no experimental data were reported in the literature.
Germann and Miller [67] calculated the rate constant of this reaction
using the flux—flux autocorrelation function. This recombination
reaction competes with the other exit channel to produce H + O,, the
reverse reaction R2. At lower pressures, the reaction OH 4+ O =
H + O, (R2) dominates reaction R21. According to the results of
Germann and Miller, the fall-off pressure of reaction R21 at 7' =
500 K is much higher than 1000 atm. Therefore, we assume this
reaction is in the low-pressure limit and the rate constant of
reaction R2 (hence, that of R21) is independent of pressure. By
assuming the temperature dependence of AT" for the low-pressure
limiting rate constant of reaction R21, we evaluated the following
rate constant based on the result of Germann and Miller:
ky; = 3.82 x 1077922 cm® mol=2s~!. Since there are no exper-
imental data for the validation of this rate constant, this rate constant
should be considered as tentative.

III. Results and Discussion

To confirm the accuracy of the present kinetic model, calculation
results were compared with experimental results of ignition delay
times and flame speeds. For comparison, calculations using the
kinetic models of Lietal. [2], O’Conaire et al. [3], and Konnov [4] are
also performed. All calculations were performed using CHEM-
KIN 4.1 [68].

A. Ignition Delay Times with Shock Tubes

Hydrogen self-ignition characteristics in mixtures with oxygen
and the inert gas Ar were extensively studied using shock tubes. In
the present work, high-pressure measurements of shock-tube delay
times are used for the validation. Petersen et al. [69] measured
ignition delay times in stoichiometric H,/O,/Ar mixtures based on
the maximum slope of the OH concentration profile. The high-
pressure condition of this work is expected to be a valuable
benchmark for validation of kinetic models. Figure 8 shows the
comparison of experimental data together with ignition delay times
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calculated by kinetic models of Li et al. [2], O’Conaire et al. [3],
Konnov [4], and the present study. The ignition delay time in the
modeling is defined as the moment when the temperature first
exceeds the initial temperature by 50 K. As can be seen in the figure,
results of all four models are very similar and in good agreement with
the experimental data. Sensitivity analysis shows that the most
sensitive reaction above 1300 K is the chain branching reaction R2,
as expected. Although different expressions of Arrhenius parameters
are employed in these models, their rate constant values are almost
identical in this temperature range. On the other hand, reaction R2
and the chain termination reaction R15 are most sensitive below
1300 K. These two reactions define the second explosion limit. At
temperatures between 1200 and 1300 K, reactions RS and R6,
together with other chain reactions R3, R1, and H,O, reactions
(R12), have little sensitivity to the ignition delay times. Reactions RS
(chain termination) and R6 (chain branching, if HO, is assumed to be
rather inactive), together with reactions R2 and R15, define the
extended explosion limit [1,70]. The temperatures of the second
explosion limit at p = 33 atm, defined by the relation 2k, /k;s[M] =
1 in those four models, are 1287, 1285, 1243, and 1247 K in Li et al.
[2], O’Conaire et al. [3], Konnov [4], and the present model,
respectively. These differences in the second explosion limit
temperatures result from the differences in the rate constants of R15-
1 for M = Ar used in each model. Despite these differences, the
inflection points of ignition delay times in Fig. 8, obtained by the four
models, are very identical. This is because the differences in the rate
constant of R15 are compensated for by the differences in the rate
constants of other reactions (especially another termination
reaction R5) in these models. Therefore, the agreement between
the models in Fig. 8 is rather accidental.

Slack [70] measured ignition delay times in stoichiometric H, /air
mixtures at a pressure of 2 atm behind a reflected shock wave. The
ignition delay times were defined as the time between the reflected
shock pressure rise and the maximum rate of change of the UV
emission of OH. Identical delay times were also defined as a rapid
rise in pressure signal or as the onset of infrared emission of H,O. The
ignition delay in the modeling was defined as the time when the
temperature first reached a value equal to the initial one plus 50 K.
Vibrational relaxation time of N, was not considered in the
simulation, as in the previous modeling studies [3,5]. Results are
shown in Fig. 9. Model predictions of the mechanisms of Li et al. [2],
O’Conaire et al. [3], and Konnov [4] are very close and agree well
with the experimental data, while the present mechanism signif-
icantly overpredicts ignition delays below 1025 K. This temperature
is close to the second explosion limit temperature, and the calculated
ignition delay times are extremely sensitive to the rate constant of
reaction R15. Bhaskaran et al. [71] also measured ignition delay
times in stoichiometric H,/O,/N, mixtures at 2.5 atm. They
monitored visible emissions behind a reflected shock wave, and the
ignition delay time was defined as the peak time of the emission.
Comparisons with modeling predictions are shown in Fig. 10. The
same definition of the ignition delay as used in the calculation of
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Fig. 9 is used in this case. Although the experimental conditions of
Slack (Fig. 9) and Bhaskaran et al. [71] (Fig. 10) are quite similar,
prediction of the present model at temperatures lower than the second
explosion temperature is closer to the experimental data.

We also examined the ignition delay times against the
experimental data by Catherina et al. [72]. They measured the
ignition delay times of the shock heated H,/0,/H,0/Ar =
6/3/5/86 mixture at p =4 atm. The calculation results and
experimental data are shown in Fig. 11. In the experiment, the
intensity of the UV emission of OH at 307 nm was monitored to
define the ignition delay time behind a reflected shock wave. The
ignition delay time in the model prediction is defined as the peak of
the product of H and O atom concentrations, [H][O], since this
quantity was expected to be proportional to the UV emission of OH
[72]. Figure 11 shows that the four kinetic models are in reasonable
agreement with the experimental data. The model predictions below
the temperature of the second explosion limit of around 1150 K are
different from each other but within the scatter of the experimental
data. The two data points at temperatures 1369 and 1485 K are
considerably longer than the model predictions. The reason for this
discrepancy is not clear. The ignition delay times at these temper-
atures, mainly determined by the rate constant of reaction R2 and the
model predictions in Figs. 8-10, are in good agreement with the
experimental data at a high-temperature range. Therefore, the origin
of this discrepancy is not expected to be the chemical kinetic factor.

B. Flame Speed in Hydrogen/Oxygen/Diluents Mixtures

Figure 12 shows the measured and calculated laminar flame
speeds in hydrogen/air mixtures as a function of the stoichiometric
coefficient at a standard state of initial temperature and pressure.
Although there is an enormous body of data for the flame speed at
ambient pressure, the experimental results obtained by Dowdy et al.
[73], Aung et al. [74], Tse et al. [75], and Kwon et al. [76] are plotted
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Fig. 12 Laminar flame speed for various equivalence ratios of H, /Air
mixtures at normal pressure and initial room temperature.

in Fig. 12 as representative data for the unstretched laminar flame
speed. In CHEMKIN, a Soret effect is considered in the model
predictions with a multicomponent transport option. Calculated
flame speeds by the four models are almost identical, and model
predictions are in good agreement with the experimental results of
Dowdy et al. [73], Kwon and Faeth [76], and Tse et al. [75].
Sensitivity analysis shows that the chain branching reactions R1, R2,
and R3 have high positive sensitivities. Rate constants of those
reactions in four kinetic models are very similar, and resulting flame
speeds are insensitive to the difference in those kinetic models. Other
sensitive reactions to the flame speed are the recombination
reactions R17 and R15 (M=N,, H,, and H,0O) and HO,
reactions RS, R6, and R4.

The difference in mass burning rates among model predictions
increases at higher pressures. Figures 13 and 14 show the comparison
of unstretched laminar mass burning rates as a function of fuel
equivalence ratio for H, /O, /He flames at pressures of 10 and 20 atm,
measured by Tse et al. [75] with those of model predictions. At
p = 10 atm, predictions of the Konnov model [4] around ¢ = 1.2
slightly overestimate the burning rate, but predictions of the four
models agree reasonably well with the experimental data, especially
for the fuel-lean mixtures. Model predictions of the mass burning
rates for fuel-rich mixtures differ slightly in each model, and these
differences increase at 20 atm. The model predictions of Li et al. [2]
and O’Conaire et al. [3] are almost identical and agree quite well with
the experimental data. Mass burning rates calculated by the present
model are slower than the experimental values at ¢ > 1.2. In the fuel-
rich conditions at p =20 atm, reactions R2 and R6 have high
positive sensitivities and reaction R7 has the highest negative
sensitivity. Differences in model predictions in fuel-rich conditions
are mainly caused by the difference in the value of the rate constant of
R7 used in each model.

Recently, Burke et al. extensively studied the pressure and flame
temperature dependencies of mass burning rates for H, /O, /diluent
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Fig. 13 Mass burning rates for H, /O, /He flames, O,/H, = 1/11.5,at
10 atm.
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Fig. 14 Mass burning rates for H,/O,/He flames, O,/H, = 1/11.5, at
20 atm.

[9,10] and H,/0O,/CO/diluent [11] mixtures. They compared their
experimental results with various kinetic models in the literature,
including models of [1-5]. They found that all the kinetic models
tested yield predictions in good agreement with experimental data for
low pressures (p < 10 atm), but none of the models predict the
observed pressure dependence of the mass burning rate at higher
pressures. They also performed extensive simulations with sen-
sitivity analysis. According to their analysis [11], the sensitivities of
mass burning rates to elementary rate constants increase con-
siderably with pressure, and the high sensitivities at high pressures
amplify the effects of uncertainties in rate constants. Validation
against these high-pressure flame data is very important for the
development of a model, since the high-pressure flame targets
provide a stronger constraint on the rate constants. In Figs. 15 and 16,
predictions of the present model are compared with the experimental
data and with predictions of other kinetic model in [2-5]. The present
model overestimates the maximum mass burning rate by 15% for a
lean mixture of ¢ = 0.7 (Fig. 15), while model predictions of Davis
et al. [5] and O’Conaire et al. [3] agree quite well with the
experimental results [10]. On the basis of the sensitivity analysis for
the flame speed, Burke et al. [11] showed that competing channels of
the H + O, and H + HO, reactions for the consumption of H atom,
together with OH + H, and OH + HO, reactions for OH
consumption, are responsible for the decrease in mass burning
rates as pressure increases above 10 atm. In the present study,
simulations were performed to extend the experimentally studied
conditions to the rocket engine conditions up to 100 atm, as shown in
Fig. 15. Although model predictions are largely different at pressures
higher than 10 atm, all models predict a minimum mass burning rate
at around 40-60 atm. To understand the chemical kinetic origin of
this minimum, normalized sensitivities of flame speed to A factors
are calculated by the present mechanism, and the results are shown in
Fig. 17. As already described by Burke etal. [9,11], reactions R1, R2,
R3, and R6 have high positive sensitivities as chain branching

T T T T T T T T T
Measurements

015 O Ref. [10]

-1

w
a
£ 0.10
3)
)
<
c/;:
S8
0.05
Calculations q
Ref. [2] g
Ref. [3] Table 1 ]
=—Ref.[4] ==Table2 |

ol 0
o 20 40 60 8 100

p /atm

Fig. 15 Mass burning rates as a function of pressure for H,/O,/He
flames, ¢ = 0.7, 0,/He = 1/9.25.
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Fig. 16 Mass burning rates as a function of pressure for H,/0,/Ar
flames, ¢ = 2.5,0,/Ar =1/9.5.

reactions, while reactions R15 (M = H,O and He), R4, and RS have
negative sensitivities as chain termination reactions at pressures
lower than 50 atm. At pressures higher than 50 atm, the absolute
sensitivities of most reactions are decreasing, except those for
reactions R9 and R20. Production of H,0, and its decomposition
constitutes a degenerate branching, and those reactions are
responsible for the slow increase in mass burning rates at increasing
pressure p > 50 atm.

Mass burning rates for a rich H,/O,/Ar mixture (¢ = 2.5) are
compared with experimental data in Fig. 16 and sensitivities of flame
speed are depicted in Fig. 18. The maximum mass burning rate can be
well reproduced by the present model, as well as by the models of
Konnov [4] and Davis et al. [5]. However, none of the models
(including the present mechanism) can reproduce the experimental
rapid decrease of the mass burning rates above 17.5 atm. Sensitivity
analysis shown in Fig. 18 indicates that the chain branching steps of
R2 and R6 have very high positive sensitivities, while radical
recombination reactions R15 (M = H,0, H,, and Ar), R16,and R17,
together with the termination reaction RS, have high negative
sensitivities at pressures between 10 and 50 atm. Hence, the
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Fig. 17 Sensitivity of mass burning rate to A factors of elementary rates
for H,/0,/He flames of equivalence ratio 0.7 with flame temperature of
1600 K (same conditions as Fig. 15).

0100 atm
m50atm
m20atm
=10atm
H ] atm

H202+M=0H+OH+M

H+OH+M=H20+M

2H+M=H2+M

H+02+H20=HO2+H20

H+O2+H2=HO2+H2

H+02+A1=HO2+Ar

H202+H=HO2+H2

H202+H=H20+OH

H+HO2=OH+OH

H+HO2=H2+02

OH+HO2=H20+02

O+H2=0OH+H

H+02=0H+0 -  —

OH+H2=H20+H

-0.9 -0.4 0.1 0.6 1.1 1.6
Fig. 18 Sensitivity of mass burning rate to A factors of elementary rates

for H,/0,/Ar flames of equivalence ratio 2.5 with flame temperature of
1600 K (same conditions as Fig. 16).

branching ratio of reactions R5 and R6 is very important for the
precise prediction of the mass burning rates at this pressure range. It
is also noted that the H,O, reactions R11, R12, and R20 play an
important role at pressures higher than 50 atm.

C. Missing Reaction

Burke etal. [11] argued that one or more elementary reactions that
could be important in high-pressure H, flame are possibly not
included in the kinetic models of H, combustion, as mentioned in the
previous section. One candidate for the missing reaction is the
H + OH + M = HO, + M reaction. This reaction is a part of a
chemical activation reaction that proceeds via a formation of stable
intermediate HO,*, and this reaction is included in the present
mechanism. The impact of this reaction is small for the shock-tube
ignition delay data and for the mass burning rates examined in the
present study. With the present value of the rate constant, it is found
that the mass burning rate decreases by about 4% by the inclusion of
this reaction at p = 10-15 atm for a ¢ = 0.7 mixture (Fig. 15). The
mass burning rates are almost equal, both with and without this
reaction, for a ¢ = 2.5 mixture (Fig. 16). However, the accuracy of
the present rate constant is not clear, and experimental data are
required to confirm the rate constant.

The reaction H + HO, also proceeds via the formation of
energized HOOH* or H, OO intermediates on the singlet surface, as
discussed in the previous section. If the rate of the collisional
stabilization can compete with the rate of other exit channels, the
reaction H + HO, + M = H,0, + M has to be included in the
model. Mousavipour and Saheb [58] calculated the rate constant of
this reaction on the basis of RRKM theory. They evaluated the rate of
H,O, production as a sum of two different channels: H + HO, —
HOOHx* — H,0, and

H + HO, — H,00% — HOOH* — H,0,

The resulting bimolecular rate constant at 1 atm is almost
temperature independent and is on the order of 10° cm® mol~!s~!.
Therefore, this reaction is much slower than other channels R5, R6,
and R7, even at 100 atm.

Troe [77] showed that the complex-forming bimolecular reactions
often exhibit unusual temperature and pressure dependence, and
several elementary reactions involved in the H, combustion mech-
anism are the complex-forming reactions, such as O + OH —
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Table 2 Reactions of O('D) (units: cm, mol, cal, K)

Reaction No. Reaction A n E

R7 H + HO, = H,0 + O('D)

a

1.340 x 103 0.0 1340

R22 [82] O(D)+H,=OH+H  6625x10° 00 0

R23 [83] O('D) + H,0=0H+OH 7.005x 10" 0.0 —119
R24%[82] O(D)+M—>O0+M 2.000 x 10" 0.0 0.0
R25 [82] O('D) + 0, = 0+ 0, 1.987 x 10 0.0 —109
R26 [82] O('D) +N, — 0 + N, 1295 x 107 0.0 —298
R27 [82] 0('D) + H,0 — O + H,0 2.000x 10* 0.0 —100

“When a rate constant is declared specially for an O,, N, or H,O collision partner, the
efficiency of O,, N,, or H, O is set to zero when determining M for the same reaction.

HO,* — H+ O,, H+ HO, - HOOHx%, and H,O00% — OH+
OH, as mentioned previously. Rate constants for reactions R4, R9,
and R13 show strong non-Arrhenius temperature dependence, and
those reactions are also believed to proceed via the complex-
formation processes: OH + HO, — H,03% — H,0 4+ O, (R4),
HO, + HO, — H,0,* — H,0 + O, (R9), and

OH + H,0, — H,0; % (HO, — H,0 x[73])
— H,0 + HO, (R13)

Although the collisional stabilization of these energized complexes
are not analyzed in detail, and their impact to the high-pressure
combustion is not clear, the significant effects of these stabilization
reactions at high temperatures are not expected because of weak
bond energies in these complexes of H,O3%, H,O,*, and H;O3 .

Another possibility for the missing reaction is the formation of
electronically excited species. Skrebkov et al. [78,79,81] and
Skrebkov and Karkach [80] included the electronically excited
OH x (%), O('D), and O, * (*A) in their kinetic model of H,
combustion. According to the quantum chemical calculations of
Mousavipour and Saheb [38], O(' D) and O, * (' A) are produced by
the H 4+ HO, reaction on the singlet potential energy surface. The
channel to produce H, + O, * ('A) has a relatively high energy
barrier (19 kcal/mol), and the channel of H,0 + O('D)
(reaction R7’) proceeds via the formation of H,OO=, without any
potential barrier, and the rate constant of this reaction is in good
agreement with the rate constant of the reaction H + HO, = H,0 +
O (R7) (Fig. 7). Although there is no experimental evidence for the
production of O('D) in the H + HO, reaction, its production can
have significant impact on the characteristics of H, combustion
because of its high reactivity. It is well known that the rates of
O('D) + H, = OH + Hand O(' D) + H,O = OH + OH are nearly
equal to the collision rate. These reactions compete with collisional
deactivation processes to produce ground state O atom, O(*P). The
collisional deactivation to O(*P) is the spin-forbidden process if the
collision partner is in a singlet manifold and the deactivation of
O('D) by noble gases is slow. On the other hand, the collisional
quenching by ground state O, and H,O is known to be very fast. To
check the impact of O('D) production, simulations with these
reactions are performed. The reactions included in the simulations
are listed in Table 2. The rate constant of reaction R7’ is assumed to
be the same as that of reaction R7 [Eq. (2)]. The inclusion of these
reactions does not change the ignition delay times in shock-tube
experiments examined in this study. This is because reaction R7 (and
hence R7’) has negligible sensitivity to the shock-tube ignition delay
times. Mass burning rates calculated with reactions in Table 2 are
included in Figs. 13—16. As shown in these figures, variations in mass
burning rate by inclusion of these reactions are very small. Based on
these results, it is concluded that the production of O('D) by
reaction R7” has minor impact on the ignition delay times and mass
burning rates at the conditions tested in the present study.

IV. Conclusions

In the present study, several rate constants were updated in the
kinetic mechanism for H, combustion on the basis of experimental
and theoretical information for each elementary reaction. Particular

attention was paid to reactions important for high-pressure con-
ditions, including the third-body efficiencies of the H + O, + M
reaction and channel-specific rate constants of H + H,O, and H +
HO, reactions. Model predictions of the present model, as well as the
models proposed by Lietal. [2], O’Conaire et al. [3], and Konnov [4],
were compared with several shock-tube ignition delay data and the
mass burning rate of unstretched flame. All kinetic models predicted
the shock-tube ignition delay times reasonably well. Predictions of
each model were almost identical for ignition delay times obtained
with highly diluted conditions and agreed well with the experimental
data, as shown in Fig. 8. Predictions of these kinetic models were also
very close to each other for unstretched H,/air atmospheric flame
speeds (Fig. 9). However, none of the models tested in the present
study could predict the high-pressure mass burning rates obtained by
Burke et al. [9-11], as shown in Figs. 15 and 16. The pressure
dependence of the mass burning rate at ¢ = 0.7 was correctly
predicted by the model of O’Conaire et al. [3] and Davis et al. [5], and
the present model also agreed reasonably well with experimental
data. On the other hand, the mass burning rates at pressures higher
than 10 atm for ¢ = 2.5 could not be predicted accurately by any of
the models tested in the present study, although the maximum
burning rate was correctly predicted by the model of Konnov [4],
Davis et al. [3], and the present model.

The role of chemical activation reactions for high-pressure H,
combustion was discussed to improve the model performance. The
collisional stabilization of the energized molecules in the chemical
activation reactions could be important. Examples of potentially
important reactions are H 4+ OH = HO,* and the competition
between the decomposition and stabilization of HO,x,
HO,* — H + O,, and HO, * +M — HO, 4+ M. More extensive
experimental and theoretical studies are open for future inves-
tigations for this and other chemical activation reactions involved in
the H, combustion. The role of the production of electronically
excited species were also discussed, and it was found that the high-
pressure mass burning rates of H, combustion are not affected by the
production of O(' D) by reaction R7.

To obtain better performance of the model prediction for the high-
pressure combustion of H,, more precise values of the rate constants
are essential for the following reactions: H + OH + M = H,O0 + M,
O+ OH + M =HO, + M, channel-specific rate constants for
H + HO,, and the temperature dependence of the OH + HO, =
H,0 + O, reaction.
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