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ABSTRACT: A detailed kinetic mechanism has been developed to simulate the combustion of
H,/O, mixtures, over a wide range of temperatures, pressures, and equivalence ratios. Over the
series of experiments numerically investigated, the temperature ranged from 298 to 2700 K, the
pressure from 0.05 to 87 atm, and the equivalence ratios from 0.2 to 6.

Ignition delay times, flame speeds, and species composition data provide for a stringent test
of the chemical kinetic mechanism, all of which are simulated in the current study with varying
success. A sensitivity analysis was carried out to determine which reactions were dominating
the H,/O, system at particular conditions of pressure, temperature, and fuel/oxygen/diluent
ratios. Overall, good agreement was observed between the model and the wide range of exper-
iments simulated. © 2004 Wiley Periodicals, Inc. Int ] Chem Kinet 36: 603-622, 2004

INTRODUCTION

The prospect of a hydrogen-based economy has
prompted increased interest in the use of hydrogen as
a fuel given its high chemical energy per unit mass
and cleanliness. It appears that most of the technologi-
cal problems in using hydrogen in spark-ignited inter-
nal combustion engines, including NO, emissions [1],
have now been solved; vehicular on-board storage is
probably the one remaining difficulty [2,3].

There is also continued interest in developing a bet-
ter understanding of the oxidation of hydrocarbon fu-
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els [4] over a wide range of operating conditions in
order to increase efficiency and to reduce the emis-
sion of pollutant species. All, or almost all petrochem-
ical, fuels are hydrocarbons which burn to form carbon
dioxide and water. Thus, the development of a detailed
kinetic mechanism for hydrocarbon oxidation neces-
sarily begins with a hydrogen/oxygen submechanism,
followed by the addition of CO chemistry.

In recent years, many kinetic studies of hydrogen
oxidation have concentrated on a single set of experi-
mental results obtained either in shock tubes, or in flow
reactors or in flames; these have been simulated using
a detailed kinetic mechanism. This procedure has been
criticized recently by Smith [5] who asserts that uncer-
tainty limits on individual reaction rate constants pro-
duce a parameter space of possible mechanisms still
too imprecise for accurate prediction of combustion
properties such as flame speed or ignition delay, thus
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requiring additional system data. Smith adds that low
pressure and counterflow flames, mixtures in shock
tubes, and flow or well-stirred reactors are examples
of such experimental environments. It is the aim of
this study to apply a hydrogen kinetic mechanism to as
broad a range of combustion environments as possible.

There have been a very large number of measure-
ments made on the reaction between hydrogen and oxy-
gen. These include flame speed measurements, burner-
stabilized flames in which species profiles are recorded,
shock tube ignition delay times, and concentration pro-
files in flow reactor studies. This study aims to simu-
late these experiments using a detailed chemical kinetic
mechanism which takes its origin from Mueller et al.
[6] in their study of hydrogen oxidation in a flow re-
actor. Mueller and coworkers validated their mecha-
nism using only their flow reactor data over the tem-
perature range 850-1040 K, at equivalence ratios of
0.3 < ¢ < 1.0, pressures of 0.3 to 15.7 atm and resi-
dence times of 0.004 to 1.5 s. We have exercised their
mechanism against shock-tube data, burner-stabilized
flame experiments, and flame speed data and have made
modifications to some of the kinetic parameters in or-
der to achieve better overall agreement between mecha-
nism simulations and this broader range of experimen-
tal results. Previously, Marinov et al. [7] had also devel-
oped a detailed H,/O, kinetic mechanism to simulate
shock tube, flame speed, and burner-stabilized flame
experiments with good agreement between model and
experiment but a large body of data sets have become
available since then. Therefore, this study presents a
new detailed chemical kinetic mechanism for hydro-
gen oxidation but with increased attention paid to ex-
periments conducted at high pressures since internal
combustion engines operate at elevated pressures.

Davis et al. [8] have recently presented a re-
examination of a H,/CO combustion mechanism in
which they simulated some of the experimental data
included in this study. Their work was motivated
by new kinetic parameters for the important reaction
H + 0, + M = HO; + M and by new thermodynamic
data for OH, and had the objective of optimizing their
H,/CO model against experiment.

IGNITION DELAYS IN SHOCK WAVES

Schott and Kinsey [9] measured ignition delay times
of two H,/O,/Ar fuel mixtures behind incident shock
waves over a wide range of reactant densities in
the temperature range 1085-2700 K and at 1 atm.
Skinner and Ringrose [10] measured the ignition de-
lays of an H,/O,/Ar mixture in the temperature range
965-1076 K and at a reflected shock pressure of

5 atm. Asaba et al. [11] performed experiments in
the temperature range 1500-2700 K, at reflected shock
pressures of 178-288 Torr, at an equivalence ratio, ¢, of
0.5 and with 98% argon dilution. Fujimoto and Sujiki
[12] measured ignition delay times of stoichiometric
H,/O,/Ar fuel mixtures in the reflected shock pressure
range 1.3-5 atm and in the temperature range 700—
1300 K. Hasegawa and Asaba [13] measured ignition
delays in the temperature range 920-1650 K, at a re-
flected shock pressure of 5.5 atm, with ¢ = 0.25 at 94%
argon dilution. Bhaskaran et al. [14] reported ignition
delay times for a 29.59% H,, 14.79% O,, 55.62% N,
mixture in the temperature range 1030-1330 K and at
a constant reflected shock pressure of 2.5 atm.

More recently, Slack [15] studied stoichiometric
hydrogen—air mixtures in a shock tube and measured
induction times near the second explosion limit. The
experiments were performed at a reflected shock pres-
sure of 2 atm in the temperature range 980-1176 K.
Cheng and Oppenheim [16] reported ignition delay
times fora 6.67% H,, 3.33% O,, and 90% Ar mixture in
the temperature range 1012-1427 K and at a reflected
shock pressure, Ps >~ 1.9 atm. Koike [17] measured
ignition delay times for two hydrogen/oxygen/argon
fuel mixtures of incident shock pressure 20 Torr in the
temperature range 1000-1040 K.

In a methane shock-tube study, Hidaka et al. [18]
carried out some measurements of a H,/O,/Ar mix-
ture at 1250-1650 K and at reflected shock pressures
of 1.6-2.8 bar. Petersen et al. [19] measured high-
pressure (33—-87 atm) H,/O,/Ar reflected shock igni-
tion delays at 1189—1876 K and at an equivalence ratio
of 1.0 in every case for six mixtures. Petersen et al.
[20] measured reflected ignition delay times in three
highly dilute H,/O,/Ar mixtures at temperatures of
1010-1750 K, equivalence ratio range 1.0 < ¢ < 1.47
and around atmospheric pressure. Finally, Wang et al.
[21] carried out reflected shock measurements in vari-
ous Hy/air/steam mixtures at 954—1332 K and pressures
of 3.36-16.63 atm. Hydrogen concentration was 15%
of air throughout.

FLAME MEASUREMENTS

Atmospheric Flame Speed Measurements

Very many hydrogen/air flame speed studies have
been performed at atmospheric pressure, over various
ranges of equivalence ratio. Koroll et al. [22] reported
data in the equivalence ratio range 0.15 < ¢ <5.5,
Iijima and Takeno [23] in the range 0.5 < ¢ < 3.9, and
Takahashi et al. [24] in the range 1 < ¢ < 4. How-
ever, these data did not account for the effects of
flame stretch.
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The earliest stretch-corrected atmospheric hydro-
gen/air flame speed experiments were performed by
Wu and Law [25] in the range 0.6 < ¢ < 6. Since then,
stretch-corrected flame speeds, all of which were per-
formed at 1 atm, have been reported at various equiva-
lence ratio ranges: Egolfopoulos and Law [26] (0.25 <
¢ < 1.5), Law [27] (0.4 < ¢ < 1.5), Vagelopoulos
etal. [28] (0.3 < ¢ < 0.55), Dowdy et al. [29] (0.3 <
¢ <5), and Aung [30] (0.3 < ¢ <5) and Tse et al.
[311 (0.4 < ¢ < 4),Fig. 1.

The measurements of Takahashi et al. [24] are con-
siderably faster than the rest of the data and 10% faster
than the intermediate values of Tse et al. and Dowdy
et al. at an equivalence ratio of 1.75. The slowest flame
speeds are those of Aung et al. [30] that have a maxi-
mum flame speed of 2.6 ms~! at ¢ = 1.65. The authors
point to possible greater stretch effects than accounted
for to explain the relative slowness of their data. The
Koroll et al. values [22], on the other hand, are much
faster than any other between 1.0 < ¢ < 2.5. The re-
cent flame speed measurements of Dowdy et al. [29]
and Tse et al. [31] probably are the most representa-
tive of the entire data set; they have a maximum flame
speed of 2.85 ms~! at ¢ = 1.75.

Lamoureux et al. [32] very recently measured the
speeds of freely propagating flames in a spherical bomb
for five Hy/air mixtures using a diluent consisting of
CO,+ He to mimic the effect of water vapor on flame
speed. The mixtures were composed of as follows:
x(40%He + 60%CO,) + (1 — x)(Hy+ air), where x
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Figure 1 Atmospheric Hy/O;/air flame speeds versus
equivalence ratio, T; = 298 K. ¢ Koroll et al. [22], B Iijima
and Takeno [23], A Takahashi et al. [24]; stretch corrected:
X Wu and Law [25] x Egolfopoulos and Law [26], @ Law
[27], & Vagelopoulos et al. [28], @ Dowdy et al. [29], + Aung
et al. [30], and A Tse et al. [31].

ranged from 0.0 to 0.4, and with synthetic air of com-
position O,:N, = 20:80.

High-Pressure Flame Speeds

In addition to their atmospheric flame speed measure-
ments, Tse et al. [31] also measured mass burning
velocities for H,/O,/He mixtures in the equivalence
ratio range 0.5 < ¢ < 3.5 and between 1 and 20 atm
at an initial temperature of 298 K. It was reported that
flames became increasingly unstable at elevated pres-
sures. For this reason, true stretch-free flame speeds
become more diffcult to measure. Experimentally, in
the case of the 10-20 atm data, the oxygen to fuel ratio
was reduced to suppress diffusional-thermal instabil-
ity and delay hydrodynamic instability. Using helium
as the diluent also helped minimize instability up to
20 atm by reducing the Lewis number of the flame
and retarding the formation of flame cells. Stretch-free
flame speeds have only been available up to a few at-
mospheres. The oxygen to helium ratio at 1 to 5 atm
was 1:7 (12% dilution) and at elevated pressures, this
ratio was 1:11.5 (8% dilution).

Burner-Stabilized Flame

In their investigation of a rich 18.83% hydrogen, 4.6%
oxygen, and 76.57% nitrogen flame at atmospheric
pressure, Dixon-Lewis and Sutton [33] measured the
temperature profile and the concentration profiles of
the stable species in the flame, above and below the
burner. Flame structure measurements had been car-
ried out by Kohse-HOinghaus et al. [34] who measured
H and OH radical concentrations versus distance in a
H,/O,/Ar flame, at a pressure of 95 mbar, in the equiva-
lence ratio range 0.6 < ¢ < 1.4 and in the temperature
range 1100-1350 K. Vandooren and Bian [35] investi-
gated the structure of a rich H,/O,/Ar flame over a flat
burner at a pressure of 35.5 Torr and at an equivalence
ratio of 1.91. They reported H,, O,, H,0, H, O, and
OH species mole fractions versus distance above the
burner.

Flow Reactors

Mueller et al. [6] measured H;, O,, and H,O profiles
over the temperature range 850 to 1040 K, at equiva-
lenceratios of 0.3 < ¢ < 1.0inthe pressure range from
0.3 to 15.7 atm and over a range of residence times of
0.004 to 1.5 s. Previously, Yetter et al. [36] reported
atmospheric H;, O,, and H,O profiles at 910 K, and at
an equivalence ratio of 0.3.
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Experiments Simulated

A representative selection of recent experimental work
has been chosen to validate the H,—O, combustion
mechanism. The chosen experiments were

1. the ignition delay times measured by Schott and
Kinsey [9], Skinner and Ringrose [10], Fujimoto
and Suzuki [12], Bhaskaran and Gupta [14],
Slack [15], Cheng and Oppenheim [16], Petersen
et al. [19], Hidaka et al. [18], Petersen et al. [20],
and Wang et al. [21]. Simulations of the data
of Asaba et al. [11], Hasegawa and Asaba [13],
and Koike [17] were not attempted in this study
because of a lack of sufficient information.

2. the flame speed measurements of Dowdy et al.
[29]. These flame speeds not only span a wide
range of equivalence ratio but are in agreement
with the more recent values of Tse et al. [31].
Dowdy and coworkers also measured the tem-
perature profiles, thus making their data more
amenable to simulation.

3. the high-pressure flame speed measurements of
Tse et al. [31]. This data is the only set where
hydrogen flame speeds have been measured at
pressures greater than 5 atm.

4. the very lean Hy/air and H,/air/CO,/He flame
speed measurements of Lamoureux et al. [32].

5. the burner-stabilized flame profiles of Vandooren
and Brian [35] in which reactant and intermedi-
ate species concentrations were measured as a
function of height above the burner surface. Also
included are the species profiles of Dixon-Lewis
and Sutton [33].

6. the comprehensive flow reactor data of Mueller
et al. [6] along with a single data set from Yetter
et al. [36].

CHEMICAL KINETIC MODELING

The chemical kinetic mechanism was developed and
simulations performed using the HCT program [37].
Initially, ignition delay times measured by Slack [15],
Fig. 8, and Hidaka et al. [18], Fig. 7, and the flow re-
actor experiments of Mueller et al. [6], Fig. 25, were
simulated with very good agreement observed between
experiment and model. The mechanism was then con-
verted into Chemkin 3.6 [38] format and the simula-
tions repeated in order to compare results from both
codes, which were in very good agreement as expected.
Thereafter, all other experiments including the flame
speeds and the burner-stabilized flame profiles were
simulated using only the Chemkin applications.

Thermodynamic and Transport Properties

The H,/O, reaction mechanism consists of 19
reversible elementary reactions, Table I, together
with the thermochemical data, Table II. Reverse rate
constants were computed by microscopic reversibility.
The thermochemical data for each species considered
in the mechanism are from the Chemkin thermody-
namic database [51] with the exception of two:

1. AHf(HOz, 298 K) of 3.0 kcal mol~!, from Hills
and Howard [52] which is in good agreement
with the recent reappraisal by Ramond et al. [53]
of 3.2 4 0.5 kcal mol~.

2. AHg( OH, 298 K) of 8.91 kcal mol~! which is
based on recommendations by Ruscic et al. [54]
and Herbon et al. [55].

The Chemkin database of transport parameters was
used without modification. As in the study of Tse
et al. [31], the kinetic parameters of helium were as-
sumed equal to those of argon in order to simulate
flame propagation where helium is the diluent. As Tse
et al. noted, using the third-body efficiency of argon for
monatomic helium is a useful starting estimate; ther-
molecular reactions such as H + O, + M = HO,+ M
become significant at elevated pressures and so the un-
certainties in these values can create considerable dif-
ferences in the flame speeds.

Mechanism Formulation

The kinetic mechanism referred to in this study as this
study or the revised mechanism has its origins in the
CO/H,/O, reaction mechanism of Yetter et al. [56],
which was updated later by Kim et al. [57] and is, for the
most part, taken from the more recent work of Mueller
et al. [6].

We found it necessary to modify some of the kinetic
parameters of Mueller et al. in order to achieve an over-
all improvement with all the experimental data sim-
ulated here. This altered version of the mechanism,
Table I, the revised mechanism, reproduces the se-
lected experimental datasets more accurately than that
published by Mueller and coworkers.

The entire data set has also been simulated using rel-
evant portions from Leeds 1.5 [58], Konnov [59,60] and
GRI-Mech 3.0 [61] which are all primarily methane ox-
idation mechanisms. The reason for using both Konnov
mechanisms is that the shock tube data presented in
Figs. 4-6 was used to validate version 0.3, while the
more recent version 0.5 was used to simulate the re-
maining data. A select set of experiments is repro-
duced here using GRI-Mech, Leeds, and Konnov as
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Table I Revised H,/O, Reaction Mechanism (units: cm”, mol, s, keal, K)

Reaction A n E, Ref.
H>/O; chain reactions
1 H+0,=0+0H 1.91 x 10 0.00 16.44 [39]
2 O+H, =H+OH 5.08 x 10* 2.67 6.292 [40]
3 OH + H, = H+ H,0 2.16 x 108 1.51 3.43 [41]
4 O+ H,0 = OH + OH 2.97 x 10° 2.02 13.4 [42]
H,/O; dissociation/recombination reactions
54 H+M=H+H+M 4,57 x 10 —1.40 105.1 [43]
6> O0+0+M=0,+M 6.17 x 1012 —0.50 0.00 [43]
7¢ O+H+M=0H+M 472 x 1018 —1.00 0.00 [43]
gd-e H+OH+M=H,0+M 4.50 x 1022 —2.00 0.00 [43] x2.0
Formation and consumption of HO,
9f.g H+0,+M=HO, +M 3.48 x 1016 —0.41 —1.12 [44]
H+ 0, =HO,» 1.48 x 10'2 0.60 0.00 [45]
10 HO, + H=Hy + O, 1.66 x 1013 0.00 0.82 (6]
11 HO, + H = OH + OH 7.08 x 1013 0.00 0.30 (6]
12 HO, +O=0OH+ 0, 3.25 x 1013 0.00 0.00 [46]
13 HO, + OH = H,0 + O, 2.89 x 1013 0.00 —0.50 [46]
Formation and consumption of HyO»
14% HO, + HO; = Hy0; + 05 4.2 x 10 0.00 11.98 [47]
HO, + HO, = H,05 + O, 1.3 x 101 0.00 —1.629 [47]
15/ H,O, +M =OH+OH+M 1.27 x 1017 0.00 45.5 [48]
H,0, = OH + OH 2.95 x 1014 0.00 48.4 [49]
16 H,0, + H = H,0 + OH 2.41 x 1013 0.00 3.97 [43]
17 H,0, + H = H, + HO,» 6.03 x 1013 0.00 7.95 [43] x 1.25
18 H,0, + O = OH + HO, 9.55 x 100 2.00 3.97 [43]
19% H,0, + OH = H,0 + HO» 1.0 x 10'2 0.00 0.00 [50]
H,0, + OH = H,0 + HO, 5.8 x 101 0.00 9.56 [50]

¢ Efficiency factors are H,O = 12.0; H, = 2.5.

b Efficiency factors are H,O = 12; H, = 2.5; Ar = 0.83; He = 0.83.
¢ Efficiency factors are H,O = 12; H, = 2.5; Ar = 0.75; He = 0.75.
4 Original pre-exponential A factor is multiplied by 2 here.

¢ Efficiency factors are H,O = 12; H, = 0.73; Ar = 0.38; He = 0.38.

/ Troe parameters: reaction 9, a = 0.5, T** = 1.0 x 7%, T* = 1.0 x 10*%°, T** = 1.0 x 10"'%; reaction 15, a = 0.5, T** = 1.0x 3,

T* =1.0 x 107,
¢ Efficiency factors are H, = 1.3; H,O = 14; Ar = 0.67; He = 0.67.
" Reactions 14 and 19 are expressed as the sum of the two rate expressions.
! Efficiency factors are H,O = 12; H, = 2.5; Ar = 0.45; He = 0.45;

Table I AH{(298.15 K) kcal mol~!, $(300 K) and C ,(T) in cal mol~! K~!

Specific heat capacity, C),

Species AHF®K §I00K 300K 400 K 500 K 800K 1000 K 1500 K
H 52.098 27.422 4.968 4.968 4.968 4.968 4.968 4.968
0 59.56 38.500 5.232 5.139 5.080 5.016 4.999 4.982
OH 8.91 43.933 6.947 6.992 7.036 7.199 7.341 7.827
H, 0.00 31.256 6.902 6.960 6.997 7.070 7.209 7.733
0, 0.00 49.050 7.010 7.220 7.437 8.068 8.350 8.721
H,0 —57.77 45.154 8.000 8.231 8.446 9.223 9.875 11.258
HO, 3.00 54.809 8.349 8.886 9.465 10.772 11.380 12.484
H,0, —32.53 55.724 10416 11.446 12.346 14.294 15.213 16.851
N, 0.00 45.900 6.820 7.110 7.520 7.770 8.280 8.620
Ar 0.00 37.000 4.900 4.900 4.900 4.900 4.900 4.900
He 0.00 30.120 4.970 4.970 4970 4.970 4.970 4.970




608 O CONAIRE ET AL.

an indication of their performance but they have not
been comprehensively tested.

A comparison shows that these mechanisms are
quite different, Table III; not only does the total num-
ber of reactions differ but so do the rate constant
expressions.

Reaction Kinetics

It will be clarified later why we made the modifications
we did but for now let us look at those that have been
made. One of the rate expressions that we modified was

H+ OH+M = H,0 + M.

Figure 2 illustrates a selection of experimental and
review Kinetic recommendations for this reaction from
Tsang and Hampson [43], Gay and Pratt [62], Baulch
et al. [63], Troe [64], Zellner et al. [65], and Bulewicz
and Sugdan [66]. Between 1250 and 2000 K, there is
at least a 100-fold range in reported experimental and
review data. The revised rate constant, see Table I, is
twice the recommendation of Tsang and Hampson.

Most of the data for the reaction: H,O, + H =
H, + HO, lies between 700 and 1100 K. The data plot-
ted alongside our revised rate constant for this reac-
tion, Fig. 3, include the experimental data of Baldwin
etal. [67] in addition to the review data of Baulch et al.
[63], Tsang and Hampson [43], Lee and Hochgreb [68],
Baldwin and Walker [69], and Gorse and Volman [70].

In a recent study, Michael et al. [71] measured the
rate constant of the reaction H + O, + M = HO, + M.
The measured rate constants for the collision partners
nitrogen and argon are in good agreement with our es-
timates and so it was decided to adhere to the estimated
rate constants and efficiencies.

Simulating Experimental Conditions

Senkin [72] or Aurora [73] compute the time evolution
of ahomogeneous reacting gas mixture in a closed sys-
tem. This includes predicting the chemical behavior be-
hind incident and reflected shock waves in a shock tube

Table III A comparison of the mechanisms tested

Listed Duplicate Actual
Mechanism Reactions Reactions Reactions
This study 21 4 19
Mueller et al. 29 4 27
GRI-Mech 3.0 30 6 27
Leeds 1.5 23 2 22
Konnov 0.3 24 2 23
Konnov 0.5 29 4 27
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Figure 2 H+OH+M=H,0+M. O this study, ®
Tsang and Hampson [43] (used by Mueller and coworkers),
® Gay and Pratt [62], A Baulch et al. [63], B Troe [64], &
Zellner et al. [65], A Bulewicz and Sugden [66], « Baulch
et al. [63].

and species evolution in a laminar flow reactor. A limit-
ing case, frequently applied when simulating reactions
in shock waves and also used in this study, assumes
a constant volume (density) boundary which we used
to simulate reflected shock ignition delay times. The
Shock code [74] was used to simulate ignition delay
times behind incident shocks.

We used the application Premix [75] to model time-
independent, adiabatic freely propagating (expanding
spherical) flame speeds in addition to species and
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Figure 3 H,0, + H = HO, + Hy. O this study, ® Tsang
and Hampson [43] (used by Mueller and coworkers), »
Baulch et al. [63], B Baldwin and Jackson [67], OJ Lee and
Hochgreb [68], A Baldwin and Walker [69] and ¢ Gorse and
Volman [70].



A COMPREHENSIVE MODELING STUDY OF HYDROGEN OXIDATION 609

intermediate concentration profiles in a burner-
stabilized flame. In order to allow for changes in the
structure of the flame with time, a re-gridding strat-
egy is included which involves the computation of the
optimum grid as part of the time-dependent solution.
We used the standard Chemkin transport package, with
thermal diffusion included and increased the number of
grid-points until the flame speed converged. Mixture-
averaged transport properties were employed. Some
modeling workgroups such as Resources Research In-
stitute, University of Leeds prefer to use the multi-
component transport option. Lawrence Livermore Na-
tional Laboratories use the mixture-averaged transport
properties as we do.

Shock Tube

Konnov [59,60] used the experiments of Schott and
Kinsey along with those of Skinner and Ringrose, to
validate version 0.3 of his mechanism at temperatures
of 965-2700 K. In both studies, ignition delays be-
low 1200 K correspond to the time of maximum [OH];
above 1200 K they correspond to the time at which
[OH] = 10~° mol dm~3. In addition, both studies plot-
ted the experimental data as the concentration of molec-
ular oxygen multiplied by the ignition delay time versus
temperature. Figures 4—6 depict both sets of experimen-
tal results with Konnov’s mechanism predictions in ad-
dition to those of our current mechanism and those of
Mueller et al. Both our predictions and those of Mueller
et al. are identical except for Skinner et al. and are in
overall good agreement with the experimental data.
The ignition delay times, T, measured by Hidaka
and coworkers correspond to the tangent to the

T/K
1040 1020 1000 980 960

'
w
1

.()—_>'.-'-

Log {tx [0,]} /mol dm” s

0.95 1.00 1.05

1000 K/ T
Figure4 7 x [O] versus 1/T W Skinner and Ringrose [10]
8% Hy+ 2% O, + balance Ar, at 1 atm. —— this study, —-—-
Mueller et al., - - - Konnov 0.1-0.3, [59].

T/K
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ml-g ] |
O 5+ ]
X
e
3
'9 T T T T
0.5 0.6 0.7 0.8 0.9 1.0
1000K /T
Figure 5 7 x [O3] versus 1/T m Schott and Kinsey [9] 1%
Hy + 2% O, + balance Ar, at 1 atm. —— this study and

Mueller et al., - - - Konnov 0.1-0.3, [59].

maximum rate of increase in water concentration,
(d[H,0]/df)max = 7, and were thus calculated in our
simulations with very good agreement between our
model (the Mueller mechanism gives identical results)
and experiment, Fig. 7.

Slack [15] measured ignition delay times in stoi-
chiometric hydrogen/air mixtures at a reflected shock
pressure of two atmospheres. The revised mecha-
nism performed very well over the entire tempera-
ture range in simulating the experimental data, Fig. 8.
The Mueller et al. mechanism, on the other hand, pre-
dicts slower ignition times, particularly at temperatures
below 1025 K.
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Figure 6 7 x [O3] versus 1/T m Schott and Kinsey [9] 4%
Hy + 2% O; + balance Ar, at 1 atm. —— this study and

Mueller et al., - - - Konnov 0.1-0.3, [59].
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Figure7 Ignitiondelay measurements 1.0% Hj 4 1.0% O,
balance Ar, at 3 bar; Hidaka et al. [18] m; model predictions
—— this study and Mueller et al., --- Leeds 1.5, - - - GRI-
Mech 3.0, —- - Konnov 0.5.

The mechanism is in good agreement with the
ignition delays of Fujimoto and Suzuki [12], partic-
ularly between 900 and 1100 K, Fig. 9, although the
mechanism is too slow at temperatures below 950 K.

The results of Petersen et al. [19] along with model
predictions are shown in Fig. 10. Three sets of data
from the same study, in the pressure range 33—64 atm
and in the temperature range 1650—1930 K, have also
been simulated with good agreement, but are not shown
here. The ignition delays were measured as the tangent
of the pressure profile versus time. Figure 11 illustrates
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Figure 8 Ignition delay times of stoichiometric Hy/air, at 2
atm, from Slack [15]: B; model predictions — this study,

—-—- Mueller et al. and Mueller et al. with € (Hp) = 1.3 for
H+ 0, +M=HO; +M,---Leeds 1.5, - - - GRI-Mech 3.0
and Konnov 0.5.
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Figure 9 Ignition delay times for stoichiometric Hp/air,
from Fujimoto and Suzuki [12]: A light emission, O pressure;
—— this study, - - - Mueller et al.

the difference between the ignition delay time mea-
sured from the onset of temperature rise and the ignition
time measured by the tangent of the pressure profile.
The more recent atmospheric shock tube measurements
of Petersen et al. [20], Figs. 11 and 12, are also re-
produced with reasonable success by our mechanism
although the experiments shown in Fig. 12 are con-
siderably faster than those predicted by this study and
Mueller et al. For this set of data, the ignition delay time
could not be determined from the simulated pressure
or temperature profiles at high temperatures, simply
because the pressure and temperature did not give an
unambiguous ignition delay time as the mixtures were

7/K
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Figure 10 Ignition delay times for stoichiometric Hy/O2/Ar
[19]; m 0.5% Hy + 0.25% O, 64-87 atm; @ 2.0% Hy +
1.0% O3, 33 atm; A 0.1% H + 0.05% O,, 64 atm; model
predictions: —— this study and Mueller et al., —-,- - - Leeds
0.5, - - - GRI-Mech 3.0, —- - Konnov 0.5.
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Figure 11 Ignition delay times [20]: ® 1.03% H; + 0.5%
O3, balance Ar, at ~~1 atm; model predictions —— based on
pressure-rise, - - - based on temperature-rise.

very dilute; so, the ignition delay time was re-defined,
in this case only, as the time corresponding to a maxi-
mum in the product of the concentrations of OH and O,
thatis [O] x [OH]. Two additional sets of data from that
study, in the temperature range 1100-1520 K and at 1
atm were simulated with good agreement but are not
shown here. The measurements of Cheng et al. [16] and
Bhaskaran et al. [14] are replicated well in this study,
Figs. 13 and 14.

The experiments of Wang et al. [21] are well
reproduced although only one data set is shown here,
Fig. 15. The only significant discrepancies arise for
the 0% and 15% steam mixtures, where the mea-
sured ignition delay times are a lot faster than those
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Figure 12 Ignition delay measurements [20]: ® 1.03% H»
+ 0.5% O,, balance Ar, at ~1 atm; model predictions —
this study and Mueller et al.
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Figure13 Ignition delay times from Cheng and Oppenheim
[16]: ® 6.67% H, + 3.33% O,, balance Ar, at ~1.9 atm;
model predictions — this study, —-—- Mueller et al., ---
Leeds 0.5, - - - GRI-Mech 3.0, —- - Konnov 0.5.

predicted by the models below 1010 and 1090 K,
respectively.

Rotational relaxation of N, was not taken into
consideration. Given that atomic species substantially
decrease the vibrational relaxation rate [76,77], this is
probably a reasonable assumption for Figs. 8, 14,
and 15.

The improved predictions are a result of choosing a
third-body efficiency of 1.3 for H; in the reaction H +
0, + M = HO, + M, whereas Mueller et al. adopted
a value of 2.5. This has resulted in the improvements
seen in the simulation of the ignition delays of Slack,
Fig. 8, and those of Fujimoto et al., Fig. 9.
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Figure 14 Ignition delay measurements from Bhaskaran
et al. [14]: W 22.59% Hy + 14.79% O,, balance Ny, at 2.5
atm; model predictions — this study, —-—- Mueller et al.,
---Leeds 0.5, - - - GRI-Mech 3.0, —- - Konnov 0.5.
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Figure 15 Ignition delay times for a hydrogen/air mixture
at0.3-0.5 MPa [21] versus model predictions: —— this study,
—-—- Mueller et al., --- Leeds 0.5, - - - GRI-Mech 3.0, —--
Konnov 0.5. Mixture composition: 11.25% Hj, 63.75% air,
25% steam.

Freely Propagating Flames

As far back as 1972, Andrews and Bradley [78] demon-
strated that laminar flame speeds could be substantially
modified by aerodynamic stretch. Aerodynamic flame
strain (or stretch) is caused by preferential mass and
thermal diffusion along with flow divergence. Depend-
ing on the influence of experimental conditions, the
flame can undergo positive or negative stretch which
must be adjusted to give a flame speed that contains
a minimal amount of stretch. The influence of stretch
is more pronounced in hydrogen flames than in other
fuels due to its highly diffusive nature. Only in the
last 10 years there has been a concerted effort to min-
imize these effects. Uncertainty in the scatter of flame
speed data needs to be minimized in order to assess the
effectiveness of proposed kinetic schemes for flame
propagation.

Hydrogen/Air Freely Propagating Flame

Freely propagating premixed hydrogen/air flame
speeds at atmospheric pressure were simulated as
a function of fuel/oxygen equivalence ratio and the
model predictions compared to the selected set of
experiments, Fig 16.

The original mechanism lies between Tse et al.
[31] and the uncorrected results of Takahashi et al.
[24] but does not adequately represent the stretch-free
measurements of Dowdy et al. [29] and Tse et al.;
the revised mechanism is in excellent agreement with
these experiments, Fig. 16. An increase by a factor
two in the recommended rate constant of the reaction

-1

Flame speed /m s

Equivalence ratio (¢)
Figure16 H;/O,/air flame speeds versus equivalence ratio;
1 atm, 298 K. A Takahashi et al. [24], A Tse et al. [31], &
Dowdy et al. [29], + Aung et al. [30], B lijima and Takeno
[23]; —— this study, —-—- Mueller et al., - - - Leeds 0.5, - - -
GRI-Mech 3.0, —- - Konnov 0.5.

H+ OH +M = H,0 + M resulted in a closer fit to
the experimental data represented in the NIST database
[79] and lowered simulated atmospheric flame speeds
from stoichiometric to rich conditions by up to 7% at
maximum burning velocity.

Hydrogen/Oxygen/Helium Freely
Propagating Flame

The measured H,/O,/He mass burning rates of Tse et al.
[31] spanned the pressure range 1-20 atm. Mueller
et al. tends to overestimate the mass burning velocity,
Fig. 17. As the pressure increases, so there is an increas-
ing overestimation of the predicted burning velocity
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Figure 17 Mass burning velocities for H»/Oz/He flames,
Or:He=1:7,Tseetal [31] @1 atm, O 3 atm, A 5 atm.
model predictions — this study, —-—- Mueller et al., - - -
Leeds 0.5, - - - GRI-Mech 3.0, —- - Konnov 0.5.
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calculated using the Mueller mechanism, with our cur-
rent mechanism in very good agreement with the ex-
perimental data, Figs. 18 and 19.

Figure 20 depicts the mass burning velocity as a
function of pressure for the two distinct He : O, mix-
tures; the revised mechanism fits the data substantially
better than the mechanism of Mueller et al. particularly
for the high-dilution mixture.

Lean Hydrogen/Air with and without
CO,/He Diluent

The experiments of Lamoureux et al. were simu-
lated with only limited success. Of the five mixtures,
H,/air/CO,/He, for which there are results it was not
possible to simulate mixtures x = 0.3 and 0.4 and the
remainder could not be simulated across the complete
range of measured equivalence ratio. This was because
the Premix code is less likely to converge with increas-
ingly lean H,/air mixtures and more so with added car-
bon dioxide and helium. The simulated flame speeds
are consistently slower than the measured values in the
equivalence ratio range 0.5 < ¢ < 0.7. It is pertinent
to note that the measurements we did simulate success-
fully were all up to 20% faster than simulations.

The major factors affecting a change in the flame
speed, particularly at elevated pressures are:

1. An increase by a factor two in the recommended
rate constant of the reaction H+ OH+ M =
H,0 + M lowered simulated flame speeds espe-
cially at higher pressures from stoichiometric to
rich conditions by up to 16% at maximum burn-
ing velocity. The 1, 3, 5, 10, 15, and 20 atm
burning velocities of Tse and coworkers were re-
duced by 4, 5, 6, 12, 15, and 16% respectively at
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Figure 18 Mass burning velocities for Hy/O,/He flames,
Oy:He=1:11.5;Tseetal. [31]m 10 atm, O 15 atm, A 20
atm. model predictions — this study, - - - Mueller et al.
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Figure 19 Mass burning velocities for H/O,/He flames,
O :He=1:11.5; Tseetal. [31] at 20 atm. model predictions

—— this study, —-—- Mueller et al., - - - Leeds 0.5, - - - GRI-
Mech 3.0, — - - Konnov 0.5.

¢ = 1.5 to those predicted by the Mueller et al.
mechanism.

2. The reduction in H,/O,/He burning velocities
was enhanced at high pressures (10-20 atm) by
the increase in the third-body efficiency of wa-
ter from 12 to 14 for the reaction H+ O, +
M = HO, + M but offset by the third-body ef-
ficiency of H, for the reaction H+ OH 4+ M =
H,O + M which is recommended in GRI-Mech
3.0 [61]. Measurements of the rate of the reac-
tion H + O, + M = HO, + M, where M = H,O
at temperatures greater than 900 K, exhibit a
wide variation. We use the rate expression of
3.5 x 10T 0 exp(+564/T) cm® mol=2 s~!
as recommended by Mueller et al. Shock tube
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Figure 20 Mass burning velocities for Hp/O,/He flames
versus pressure at o =1.5; Tse et al. [31] A Oy : He=1:7,
007 :He=1:11.5. model predictions —— this study,—-—-
Mueller et al., - --Leeds 0.5, - - - GRI-Mech 3.0, — - - Konnov
0.5.
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and flame studies have reported third-body effi-
ciencies for H,O compared to argon from 4 to 44
[80]. In their study of this reaction Hanson et al.
[80] determined that their data, at 1100 K and
35 atm, indicated a third-body efficiency of 17.8
for water relative to argon, consistent with the
value used in GRIMech v2.11 [81]. This result is
also in agreement with the work of Ashman and
Haynes [82] in the temperature range 750-900 K
and at atmospheric pressure. For the reaction
H + 0, + M = HO, + M, we use an efficiency
of 0.67 for Ar and do not include a separate rate
expression for this reaction when the third body
is argon Oas do Mueller et al. Our efficiency of 14
for H,O is equivalent to a HyO:Ar effective ratio
of 21:1. The Bromly et al. [83] rate constant of
ko = 2.6 x 10" exp(4+679.4/T) cm® mol 2 s~!
which was used in the Stanford study is approx-
imately 1.4 times faster at 900 K than the value
of recommended by Mueller et al. and used also
by us. As our rate expression is lower than that
recommended by Hanson et al., an increase in
the efficiency of water will increase our rate of
reaction, consistent with the Hanson study.

3. The reduction in the enhanced third-body effi-
ciency of H, from 2.5 to 1.3 for the reaction
H + O, + M = HO, + M counteracted the low-
ering of high-pressure burning velocities by 6%
as did the new third-body efficiency of H, for the
reaction H 4+ OH + M = H,0 + M, but only by
1%. In a recent study, Michael et al. quoted three
values from previous work [84—86] for the H,
collision efficiency of 1.37, 1.1, and 1.4 respec-
tively (relative to N»), thus our choice of 1.3 here
seems entirely justified.

Burner-Stabilized Flame

In an elegant series of experiments Vandooren and Bian
[35] measured species concentrations as a function of
the distance above the burner in a premixed, flat flame
at an equivalence ratio of 1.91 and at an initial pressure
of 35.5 Torr.

The experimental flame temperature profile was
used in modeling the data and the same re-gridding
strategy was used as in the freely propagating flame,
described above. Both the original and the revised
mechanisms predict essentially the same species pro-
files and are in reasonable agreement with experiment,
Fig. 21.

There is some discrepancy between the models and
experimental oxygen profile in the preheating zone of
the flame front close to the burner. The maximum ex-
perimental and computed concentrations of water are
identical as are the gradients of water formation. Shift-

Species mole fraction

T T
0.0 0.5 Lo 1.5 2.0 2.5
Distance above burner (cm)

Figure 21 Species profiles in a 39.7% Hy + 10.3%
Oy, balance Ar, low-pressure burner-stabilized flame from
Vandooren and Bian [35]: O Hp, A O,, @ HyO; —— this
study and Mueller et al.

ing the experimental profile for water only 1.5 mm
toward the burner surface would result in much better
agreement.

These H, burner-stabilized flames can only be prop-
erly simulated if radical quenching on the burner sur-
face is factored into the computation. The double
peak in the computed OH profile, Fig. 22, is an ar-
tifact caused by neglect of radical quenching on the
burner surface. This was not done in this study because
this data was not used to validate any changes to the
mechanism.

Figure 22 shows the comparison of the H, O, and
OH concentration profiles [35] with those predicted by
our mechanism and that of Mueller et al. For the rad-
icals, the model predictions are higher than the mea-
sured values. The computed profile for the intermediate
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Figure 22 Species profiles in a 39.7% H; 4+ 10.3% O3,
balance Ar, low-pressure burner-stabilized flame from
Vandooren and Bian [35]: @ H, A O, 00 OH; —— this study
and Mueller et al.



A COMPREHENSIVE MODELING STUDY OF HYDROGEN OXIDATION 615

in simulations and good agreement found for O, and

o R \~\ a4 “ H,O profiles, although that for hydrogen is much
020 ] o D@ . N i poorer, Fig. 23. Overall for the same species, we find
a DU\\ AZ much better agreement of our model with the more

0.15 3 o ] recent measurements of Vandooren and Bian [35].

= 010 e N ] Flow Reactor
. e Experiments carried out in an adiabatic flow reac-
0.05 o ] tor provide a well-characterized environment that is
Al AAAAA \‘ designed to minimize mixing and diffusion effects
0-00 7 - RS [87,88]. Simulations were performed under the as-
0.0 02 04 0.6 sumptions of plug flow:

Distance above burner (cm)
Figure 23  Species profiles in atmospheric pressure 18.83%
Hy + 4.6% O, balance N», burner-stabilized flame from
Dixon-Lewis and Sutton [33]: 0 Hy, @ 0»/2, A HyO/2; ——
this study and Mueller et al.

species shows the same profile behavior as the exper-
imental one but the concentrations are overestimated
by up to a factor of two for H and OH radicals in the
flame and postflame zones and by a factor of five for
the H atom in the same region. Both model profiles are
in close agreement with each other.

The experimental flame structure is a demanding
test of the kinetic mechanism because the detection
method of laser induced fluorescence, used by these
workers [35], is both nonintrusive and sensitive.

Dixon-Lewis and Sutton [33] measured species con-
centrations over a flat, premixed, fuel rich H,/O,/N,
flame. The experimental temperature profile was used

« the velocity and temperature profiles in the reactor
are radially uniform;

« axial diffusion of both species and energy is neg-
ligible;

+ constant pressure and adiabatic walls were also
assumed.

Mueller and coworkers [6] measured H,, O,, and
N; reaction profiles in a flow reactor at temperatures
from 880 to 935 K and at pressures from 0.30 to 15.7
atm for a number of moderately lean to moderately rich
mixtures. In simulating these flow reactor results, the
technique of “time shifting” was used [89]; this makes
allowance for nonideal mixing at the reactor inlet. In
essence, the calculated values are shifted along the time
axis until the value for 50% fuel consumption exactly
matches the experimental value. Time shifts used in
carrying out the simulations are shown in Table IV.

Table IV Initial Conditions for the Flow Reactor Data of Mueller et al. [6] and Yetter and coworkers [36], along with
Model Profile Time shifts. Nitrogen Makes Up the Balance

Time Shifts (s)

Figure P (atm) T; (K) %H, %0» This Study Mueller Mech.
Fig. 24 [6] 0.60 897 0.50 0.34 —0.068 —0.068
0.60 896 0.50 0.76 —0.039 —0.039
Fig. 25[6] 0.30 880 0.50 0.50 —0.066 —0.066
Fig. 26 [6] 2.55 935 1.01 0.52 —0.248 —0.290
3.02 934 0.95 0.49 —-0.114 —0.160
344 933 1.01 0.52 —0.250 —0.290
6.00 934 1.01 0.52 —0.360 —0.400
Fig. 27 [6] 2.55 935 1.01 0.52 —0.250 —0.290
2.50 943 1.01 1.50 —0.180 —0.205
Fig. 28 [6] 15.7 914 1.18 0.61 —0.360 —0.450
15.7 914 1.18 2.21 —0.365 —0.440
Fig. 29 [6] 6.50 884 1.29 2.19 —0.320 —0.450
6.50 889 1.30 2.21 —0.600 —0.720
6.50 906 1.32 2.19 —0.480 —0.550
6.50 914 1.36 2.24 —0.400 —0.460
6.50 934 1.36 2.24 —0.250 —0.250
Fig. 30 [36] 1.00 910 0.842 1.052 -0.229 —0.228
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Figures 24-30 compare simulations to the experi-
mental data. Both mechanisms are in excellent agree-
ment with the experimental data as well as each other;
at all conditions both mechanisms exhibit identical
behavior.

The variation of hydrogen mole fraction with resi-
dence time at 934 4 1 K for four mixtures, all of the fol-
lowing composition: 1 + 0.05% H;, 0.5 £ 0.02% O,
balance N, is illustrated in Fig. 26 at pressures of 2.55,
3.02,3.44, and 6.0 atm. Both models predict essentially
the same rate of hydrogen consumption and are in good
agreement with experiment except for the 6.0 atm data
which is initially faster than the experiments. Figure 25
illustrates the performance of the latest and previous
Chemkin codes along with the HCT code. There is no
difference in the simulation with either of these codes.

The reaction H + O, + M = HO, + M exhibits
large sensitivity at around 3 atm in this set of flow
reactor data, and simulations were very sensitive to
modifications to most of the kinetic parameters of this
reaction.

Figure 27 illustrates an example where the mech-
anisms do not perform as well at lean hydrogen con-
ditions and 2.5 atm. The stoichiometric fuel simulated
profile at the same pressure performs a lot better.

For the highest pressure experiments at 15.7 atm the
two mechanisms are in excellent agreement with each
other and with experiment, Fig. 28.

Both the this study and the Princeton mechanism are
invery good agreement with each other and with the ex-
periments of Yetter et al. [36] who measured hydrogen,
oxygen, and water mole fractions as a function of resi-
dence time at 1 atm and 910K fora 0.842% H,, 1.052%
05, 98.106% N, mixture. The concentrations of water
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0.002 4

Hydrogen mole fraction

0.000

0.00 0.01 0.02 0.03 0.04
Time, ¢ /s
Figure 24 Flow reactor hydrogen mole fraction [6] versus
residence time for 0.5% Hj, at 896 K, and 0.6 atm: O ¢ =
0.33, A ¢ = 0.75; — this study and Mueller et al., ---
Leeds 1.5, - - - GRI-Mech 3.0 and Konnov 0.5.
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Figure 25 Flow reactor species [6] versus residence time
for 0.5% Hy + 0.5% O in N», at 880 K and 0.3 atm; O Hp,
A Oy, @ HyO; —— this study Chemkin 3.6.2, 3.7 and HCT
and Mueller et al.

are slightly overestimated for times of less than 12 ms
and slightly underestimated for times greater than 18
ms, Fig. 30.

Sensitivity Analysis

Having carried out a detailed sensitivity analysis of
each of the 19 H,/O, reactions for the shock tube, flow
reactor, and free flame, the sensitive reactions were
identified as

H+0, =0+ OH
O+H, =H+OH
OH +H, = H+ H,0
O 4+ H,0 = OH + OH
H+OH+M=H,0+M
H+0,+M=HO,+M
HO, +H=H, + 0,
HO, + H = OH + OH
H,0, + H = H, + HO,

These reactions were investigated further to deter-
mine whether modifying their rate constants resulted
in an overall improvement in the models’ agreement
with the experimental data sets. Sensitivity analyses
were carried out on five of the H,/O, datasets that
encompass the four combustion environments stud-
ied: Slack’s ignition delay calculations, the atmo-

spheric flame speed measurements of Dowdy et al.,
the H,/O,/He mass burning velocities of Tse et al.,
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Figure 26 Flow reactor [6] hydrogen mole fraction versus
residence time at 934 + 1 K for a 1.01% H; + 0.52% O,
balance Ny, mixture except 3.02 atm which is 0.95% H, +
0.49% O,. W 2.55 atm, O 3.02 atm, A 3.44 atm, v 6.00 atm;
—— this study and Mueller et al.

and the species concentration profiles of Mueller et al.
The reaction H + O, = O + OH was not investigated;
there are several more recent studies that have re-
ported rate constants for this reaction. Those used
in the major reaction mechanisms are Pirraglia et al.
[39] (this study), Yu and Frenklach [90], Baulch et al.
[46] Ryu et al. [91], and Hessler [92]. In his study,
Hessler notes a 94.5% confidence envelope in the
data. Troe [93] has very recently published a com-
prehensive review of this reaction from the earliest
studies of Ostwald to the latest recommended value,
3.43 x 1071070097 exp(—7560/T) cm® molecule™>
s7! [94].

Hydrogen mole fraction

T T
0.00 0.05 0.10 0.15 0.20
Time, t/s

Figure 27 Flow reactor [6] hydrogen mole fraction versus
residence time, at2.5 = 0.05 atm, A 935K,0.5% Hy +0.52%
07 in Np; 0 943 K, 1.01% Hy + 1.5% O3 in No; —— this
study and Mueller et al.

0.012 4
8 1
—
S 0.008
Lb 4
2 -
[=1 ]
g ]
8 0004
&0 |
-é p
T ]

0.000

0.0 0.4 0.8 1.2
Time, t/s

Figure 28 Flow reactor [6] hydrogen mole fraction versus
residence time, at 15.71 atmand 914K: A 1.18% Hy +2.21%
0, in Np, 0 1.18% Hjy + 0.61% O in No; —— this study,
--- Mueller et al.

Altering the channel ratio for the reactions

HO, +H=H, + 0,
HO, + H = OH + OH

in any way was found to have an adverse effect on the
flow reactor simulations. Therefore we neither altered
the channel ratio nor the total rate. Where appropriate,
rate constants were only changed within the bounds
of previously reported experimental and review data
contained in the NIST database [79].

Sensitivity analyses were performed by multiplying
the rate constant of each individual reaction by two and
calculating the change in the appropriate parameter.

0.012]
g ]
o 4
= i
(%3
e 4
= 0008
© 1
g i
g ]
o i
[
& 0.004]
i ]
- i

0.000-]

0.0 02 0.4 0.6 08
Time, t/s

Figure 29 Flow reactor [6] hydrogen mole fraction versus
residence time [6], at 6.5 atm, 1.3% Hj, 2.2% O,: B 884 K,
0 889K, A 906 K, ¢ 914 K, @ 934 K; — this study and
Mueller et al.
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Figure 30 Flow reactor [36] hydrogen mole fraction versus
residence time at 1.0 atm and 910 K: ® Hp, A O,, O H,0;

model predictions: —— this study and Mueller et al., ---
Leeds 0.5, - - - GRI-Mech 3.0, —- -Konnov 0.5.

Ignition Delay Times in a Shock Tube

In the case of shock tube sensitivity calculations,
Fig. 31, a baseline ignition delay time was computed
for a given set of physical conditions used in Fig. 8. The
rate constant of each reaction was individually multi-
plied by two and the new “perturbed” ignition delay
time calculated for the kinetic mechanism perturbed
by the reaction in question. The percent change in the
ignition delay time was recorded as the “percent sen-
sitivity” of that particular reaction. A positive value
indicates a longer ignition delay and conversely a neg-
ative value points to a shorter ignition delay time. The
reaction with the highest negative sensitivity is there-
fore the most effective in promoting the overall rate of
oxidation.

The sensitivity analysis, Fig. 31, indicates that the
ignition delay time is very sensitive to the reaction

0+H, = H+OH %

H+O M = HO, M

HO +H=COH+OH

H,0,+M = OH+OH+M+ =T

I 1000 K
[HEE 1025 K

-40 0 40 80 120

H,0+1=H+I0,

Percent sensitivity
Figure 31 Sensitivity analysis of shock tube experiments
[15]. Sensitivity of H + Oy + M = HO; + M is plotted to
1/10 scale.

H+ O, + M = HO, + M, with the reactions:
H+ 0, =0+ OH
H,0, + H = H, + HO,

also showing appreciable sensitivity.

The model ignition delay times are significantly
slower than the experiments, Fig. 8, especially at
lower temperatures. To compensate for this, the en-
hanced third-body coefficient of H, for the reaction
H+ O, + M = HO, + M was reduced from 2.5 to 1.3.
The simulated ignition delay times of Slack, Fig. 8,
are three times faster than Mueller et al. at 980 K
and the revised mechanism is in excellent agreement
with experiments. The revised simulated experimental
profile of Fujimoto is also an improvement to
the agreement with the photometric ignition delay
measurements below 1020 K.

An interesting result of the shock tube sensitivity
analysis is that the reaction H,O, + H=H, + HO, is
a significant feature of this combustion environment
only. There are very few measurements of the rate for
this reaction at the relevant temperatures, Fig. 3.

Freely Propagating Flames

A sensitivity analysis of the mechanism was carried
out on flame speed/mass burning rate calculations at
equivalence ratios of 1.0, 1.4 and 3.0 [29], Fig. 32,
and, 1.0, 1.5, and 2.5 [31], Fig. 33. The baseline or
unperturbed flame speed was computed for a given set
of physical conditions used in Figs. 16 and 17. The rate
constant of each reaction was individually multiplied
by two and the new “perturbed” flame speed calculated
for the kinetic mechanism perturbed by the reaction in
question. The percent change in the flame speed was

10, = O+0H
OHL = 11+011 |
H_+OH = H,0+ e
IL+M=11HIM |
H+OHHM = H 0M
H+0 +M=HO_+M |
HO,+H = H,+0,
Ho+i=otror | 4710

gt
HO+OH=H20+0, | E=¢=3.0

T

T
-15 -10 -5 0 5
Percent sensitivity

Figure 32 Flame speed sensitivity analysis of a freely
propagating Hp, O in air flame [29] at 1 atm.
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recorded as the “percent sensitivity” of that particular
reaction.

Perturbing the A factor by a factor of two in this
case does not result in any large sensitivities. How-
ever, it is pertinent to discuss relative sensitivities so
that we can see which reactions are dominating the
combustion environment. The largest sensitivity of
—12% is due to: H + O, = O + OH. Significantly, the
reaction H + OH + M = H,0 + M shows slight pos-
itive sensitivity here but was very insensitive to the ig-
nition delay measurements, Fig. 31, and to the flow re-
actor experiments, Fig. 34. This allowed us to increase
the previously recommended reaction rate by a fac-
tor of 2 which reduced the computed maximum flame
speed by 6% at an equivalence ratio of 1.7 but which
had no effect on the computed ignition delay times or
the calculated flow reactor concentrations. However,
this increase was slightly offset by the increase in the
enhanced third-body efficiency of H,O for the reaction
H+ 0, =0+ OH.

The Tse et al. flame speeds show similar sensi-
tivities, Fig. 33, with the notable exception of the
H+ 0, +M =HO, + M reaction which does not
feature at stoichiometric and rich conditions up to 5
atm. The reaction H+ OH +M = H,O + M is not
sensitive at 5 atm, but the increase in its rate is pri-
marily responsible for the progressively slower maxi-
mum mass burning velocities with increasing pressure,
described in the Kinetic modeling section. The reac-
tion H + O, + M = HO, + M does not feature in the
sensitivity analysis carried out at five atm. We found,
however, that between 10 and 20 atm, this reaction is
primarily responsible for the reduction in mass burning
rates, Fig. 18. The mass burning velocities are an ex-
cellent fit to the experimental measurements especially
at increasing pressures.

H+0,= O+OH
H,+OH = H,0+H 1
H,+M = H+H+M

[FOI+M = 11 O+M A

HOH =H+0,

HO_+H=OH+OH{ E=—¢-1.0

LS
HO +OH=HO+0_ 1 EEE ¢=2.5

T
-15 -10 -5 0 5
Percent sensitivity

Figure 33 Flame speed sensitivity analysis in a freely prop-
agating flame [31] at 5 atm.

IHO, = 0+011 ]
O+H, =H+OH | &% 1
H+0,+M = HO +M ssesieseetaey 1)
HO +H=H_+0, | -
HO,+H = OH+OH
HO,+0 = OH+0, |
HO,+OH = H,0+0,
HO+H = H 0+OH |
H,0,+H =H,+HO,

B3 80K |
K
EEE 1000K |

T T T T T T

T
-40 20 0 20 40 60 80

Percent sensitivity

Figure34 Flow reactor sensitivity analysis at 20% fuel con-
version, 3.02 atm, 934 K, 0.95% H,, 0.49% O, and 98.56%
N> [6]. Sensitivity to the reaction H + O + M = HO» + M
is plotted to 1/2 scale.

Variable Pressure Flow Reactor

The flow reactor percent sensitivities were evalu-
ated as the percent difference between the “baseline”
calculation for the consumption of 20% hydrogen and
the “perturbed” calculation for the consumption of
20% hydrogen at 870 K, 934 K, and 1,000 K, 3.02
atm, 0.95% H,; + 0.49% O,, and balance N,. The
flow reactor was not sensitive to the alteration of the
rate of the reaction H+ OH+M = H, O+ M and
only very slightly sensitive to that for H,O, + H =
H, + HOQ.

COMPARISONS

Davis et al. [8] recently published a CO-H,—0O; mod-
eling study using many of the latest reported rate
constants for reactions such as HO, + H=H, + O,
and H+ O, + M = HO, + M. Interestingly, the au-
thors used a pressure-dependent rate constant for the
reaction H + OH + M = H,0 + M. We found that us-
ing a similar expression adversely affected the per-
formance of our mechanism in all cases. The differ-
ences in the performance of the two mechanisms are as
follows:

1. Their simulations for the shock tube experiments
of Slack [15] are considerably worse than ours
and lie closer to those of Mueller et al. [6], Fig. 8.

2. Their predicted laminar flame speeds for
H,/O,/He mixtures at elevated pressures are
much faster than those reported by Tse et al.,
with which we are in good agreement.
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We have also compared the performance of our
mechanism with the H, + O, submechanisms of a
number of recent methane oxidation schemes, namely
Konnov [59,60], Leeds [58], and GRI-Mech [61]. We
found that none of these reproduce the experiments
with the consistency of this study. Although the agree-
ment with experiments can be dramatically worse or
somewhat better than the revised mechanism, the hy-
drogen mechanism presented here has been proven to
perform much more consistently over a wider range of
experimental conditions.

The mechanism of this study reproduces all shock
tube data with greater success than the others. The
revised mechanism is the only one that can be said to
satisfactorily reproduce all of the flame speed exper-
iments, Figs. 16-20. It must be noted, however, that
the Leeds, Konnov, and GRI-Mech mechanisms do
not contain helium; in order to compute flame speeds
with these particular mechanisms, we employed the
argon parameters to simulate the helium-containing
mixtures.

The atmospheric flame data, Fig. 16, is well repro-
duced by all the mechanisms, with Mueller et al. and
GRI-Mech being the fastest and slowest respectively at
¢ > 2.0. Below ¢ = 2, Konnov and Leeds are slowest
and Mueller et al. is fastest.

Although it has been argued recently [95] that the
modeling uncertainties in flow reactor data are very
large, this study and Mueller et al. are the only two
available mechanisms that reproduce the data satisfac-
torily, Fig. 24.

Mueller et al. [6] have noted that chain-branched
reactions, which dominate at low pressures, are well
understood but for a comprehensive oxidation mecha-
nism to be successful at simulating experiments over
a wide range of conditions, the reactions of H,O, and
HO, must be taken into account; that is the case for all
the mechanisms considered here.

All four mechanisms have the same number of
species and reactions, differing only in small details.
However these details are important because they do
give rise to different predictions as illustrated above.
However, the converse may also apply with substantial
differences in a particular rate expression resulting in
essentially the same predictions. For example, for the
two sensitive reactions below, GRI-Mech and Konnov
use quite different rate constants, yet the results are
quite similar:

Reaction [60] [61]
2.8 x 10187086
9.75 x 10B3eF773/T) 2,65 x 1016 T —067¢(+8-58/T)

H+0,+M=HO,+M 1.48 x 102796
H+0,=0+0H

CONCLUSIONS

The present study has refined an existing hydrogen re-
action mechanism using the best available kinetic data
and sound thermochemical analyses. The mechanism
has been rigorously tested by comparing computed re-
sults with a wide range of data reported by a number
of authors using a variety of experimental techniques.
Agreement between computed and measured results
was good and suggests strongly that the great majority
of the reported reaction paths and rate expressions are
reasonably correct. We are confident that the changes
made to the mechanism have improved the perfor-
mance, as against existing models, over a wider range
of physical conditions. It is expected that this study will
act as a basis for the modeling of larger hydrocarbons
under a wide range of physical conditions.

We thank the Enterprise Ireland for an International Collab-
oration award.
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