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ABSTRACT: Flow reactor experiments were performed to study moist CO oxidation in the
presence of trace quantities of NO (0–400 ppm) and SO2 (0–1300 ppm) at pressures and
temperatures ranging from 0.5–10.0 atm and 950–1040 K, respectively. Reaction profile mea-
surements of CO, CO2, O2, NO, NO2, SO2, and temperature were used to further develop and
validate a detailed chemical kinetic reaction mechanism in a manner consistent with previous
studies of the CO/H2/O2/NOX and CO/H2O/N2O systems. In particular, the experimental data
indicate that the spin-forbidden dissociation-recombination reaction between SO2 and O-
atoms is in the fall-off regime at pressures above 1 atm. The inclusion of a pressure-dependent
rate constant for this reaction, using a high-pressure limit determined from modeling the
consumption of SO2 in a N2O/SO2/N2 mixture at 10.0 atm and 1000 K, brings model predictions
into much better agreement with experimentally measured CO profiles over the entire pressure
range. Kinetic coupling of NOX and SOX chemistry via the radical pool significantly reduces
the ability of SO2 to inhibit oxidative processes. Measurements of SO2 indicate fractional
conversions of SO2 to SO3 on the order of a few percent, in good agreement with previous
measurements at atmospheric pressure. Modeling results suggest that, at low pressures, SO3

formation occurs primarily through SO2 � O(�M) � SO3(�M), but at higher pressures where
the fractional conversion of NO to NO2 increases, SO3 formation via SO2 � NO2 � SO3 � NO
becomes important. For the conditions explored in this study, the primary consumption path-
ways for SO3 appear to be SO3 � HO2 � HOSO2 � O2 and SO3 � H � SO2 � OH. Further
study of these reactions would increase the confidence with which model predictions of SO3
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INTRODUCTION

The combustion of sulfur–bearing fuels almost al-
ways yields sulfur dioxide as the predominant sulfur-
containing product [1]. Flame studies [2,3] have
shown that SO2 catalyzes the recombination of radi-
cals, leading to lower flame speeds and more rapid
relaxation of super-equilibrium radical levels. Under
fuel-lean conditions, a small percentage of the SO2 is
typically oxidized to SO3, which, at low temperatures,
readily reacts with water to form sulfuric acid. In in-
dustrial power plants, this conversion of fuel sulfur to
S(VI) (SO3 and H2SO4) leads to the deposition of cor-
rosive condensates that adversely affect efficiency and
durability [4]. Aircraft emissions of S(VI) have also
received considerable interest as these species appar-
ently serve as important precursors to sulfate aerosols
[5]. In the upper atmosphere, these aerosols contribute
to the formation of persistent contrails and perturb
chemical processes by providing surface area for het-
erogeneous chemistry [6,7]. One-dimensional simu-
lations [8] of postcombustor gases flowing through
turbine and exhaust nozzles indicate that 2–10% of
aircraft sulfur emissions may exist as S(VI), with the
principal component being SO3. These calculations
further indicate that SO3 formation is kinetically lim-
ited and that competition for radicals between COX,
NOX, and SOX species influences the SO3/SO2 ratio.
Similar interactions via the radical pool as well as di-
rect interactions between nitrogen and sulfur-contain-
ing species appear to explain the effects of sulfur ad-
dition on combustion-generated NO [9,10].

A number of recent studies have investigated the
kinetic interactions between NO and moist CO chem-
istry [11,12,13]. In reference [13], we provide a CO/
H2/O2/NOX reaction mechanism which well predicts
the oxidation of H2 and CO in the presence of small
concentrations of NO and NO2 at pressures and tem-
peratures ranging from 0.4–14.0 atm and 750–1100
K, respectively. The combustion kinetics of sulfur
compounds and potential interactions with fuel oxi-
dative processes are comparatively less understood.
The review articles of Hynes andWine [14] and Cullis
and Mulcahy [15] summarize the basic chemistry of
sulfur in combustion systems. Experimental and mod-
eling studies in flames [2,3], shock tubes [16], and
flow reactors [17] have identified important reaction
pathways and provide estimates of rate constants
where elementary rate data are not available. Of par-
ticular interest to the present work, the flow reactor
study of Glarborg et al. [17] investigated the effects
of SO2 and NO on moist CO oxidation at atmospheric
pressure and temperatures between 800–1300 K. SO2

was found to inhibit CO oxidation primarily through
the scavenging of O-atoms via

SO � O (�M) � SO (�M), (129)2 3

where the implication of high-pressure fall-off behav-
ior has been added here. The observed inhibition due
to SO2 was significantly reduced through the addition
of NO, an effect not understood in the context of their
reaction mechanism.

As we have shown previously for NOX [13] and
CH4 [18,19], kinetic interactions between perturbing
species and the CO/H2O/O2 system are highly pressure
sensitive due to compositional changes in the radical
pool. In addition, important radical recombination re-
actions are in the fall-off region between their low-
and high-pressure limits at pressures and temperatures
relevant for practical combustion applications. The
present study builds upon our previous work and that
of Glarborg et al. [17] by investigating the oxidation
of CO in the presence of NO and SO2 at pressures and
temperatures ranging from 0.5–10.0 atm and 950–
1040 K, respectively. Reactivity trace data at fixed res-
idence time and varying SO2 are used to phenome-
nologically describe the perturbing effects of SO2 in
the presence of NO. Reaction profile measurements of
CO, CO2, O2, NO, NO2, SO2, and temperature as func-
tions of time are used to constrain the development a
CO/H2O/O2/NOX/SOX reaction mechanism previously
validated for the CO/H2/O2/NOX system.

FLOW REACTOR EXPERIMENT

The experimental apparatus used in this study is a vari-
able-pressure (0.2–20 atm) turbulent flow reactor ca-
pable of operating to temperatures approaching 1200
K. The design and operating characteristics of this re-
actor have been discussed in detail elsewhere [20] and
a schematic is provided in reference [21]. Carrier gas
(typically N2) is heated by an electric resistant heater
and mixed with oxygen as it enters a 10.2-cm-diameter
quartz duct that serves as the test section. The remain-
ing reactants are diluted with inert and are rapidly
mixed with the carrier gas at the entrance to a silica
foam diffuser. The reacting mixture is sampled at axial
positions downstream of the diffuser using a hot-
water-cooled, stainless steel sampling probe, which
continuously extracts and convectively quenches a
small percentage of the flow. The sampled gas flows
via heated teflon lines to a series of analytical equip-
ment including a Fourier transform infrared (FTIR)
spectrometer (Nicolet Model 560), an electrochemical
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O2 analyzer (Infrared Industries Model 2200), and
nondispersive CO and CO2 analyzers (Horiba Model
PIR 2000). The uncertainties in the measurements re-
ported here are: H2O, �5%; O2, �4%; CO,�3%;
CO2, �3%; NO,�5%; NO2, �5%; and SO2, �3% of
reading. Minimum uncertainties in the NO, NO2, and
SO2 readings are estimated to be�2 ppm. At low tem-
peratures, SO3 reacts rapidly with H2O to form H2SO4;
therefore, SO3 cannot be measured using the gas sam-
pling technique employed here. Measurements of SO2,
on the other hand, are not significantly affected by the
presence of H2O. In nonreacting experiments with
known SO2 mole fractions in 0.75% O2/0.5% H2O/N2

mixtures at 950 K, we found less than 1% disappear-
ance of SO2. Model predictions of the CO/H2O/O2/
NO/SO2 reaction at the conditions considered here in-
dicate that SO3 mole fractions are approximately an
order of magnitude larger than those of any other sul-
fur-containing species, with the exception of SO2.
Therefore, SO3 mole fractions can be reasonably in-
ferred from the measured consumption of SO2. The
temperature of the reacting mixture is measured at the
sampling location with a silica-coated type-R ther-
mocouple accurate to approximately�3 K.

The observed reaction time is varied by positioning
the fuel injector with respect to the fixed sampling
location. Dilute mixtures limit heat release and main-
taining the wall temperature at the initial gas temper-
ature approximates adiabatic operation. High convec-
tive velocities in the test section suppress spatial
gradients and permit neglect of the diffusive terms in
the governing equations. Neglecting these terms leads
to a simple initial value, quasi-steady reacting flow
problem in which distance and time can be inter-
changed. Thus, the experiment can therefore be mod-
eled as a zero-dimensional system using SENKIN [22]
with isobaric and adiabatic approximations. Because
the model assumes that the reactants are instanta-
neously mixed, predicted induction times are typically
not relevant to those observed in our experiments,
where short-lived nonhomogeneities perturb the initial
growth of the radical pool. Similar perturbations may
be caused by very low concentrations of impurities in
the reactants. However, the underlying kinetics after
the induction period are sufficiently fast to allow for
rapid adjustment of the radical pool to local conditions
thereafter. Under these circumstances, Yetter et al.
[23] showed that such perturbations affect only the
chemical induction times and not the reaction gradi-
ents in the postinduction region where measurements
are made. Although absolute timescales may be per-
turbed, relative timescales in the postinduction reac-
tion are accurate. Thus, unless otherwise noted, com-

parisons between reaction profile data and model
predictions are facilitated by shifting the experimental
data in absolute time to agree with model predictions
at some convenient time, in this case, the point of 50%
fuel consumption.

REACTION MECHANISM

The kinetic model builds hierarchically upon a previ-
ously developed CO/H2/O2/NOX kinetic mechanism to
include the species and reactions important to describ-
ing SOX interactions. The CO/H2O/O2 submechanism
is derived from the reaction mechanism of Kim et al.
[24] but incorporates important modifications from
references [13,21]. As discussed in reference [13], the
reactions involving nitrogen oxides are taken primarily
from the CO/H2O/N2O mechanism of Allen et al. [25]
and the chemical kinetic database of Tsang andHerron
[26]. Reactions involving sulfur-containing speciesare
extracted from the work of Glarborg et al. [17] with
modifications as noted below. Details of the reaction
mechanism are given in Table I. The elementary re-
actions are numbered in a manner consistent with ref-
erences [13,25], and we include only those reactions
relevant to the present study. A more comprehensive
reaction mechanism can be assembled by adding re-
actions (31)–(38) and (67)–(125) from Allen et al.
and the HXS subset of reactions from Glarborg et al.
In the following, reaction numbers followed by the
letter “R” denote that the reaction is written in the
reverse direction as provided in Table I. All thermo-
chemical data are taken from Kee et al. [27] except
those data for HSO, HOS, HOSH, H2SO, HOSO,
HSO2, HOSHO, and HOSO2, which are fromGlarborg
et al., and the heat of formation for HO2,which is from
Hill and Howard [28].

The elementary rate constants for the sulfur chem-
istry are taken from direct measurements when avail-
able and are supplemented with semiempirical calcu-
lations for reactions involving the HSO2/HOSO,
HSOH/H2SO, and HOSO2 complexes. The rate con-
stants provided by Glarborg et al. [17] for these latter
reactions are QRRK estimates at 1 atm for tempera-
tures between 300–1500 K. Details of these calcula-
tions and additional rate parameters at other pressures
are provided in reference [29]. We have modified sev-
eral rate constants within the sulfur submechanism to
incorporate pressure-dependent behavior in reactions
involving the combination of SO2 and/or SO3 with H,
O, and OH radicals. Most importantly, our experimen-
tal data and modeling results clearly indicate that the
spin-forbidden dissociation-recombination reaction
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Table I Detailed Reaction Mechanism Units are cm3-mole-sec-cal-K; k � AT n exp(�Ea/RT)

# Reaction A n Ea Ref.

H2–O2 Chain Reactions
1. H � O2 � O � OH 1.91� 1014 0.00 1.64� 104 [53]
2. O� H2 � H � OH 5.08� 1004 2.67 6.29� 103 [54]
3. OH� H2 � H2O � H 2.16� 1008 1.51 3.43� 103 [55]
4. H2O � O � OH � OH 2.97� 1006 2.02 1.34� 104 [56]

H2–O2 Dissociation/Recombination Reactions
5. H2 � M � H � H � Ma 4.58� 1019 �1.40 1.04� 105 [57]

H2 � Ar � H � H � Ar 5.84� 1018 �1.10 1.04� 105 [57]
6 O� O � M � O2 � Ma 6.16� 1015 �0.50 0.00 [57]

O � O � Ar � O2 � Ar 1.89� 1013 0.00 �1.79� 103 [57]
7. H � O � M � OH � Ma 4.71� 1018 �1.00 0.00 [57]
8. OH� H � M � H2O � Ma 2.21� 1022 �2.00 0.00 [57]

OH � H � Ar � H2O � Ar 8.41� 1021 �2.00 0.00 [57]
Formation and Consumption of HO2
9. H � O2 � M � HO2 � Ma 3.50� 1016 �0.41 �1.12� 103 [58]

H � O2 � Ar � HO2 � Ar 1.49� 1015 0.00 �1.00� 103 [59]
H � O2 � HO2 (FCN2 � 0.5; FCAr � 0.45)b 1.48� 1012 0.60 0.00 [60]

10. HO2 � H � H2 � O2 1.66� 1013 0.00 8.20� 102 [21]
11. HO2 � H � OH � OH 7.08� 1013 0.00 3.00� 102 [21]
12. HO2 � O � O2 � OH 3.25� 1013 0.00 0.00 [61]
13. HO2 � OH � H2O � O2 2.89� 1013 0.00 �5.00� 102 [61]
Formation and Consumption of H2O2
14.c HO2 � HO2 � H2O2 � O2 4.20� 1014 0.00 1.20� 104 [62]

HO2 � HO2 � H2O2 � O2 1.30� 1011 0.00 �1.63� 103 [62]
15. H2O2 � M � OH � OH � Ma 1.20� 1017 0.00 4.55� 104 [63]

H2O2 � Ar � OH � OH � Ar 1.90� 1016 0.00 4.30� 104 [64]
H2O2 � OH � OH (FC � 0.5)b 2.95� 1014 0.00 4.84� 104 [64]

16. H2O2 � H � H2O � OH 2.41� 1013 0.00 3.97� 103 [57]
17. H2O2 � H � HO2 � H2 4.82� 1013 0.00 7.95� 103 [57]
18. H2O2 � O � OH � HO2 9.55� 1006 2.00 3.97� 103 [57]
19.c H2O2 � OH � H2O � HO2 1.00� 1012 0.00 0.00 [65]

H2O2 � OH � H2O � HO2 5.80� 1014 0.00 9.56� 103 [65]
NO Reactions
20. NO� O � M � NO2 � Ma 4.72� 1024 �2.87 1.55� 103 [26]

NO � O � Ar � NO2 � Ar 7.56� 1019 �1.41 0.00 [66]
�4 bNO � O � NO (F � 0.95� 1.0� 10 T)2 C 3.00� 1013 0.00 0.00 [67]

21. NO� H � M � HNO � Md 5.00� 1019 �1.32 7.35� 102 [68]
NO � H � HNO (FC � 0.82)b 1.52� 1015 �0.41 0.00 [26]

22. NO� OH � M � HONO� Md 5.08� 1023 �2.51 �6.76� 101 [26]
NO � OH � HONO (FC � 0.62)b 1.99� 1012 �0.05 �7.21� 102 [69]

NO2 Reactions
23. NO2 � H2 � HONO� H 1.30� 1004 2.76 1.50� 104 [70]
24. NO2 � O � O2 � NO 1.05� 1014 �0.52 0.00 [71]
25. NO2 � O � M � NO3 � Md 1.49� 1028 �4.08 2.47� 103 [26]

�4 bNO � O � NO (F � 0.79� 1.8� 10 T)2 3 C 1.33� 1013 0.00 0.00 [26]
26. NO2 � H � NO � OH 1.32� 1014 0.00 3.62� 102 [72]
27. NO2 � OH � M � HNO3 � Md 6.42� 1032 �5.49 2.35� 103 [26]

�4 bNO � OH � HNO (F � 0.73� 2.5� 10 T)2 3 C 4.52� 1013 0.00 0.00 [69]
28. NO� HO2 � NO2 � OH 2.11� 1012 0.00 �4.79� 102 [26]
29. NO2 � NO2 � NO3 � NO 9.64� 1009 0.73 2.09� 104 [26]
30. NO2 � NO2 � 2NO� O2 1.63� 1012 0.00 2.61� 104 [26]
NH Reactions See Allen et al. [25]
HNO Reactions
39. HNO� H � NO � H2 4.40� 1011 0.72 6.50� 102 [73]
40. HNO� O � OH � NO 1.81� 1013 0.00 0.00 [26]

(Continued)
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Table I (Continued)

# Reaction A n Ea Ref.

41. HNO� OH � H2O � NO 1.30� 1007 1.88 �9.56� 102 [74]
42. HNO� NO � N2O � OH 2.00� 1012 0.00 2.60� 104 [75]
43. HNO� NO2 � HONO� NO 6.02� 1011 0.00 1.99� 103 [26]
44. HNO� HNO � H2O � N2O 8.51� 1008 0.00 3.08� 103 [76]
HONO Reactions
45. HONO� O � OH � NO2 1.20� 1013 0.00 5.96� 103 [26]
46. HONO� OH � H2O � NO2 1.70� 1012 0.00 �5.20� 102 [77]
N2O Reactions
47. N2O � M � N2 � O � Me 9.13� 1014 0.00 5.77� 104 [20]

NO2 � N2 � O (FC � 1.0)b 7.91� 1010 0.00 5.60� 104 [20]
48. N2O � O � O2 � N2 1.00� 1014 0.00 2.80� 104 [59]
49. N2O � O � NO � NO 1.00� 1014 0.00 2.80� 104 [59]
50.c N2O � H � N2 � OH 2.53� 1010 0.00 4.55� 103 [78]

N2O � H � N2 � OH 2.23� 1014 0.00 1.68� 104 [78]
51. N2O � OH � HO2 � N2 2.00� 1012 0.00 4.00� 104 [79]
52. N2O � NO � NO2 � N2 1.00� 1014 0.00 4.97� 104 [80]
CO Reactions
53. CO� O � M � CO2 � Ma 1.35� 1024 �2.79 4.19� 103 [81]

CO� O � CO2 (FC � 1.0)b 1.80� 1010 0.00 2.83� 103 [82]
54. CO� O2 � CO2 � O 2.53� 1012 0.00 4.77� 104 [57]
55. CO� OH � CO2 � H 1.40� 1005 1.95 �1.35� 103 [83]
56. CO� HO2 � CO2 � OH 3.01� 1013 0.00 2.30� 104 [21]
57. CO� N2O � CO2 � N2 5.01� 1013 0.00 4.40� 104 [84]
58. CO� NO2 � CO2 � NO 9.03� 1013 0.00 3.38� 104 [26]
HCO Reactions
59. HCO� M � H � CO� Mf 1.85� 1017 �1.00 1.70� 104 [85]
60. HCO� O2 � CO� HO2 7.58� 1012 0.00 4.06� 102 [86]
61. HCO� H � CO� H2 7.23� 1013 0.00 0.00 [87]
62. HCO� O � CO� OH 3.00� 1013 0.00 0.00 [57]
63. HCO� OH � CO� H2O 3.00� 1013 0.00 0.00 [57]
64. HCO� NO � HNO � CO 7.23� 1012 0.00 0.00 [26]
65. HCO� NO2 � CO� HONO 1.24� 1023 �3.29 2.35� 103 [88]
66. HCO� NO2 � H � CO2 � NO 8.39� 1015 �0.75 1.93� 103 [88]
NH2, NH3, NNH, N2HX Reactions See Allen et al. [25]
SOX Reactions
126. SO3 � H � HOSO� O 2.5� 1005 2.92 5.03� 104 [17]
127. SO3 � O � SO2 � O2 4.4� 1011 0.00 6.10� 103 [2]
128. SO3 � SO� SO2 � SO2 1.0� 1012 0.00 4.00� 103 [89]
129. SO2 � O � M � SO3 � Mg 4.0� 1028 �4.00 5.25� 103 [30]

SO2 � O � SO3 (FC � 1.0)b 9.2� 1010 0.00 2.38� 103 this work
130. SO2 � OH � M � HOSO2 � M 4.5 � 1025 �3.30 7.15� 102 [31]

SO2 � OH � HOSO2 (FC � 0.29� 0.64 exp(�T/300))b 7.2� 1012 0.00 7.15� 102 [31]
131. SO2 � OH � HOSO� O 3.9� 1008 1.89 7.60� 104 [17]
132. SO2 � OH � SO3 � H 4.9� 1002 2.69 2.38� 104 [17]
133. SO2 � CO� SO� CO2 2.7� 1012 0.00 4.38� 104 [90]
134. SO� M � S� O � M 4.0 � 1014 0.00 1.07� 105 [91]
135. SO� H � M � HSO� M 5.0 � 1015 0.00 0.00 [17]
136. SO� O � M � SO2 � Mg 2.9� 1024 �2.90 0.00 [32]

SO� O � SO2 (FC � 0.55)b 3.2� 1013 0.00 0.00 [33]
137. SO� OH � SO2 � H 5.2� 1013 0.00 0.00 [92]
138. SO� OH � M � HOSO� M 8.0 � 1021 �2.16 8.30� 102 [17]
139. SO� O2 � SO2 � O 6.2� 1003 2.42 3.05� 103 [40,93]
140. SO� SO� SO2 � S 2.0� 1012 0.00 4.00� 103 [94]
HSXOY Reactions
141. HSO� H � HSOH 2.5� 1020 �3.14 9.20� 102 [17]

(Continued)
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Table I (Continued)

# Reaction A n Ea Ref.

142. HSO� H � SH� OH 4.9� 1019 �1.86 1.56� 103 [17]
143. HSO� H � S� H2O 1.6� 1009 1.37 �3.40� 102 [17]
144. HSO� H � H2SO 1.8� 1017 �2.47 5.00� 101 [17]
145. HSO� H � H2S� O 1.1� 1006 1.03 1.04� 104 [17]
146. HSO� H � SO� H2 1.0� 1012 0.00 0.00 [17]
147. HSO� O � SO2 � H 4.5� 1014 �0.40 0.00 [17]
148. HSO� O � HOS� O 4.8� 1008 1.02 5.34� 103 [17]
149. HSO� O � SO� OH 1.4� 1013 0.15 3.00� 102 [17]
150. HSO� O � M � HOSO� M 6.9 � 1019 �1.61 1.59� 103 [17]
151. HSO� O � M � HSO2 � M 1.1 � 1019 �1.73 �5.00� 101 [17]
152. HSO� OH � HOSHO 5.2� 1028 �5.44 3.17� 103 [17]
153. HSO� OH � HOSO� H 5.3� 1007 1.57 3.75� 103 [17]
154. HSO� OH � SO� H2O 1.7� 1009 1.03 4.07� 102 [17]
155. HSO� O2 � SO2 � OH 1.0� 1012 0.00 0.00 [17]
156. HSOH� SH� OH 2.8� 1039 �8.75 7.52� 104 [17]
157. HSOH� S� H2O 5.8� 1029 �5.60 5.45� 104 [17]
158. HSOH� H2S� O 9.8� 1016 �3.40 8.65� 104 [17]
159. H2SO� H2S� O 4.9� 1028 �6.66 7.17� 104 [17]
160. HOSO� M � HOS� O � M 2.5 � 1030 �4.80 1.19� 105 [17]
161. HOSO� M � SO2 � H � M 1.6 � 1031 �4.53 4.92� 104 [38]

HOSO� SO2 � H (FC � 0.45)b 1.7� 1010 0.80 4.69� 104 [38]
162. HOSO� H � SO� H2O 6.29�106.3� 10 �1.90� 103 [17]
163. HOSO� OH � SO2 � H2O 1.0� 1012 0.00 0.00 [17]
164. HOSO� O2 � SO2 � HO2 1.0� 1012 0.00 1.00� 103 [40]
165. HSO2 � M � SO2 � H � M 3.5 � 1025 �3.29 1.91� 104 [38]

HSO2 � SO2 � H (FC � 1.0)b 2.0� 1011 �0.90 1.84� 104 [38]
166. HSO2 � M � HOSO� M 1.7 � 1035 �5.64 5.54� 104 [38]

HSO2 � HOSO (FC � 0.44)b 1.0� 109 1.03 5.00� 104 [38]
167. HOSO2 � HOSO� O 5.4� 1018 �2.34 1.06� 105 [17]
168. HOSO2 � M � SO3 � H � M 3.2 � 1016 �0.81 5.37� 104 [29]
169. HOSO2 � H � SO2 � H2O 1.0� 1012 0.00 0.00 [17]
170. HOSO2 � O � SO3 � OH 5.0� 1012 0.00 0.00 [17]
171. HOSO2 � OH � SO3 � H2O 1.0� 1012 0.00 0.00 [17]
172. HOSO2 � O2 � SO3 � HO2 7.8� 1011 0.00 6.56� 102 [40]
173. HOSHO� HOSO� H 6.4� 1030 �5.89 7.38� 104 [17]
174. HOSHO� SO� H2O 1.2� 1024 �3.59 5.95� 104 [17]
175. HOSHO� H � HOSO� H2 1.0� 1012 0.00 0.00 [17]
176. HOSHO� O � HOSO� OH 5.0� 1012 0.00 0.00 [17]
177. HOSHO� OH � HOSO� H2O 1.0� 1012 0.00 0.00 [17]
SOX–NOX Interactions
178. SO� NO2 � SO2 � NO 8.4� 1012 0.00 0.00 [40]
179. SO2 � NO2 � SO3 � NO 6.3� 1012 0.00 2.70� 104 [51]
180. HSO� NO2 � HOSO� NO 5.8� 1012 0.00 0.00 [40]

factors for the collision partners of this reaction are: All othera Efficiency � � 12.0;� � 2.5;� � 1.9;� � 3.8;� � 0.75.H O H CO CO Ar2 2 2

species have efficiencies equal to unity. When a rate constant is declared specifically for argon, the collision efficiency of argon is set equal
to zero when determining M for the same reaction.

behavior for this reaction is expressed in the form as described in [22].b Fall-off
14, 19, and 50 are expressed as the sum of two rate constants.c Reactions

efficiency factor for an argon collision partner is specified as All other species have efficiencies equal to unity. When ad An � � 0.75.Ar

rate constant is declared specifically for argon, the collision efficiency of argon is set equal to zero when determining M for the same reaction.
factors for the collision partners of this reaction are All other species have efficiencies equal to unity.e Efficiency � � 7.5;� � 0.6.H O Ar2

factors for the collision partners of this reaction are: All other species havef Efficiency � � 12.0;� � 1.9;� � 1.9;� � 3.8.H O H CO CO2 2 2

efficiencies equal to unity.
factors for the collision partners of this reaction are All other species have efficiencies equal to unity.g Efficiency � � 10.0;� � 1.3.H O N22
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between SO2 and O is in the fall-off regime at pres-
sures above 1 atm. As will be discussed in the follow-
ing section, we provide an estimate for a high-pressure
limit k129,� for use with the low-pressure limitk129,0Ar

� 4.0 �1028 T�4 exp(�5250/RT) cm6 mole–2 sec–1

from Troe [30]. The resulting pressure-dependent rate
constantk129,eff is an order of magnitude lower than
k129,0[M] at pressures approaching 10.0 atm.

In addition to reaction (129), we have modified
the pressure-dependencies of SO2 � H(�M) �
HOSO(�M), SO2 � H(�M) � HSO2(�M), SO2 �
OH(�M) � HOSO2(�M), SO � O(�M) �
SO2(�M), and SO3 � H � M � HOSO2 � M. In
general, these latter modifications have a very minor
effect on model predictions of the species measured in
this study. The low- and high-pressure limits for the
recombination of SO2 and OH via

SO � OH (�M) � HOSO (�M) (130)2 2

are taken from Fulle et al. [31] who constructed com-
plete fall-off curves at temperatures between 220 and
400 K. The low-pressure limit for SO� O(�M) �
SO2(�M) is from Astholz et al. [32], and fall-off is
calculated using the high-pressure limit and broaden-
ing factor as recommended by Cobos et al. [33]. We
use a third-order rate constant for the combination of
SO3 and H-atoms rather than the effective second-or-
der rate constant used by Glarborg et al. [17] at at-
mospheric pressure. The QRRK calculations of
Chiang [29] indicate that fall-off in SO3 � H(�M) �
HOSO2(�M) is not important at the pressures and
temperatures of the present study.

The combination of SO2 and H-atoms to form
HSO2 via

SO � H (�M) � HSO (�M) (165R)2 2

has been proposed as an important consumption route
for H-atoms affecting the structure of fuel-rich flames
[9,34] and inhibiting the hydrogen-oxygen reaction at
conditions near the second explosion limit [35]. Re-
centab initio studies [36,37] indicate the formation of
a second, more stable adduct via

SO � H (�M) � HOSO (�M). (161R)2

Direct measurements of rate data for reactions (161)
and (165) have not been reported and the low- and
high-pressure limits used here are from Marshall [38].
The broadening parameters for these reactions are es-
timates that approximate the fall-off curves generated
through RRKM calculations.

Finally, we have modified the rate constant for

SO � O � SO � O (127)3 2 2

based upon the more recent recommendation of Smith
et al. [2], which is consistent with thek129,0Ar expres-
sion of Troe [30]. The updatedk127 expression is a
factor of three lower than the earlier recommendation
of Smith et al. [39] used by Glarborg et al. [17].

EXPERIMENTAL RESULTS AND
DISCUSSION

Two experimental approaches were employed in the
present study. Reaction profile (time evolution) data
were obtained by systematically increasing the dis-
tance between the fuel injector and sampling location
for mixtures with fixed initial conditions and compo-
sition. The species and temperature data from these
experiments are compared with model predictions to
develop and validate the reaction mechanism. Reac-
tivity trace data were obtained by measuring species
data at a single absolute reaction time for varying ini-
tial SO2 or NO mole fractions with all other initial
conditions held constant. As mentioned earlier, per-
turbing processes not simulated properly in the model
compromise comparisons made in absolute time. We
therefore do not recommend heavily depending upon
reactivity trace data to validate the quantitative per-
formance of the reaction mechanism. However, these
data provide phenomenological insight into the un-
derlying kinetics over a wide range of initial condi-
tions and thus provide considerable guidance in choos-
ing experimental conditions most appropriate for
reaction profile measurements.

Prior to presenting data on the simultaneous effects
of SO2 and NO on moist CO oxidation, we briefly
discuss an experiment in which SO2 is the sole per-
turbing species. Reactivity trace data for stoichiomet-
ric mixtures of 0.5% CO, 0.6% H2O, 0.25% O2, 0–
1300 ppm SO2, and N2 at 3.0 atm and 1020 K are
shown in Figure 1. These data were obtained after a
nominal residence time of 0.5 seconds, but actual re-
action times vary slightly with heat release. The initial
temperature is nearly equal to that calculated using the
explosion limit criteria 2k1 � k9,eff that demarcates the
kinetic regimes of the underlying H2/O2 chemistry. As
such, the rate of reaction is very sensitive to the loss
of radicals and, as seen in Figure 1, even ppm levels
of SO2 dramatically affect the consumption of CO.
With increasing SO2 mole fraction, the catalytic cycle
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Figure 1 Reactivity trace data for the CO/H2O/O2/SO2/N2 reaction at 3.0 atm andTin � 1020 K with varying SO2 mole
fraction. The nominal residence time is 0.52 seconds; initial mole fractions are given in the text. The dashed lines are not
model predictions and are intended only to clarify trends in the experimental data.

SO � O (�M) � SO (�M) (129)2 3

SO � HO � HOSO � O (172R)3 2 2 2

HOSO (�M) � OH � SO (�M) (130R)2 2

becomes increasingly important and, with reaction (9),
yields the net result O� H � OH. In addition to
reacting with HO2, SO3 reacts with H-atoms via

SO � H � SO � OH (132R)3 2

and, to a much lesser extent, with O-atoms,

SO � O � SO � O . (127)3 2 2

The sequence of reactions (129) and (132R) also leads
to the net result O� H � OH, while reactions (129)
and (127) produce the net result O� O� O2. In each
case, the formation and subsequent consumption of
SO3 leads to the loss of radicals that might otherwise
lead to chain branching via H� O2 � OH � O and
O � H2O � OH � OH. The apparent SO2 deficits
(sulfur present as other species) lie between 0–17

ppm, indicating that the fractional conversions of SO2

to SO3 are on the order of a few percent.
In addition to reacting with O-atoms, SO2 reacts

with H-atoms via reaction (161) to form HOSO radi-
cals, which, according to model predictions, react pre-
dominately with O2 via

HOSO� O � SO � HO . (164)2 2 2

to yield the net result of H� O2 � HO2. The extent
to which this sequence is inhibiting depends upon the
fate of the HO2 radical. At conditions near the second
explosion limit (and in the absence of NO), HO2 reacts
primarily with H, O, and OH radicals. Chain propa-
gation can occur through HO2 � H � OH � OH, but
the terminating reactions HO2 � H � H2 � O2, HO2

� O � OH � O2, and HO2 � OH � H2O � O2 lead
to an overall inhibiting effect, particularly at fuel-lean
conditions where O and OH levels are enhanced rel-
ative to H-atoms. SO2 also combines with OH radicals
to form HOSO2 via reaction (130). However, the
HOSO2 radical is unstable at these temperatures and
rapidly redissociates into SO2 and OH.

Reactivity trace data showing the simultaneous ef-
fects of SO2 and NO on moist CO oxidation near 950
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Figure 2 Reactivity trace data for the CO/H2O/O2/NO/SO2/N2 reaction at 10.0 atm andTin � 954 K with varying NO mole
fraction. The nominal residence time is 1.1 seconds; the initial mole fractions are as follows:xCO � 0.50%; andx � 0.48%;H O2

The dashed lines are not model predictions and are intended only to clarify trends in the experimental data.x � 0.77%.O2

K at 10.0 atm are provided in Figures 2 and 3. The
data in Figure 2 were obtained by varying the initial
NO mole fraction with fixed SO2 and those in Figure
3 show the effects of increasing SO2 mole fraction
with constant NO. The initial conditions of these ex-
periments are such that in the absence of NO, less than
3% of the initial CO is consumed within a residence
time of 1.1 seconds. The promoting effects of NO are
well established and, in summary, the catalytic cycle
consisting of

H � O (�M) � HO (�M) (9)2 2

HO � NO � NO � OH (28)2 2

NO � H � NO � OH (26)2

CO� OH � CO � H (55)2

consumes CO while concurrently oxidizing a portion
of the NO to NO2. Initial NOmole fraction permitting,
the NO2 mole fractions attain steady-state levels
( k9,eff/k26) that balance the flux of H-atomsx � xNO ,SS O2 2

through reactions (9) and (26). In large concentrations,
however, NO and NO2 inhibit oxidative processes by
catalyzing the recombination of radicals in a manner
similar to the processes involving SO2 and SO3.

The data in Figure 2 show the characteristic fea-
tures of these competing effects. CO2 production in-
creases rapidly when the initial NO mole fraction ex-
ceeds , peaks, and then progressively decreasesxNO ,SS2

as inhibiting processes begin to dominate. The addi-
tion of SO2 reduces the observed extent of reaction
over the entire range of NO mole fractions, but we
note that the inhibition resulting from 463 ppm of SO2

is small in comparison to that caused by increasing the
NO mole fraction from 161 to 420 ppm. In Figure 3,
incremental increases in are seen to only slightlyxSO ,i2

decrease CO2 production in a mixture with 101 ppm
NO. Comparison of these latter data with those in Fig-
ure 1 confirms the observation of Glarborg et al. [17]
that NO moderates the inhibiting effects of SO2. Fur-
thermore, although SO2 and NO2 react to formNO and
SO3 via

NO � SO � NO � SO , (179)2 2 3
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Figure 3 Reactivity trace data for the CO/H2O/O2/SO2/N2 reaction at 10.0 atm andTin � 948 K with varying SO2 mole
fraction. The nominal residence time is 1.1 seconds; the initial mole fractions are as follows:xCO � 0.50%;x � 0.48%;H O2

andxNO � 101 ppm. The dashed lines are not model predictions and are intended only to clarify trends in thex � 0.76%;O2

experimental data.

the addition of SO2 does not appear to directly affect
the fractional conversion of NO to NO2. The slight
increases in NO2 with increasing SO2 are consistent
with k9,eff/k26 via changes in accordantx � x xNO ,SS O O2 2 2

with the differing extents of reaction.
In Figure 4, we compare measured CO and NO2

profiles from CO/H2O/O2/NO/N2 reactions at 10.0 atm
with and without added SO2. To facilitate compari-
sons, the profiles obtained with SO2 are shifted –0.067
seconds in order to align the times at 50% extent of
reaction. These data confirm the trends of the reactiv-
ity trace data and clearly show that, at high pressures,
the NO-perturbed CO/H2O/O2 reaction is relatively in-
sensitive to the addition of moderate amounts of SO2.

Reaction flux analyses reveal that NO diminishes
the inhibitory effects of SO2 through two distinct
modes of kinetic coupling via the radical pool. First,
the sequence of reactions (161) and (164), leading in
turn to HOSO and HO2, is no longer chain terminating
due to the fast reaction between NO and HO2 (reaction
28). At high pressures, reaction (28) dominates the

consumption of HO2 and the extended sequence of
reactions (161), (164), and (28), with the net result H
� O2 � NO � NO2 � OH, propagates chain carriers.
Second, the radical recombination sequences involv-
ing NOX and SOX species compete for the same radi-
cals. Of particular importance are the additional con-
sumption routes for O-atoms, including

NO � O (�M) � NO (�M) (20)2

NO � O � NO � O (24)2 2

NO � O (�M) � NO (�M). (25)2 3

The extent of chain termination initiated by the com-
bination of SO2 and O-atoms strongly depends on the
competition between reaction (129) and reactions (20),
(24), and (25). The theoretically derived expression for
k129,0 is within a factor of two ofk20,0 andk25,0 at the
temperatures of this work, but differences in the pres-
sure-dependent rate constants are larger due to differ-
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Figure 4 Comparison of reaction profile data for the CO/H2O/O2/NO/N2 reaction at 10.0 atm andTin � 955 K with and
without 259 ppm of added SO2. The initial mole fractions are as follows:xCO � 0.52%; andxNOx � 0.48%;x � 0.77%;H O O2 2

� 102 ppm. To facilitate comparisons, the profile obtained with SO2 is shifted in time as noted in the text. The dashed lines
are not model predictions and are intended only to clarify trends in the experimental data.

ing fall-off behavior. Fall-off effects in reactions (20)
and (25) produce rather modest (20%) reductions in
k20,eff andk25,eff at 1000 K for pressures less than 10.0
atm. The fall-off behavior of reaction (129) is not con-
firmed as high-pressure data have not been reported;
however, Atkinson et al. [40] state that this reaction
should be in fall-off at pressures not too far above 1
atm.

Model predictions of the CO/H2O/O2/NO/SO2/N2

reaction are sensitive to the relative rates at which re-
actions (4), (12), (20), (24), (53), and (129) consume
O-atoms. In our initial modeling efforts, we utilized
the k129,0 expression from Troe [30] without incorpo-
rating high-pressure fall-off. An illustrative example
of the resulting poor agreement between model pre-
dictions and experimental data is shown in Figure 5
for a CO/H2O/O2 mixture perturbed with 99 ppm of
NO and 504 ppm of SO2 at 3.0 atm and 950 K. The
predicted rate of CO consumption is significantly
slower than that measured, a discrepancy traceable to
the sulfur chemistry as the model predicts very well
experimental data from sulfur-free CO/H2O/O2/NO
mixtures at very similar conditions (see Figs. 17 and
19 of ref. [13]). Reaction flux analyses indicate that
over 50% of O-atoms are consumed via SO2 � O �

M � SO3 � M, leading to proportional reductions in
the consumption via other routes including, in order
of importance, reactions (20), (24), (4), (53), and (12).
With the exception of reaction (4), these reactions are
chain terminating and model predictions are insensi-
tive to the relative proportioning of the flux through
them. However, the reduced flux of O-atoms through
O � H2O � OH � OH significantly reduces the gen-
eration of new radicals, thereby slowing the predicted
rate of CO consumption.

Feature sensitivity analysis of�5–80, defined as the
time between 5 and 80% of fuel consumption, reveals
that reaction (129) is the only reaction from the sulfur
submechanism among the 20 most sensitive reactions
(the top 12 are shown in Fig. 6). All other reactions
involving sulfur-containing species have normalized
sensitivity coefficients well below 0.05, a threshold
where a factor of 2 change in a rate constant modifies
�5-80 by approximately 10%. Although uncertainties
remain associated with other reactions in the sulfur
submechanism, a large reduction in the effective rate
constant for reaction (129) appears to be the only rea-
sonable means to improve the predictive ability of the
model with regard to the consumption of CO. This
reduction can be achieved through a modification in
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Figure 5 Reaction profile data and initial modeling results for the CO/H2O/O2/NO/SO2/N2 reaction at 3.0 atm andTin � 954
K. Symbols represent the experimental data; the lines are model predictions generated without high-pressure fall-off in SO2 �
O � M � SO3 � M. The initial mole fractions are as follows:xCO � 0.52%; xNO � 99 ppm;x � 0.48%;x � 0.76%;H O O2 2

and The experimental data are shifted forward in time by 0.352 seconds.x � 504 ppm.SO2

Figure 6 Sensitivity coefficients of the 12 most sensitive rate constants with respect to�5-80 as predicted in Figure 5.�5-80 is
defined as the time duration between 5 and 80% of CO consumption.
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Figure 7 Comparison of the CO profile data from Figure 5 with model predictions generated using various values ofk129,�.
For clarity, model predictions are shifted with respect to the experimental data.

the low-pressure limitk129,0 or the inclusion of high-
pressure fall-off, but the latter approach is clearly fa-
vored. If the former approach is chosen, an order of
magnitude reduction ink129,0 is required to bring the
model into agreement with the experimental data.
However, an adjustment of this magnitude is incon-
sistent with available rate data and the theoretical cal-
culations of Troe [30]. On the other hand, a significant
reduction ink129,eff is compatible with the use of a com-
plete pressure-dependent rate constant. Although rate
data are not available for the high-pressure limitk129,�,
Astholz et al. [41] and Troe [30] have noted the sim-
ilarities between the SO2 � O � SO3 and CO� O�
CO2 systems. Both reactions are spin forbidden and
have positive temperature dependencies at low tem-
peratures owing to activation barriers on the order of
5 kcal/mol. At high temperatures, these reactions have
negative temperature dependencies in accord with re-
duced rates of collisional stabilization. Troe [42] and
Gardiner and Troe [43] provide detailed theoretical
and experimental studies of the high-pressure CO�
O � CO2 reaction, and Troe’s recommendation for
k53,� forms the basis of our estimate ofk129,�. For mod-
eling purposes, we combine Troe’s [30] SO2 � O �
M � SO2 � M low-pressure limit with our estimate
of k129,� using a Lindemann fit.

With k129,� set equal tok53,�, k129,eff is approximately
a factor of 20 lower thank129,0[M] at 3.0 atm and 950
K. The resulting agreement between predicted and
measured CO profile data is very good; however,
model predictions become increasingly less sensitive
to reaction (129) as it becomes slow in comparison to
other reactions. As exemplified in Figure 7, the CO/
H2O/O2/NO/SO2 profile data are, in fact, more appli-
cable to the determination of an upper limit fork129,�.

To better estimatek129,�, we initially setk129,� equal
to k53,� and then adjusted the preexponential constant,
A129,�, as required to fit the consumption of SO2 in a
N2O/SO2/N2 mixture at 10.0 atm and 1002 K. The
thermal decomposition of N2O via

N O (�M) � N � O (�M) (47)2 2

initiates the reaction by producing O-atoms that sub-
sequently react with SO2 and N2O as well as secondary
species such as SO3 and NO (produced via N2O � O
� NO � NO). SO2 profile data (open symbols) are
presented in Figure 8 along with model predictions
generated using a range of values fork129,�. These data
are considerably more sensitive tok129,�, and least-
squares analyses of the calculated and measured SO2

profiles indicate an optimal value of 2.78� 1010 cm3
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Figure 8 SO2 profile data and model predictions for the N2O/SO2/N2 reaction at 10.0 atm and 1002 K. The open symbols
represent data without added NO; the filled symbols represent data with 196 ppm of NO. The initial N2O and SO2mole fractions
are 3740 ppm and 506 ppm, respectively. The dashed lines are model predictions generated with values ofk129,� as indicated;
the solid lines are model predictions with the optimized value ofk129,� � 9.20� 1010 exp(�2380/RT) cm3mole�1 sec�1. Model
predictions using the optimizedk129,� expression are shifted in time by�0.249 and�0.867 seconds, respectively, for the
experiments with and without added NO.

mole–1 sec–1, or 9.2� 1010exp(–2380/RT) cm3mole–
1 sec–1 with the assumed temperature dependency. As
shown in Figure 9, model predictions are most sensi-
tive to the initiating reaction (47), followed by reac-
tions (129), (127), (49), and (20). We estimate that this
determination ofk129,� is accurate to within a factor of
2, with the primary sources of uncertainty being the
respective uncertainties ink47 (�31%),k127 (� /� 3),
andk49 (� /� 4). A more precise fall-off expression
can be derived through further investigation of the
N2O/SO2 system over a range of pressures. However,
due to the high activation energy of reaction (47), our
studies at temperatures near 1000 K cannot by them-
selves span a significant range of pressures.

Figure 10 shows the resulting fall-off behavior of
k129,eff at 1000 K in relation tok129,0[M] and k129,� as
well as the rate constants of other important reactions
that consumeO-atoms in the CO/H2O/O2/NO/SO2sys-
tem. At 10.0 atm, the complete pressure-dependent ex-
pression yields an effective second–order rate con-
stant within 7% of the high-pressure limit and a factor
of 14 belowk129,0[M]. Although extrapolation to lower
pressures bears guarded scrutiny, our results indicate

that fall-off needs to be considered at pressures at and
perhaps even slightly below atmospheric pressure.
Also evident in Figure 10 is that with increasing pres-
sure, reaction (129) becomes a less competitive route
for O-atoms. At 1 atm,k129,eff is a factor of 4 lower
than k20,eff; at 10 atm, the difference is more than a
factor of 20. Comparison of SO2 profiles obtained us-
ing N2O/SO2 mixtures with and without added NO
confirms the dominance of reaction (20) at high pres-
sures. As seen in Figure 8, the addition of NO signif-
icantly slows the consumption of SO2, indicating
clearly that reaction (20) more efficiently scavenges
O-atoms at these conditions.

Modification of the reaction mechanism to include
fall-off in reaction (129) brings numerical calculations
into better agreement with CO/H2O/O2/NO/SO2 data
obtained over a wide range of pressures. In Figure 11,
model predictions are compared to reaction profile
data from a series of experiments conducted with ap-
proximately the same initial temperature and compo-
sition, but with varying pressure. The agreement be-
tween predicted and measured rates of CO
consumption is excellent and, in line with experimen-
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Figure 9 Sensitivity gradients (Sij � � ln Yi/�ln kj) for the response of the SO2 mass fraction in the N2O/SO2/N2 reaction to
variations in the rate constants for the reactions shown. The initial conditions for these calculations are given in Figure 8.

Figure 10 Pressure dependency of the SO2 � O(�M) � SO3(�M) reaction at 1000 K in relation to other important reactions
that consume O-atoms in the CO/H2O/O2/NOx/SOx system.
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Figure 11 Profile data (symbols) for the CO/H2O/O2/NO/SO2/N2 reaction at pressures ranging from 1.2 to 10.0 atm. Model
predictions (lines) were generated using the reaction mechanism given in Table I. Initial temperatures, mole fractions, and
timeshifts are as follows: Op � 1.2 atm, Tin � 950 K, xCO � 0.51%, xNO � 97 ppm,x � 0.75%,x � 0.49%, x �O H O SO2 2 2

�t � 0.041 sec;� p � 3.0 atm, Tin � 954 K, xCO � 0.52%, xNO � 99 ppm,496 ppm, x � 0.76%,x � 0.48%, x �O H O SO2 2 2

ppm,�t � 0.084 sec;� p � 6.5 atm,Tin � 952 K, xCO � 0.52%, xNO � 97 ppm,504 x � 0.75%,x � o,48%, x �O H O SO2 2 2

�t � 0.138 sec;� p � 10.0 atm, Tin � 951 K, xCO � 0.51%, xNO � 103 ppm,484 ppm, x � 0.75%,x � 0.48%,O H O2 2

�t � 0.178 sec. The experimental measurements of SO3 are inferred through measurements ofx � 478 ppm, x �x .SO SO ,in SO2 2 2

tal observations, the inhibition resulting from SO2 in-
teractions with the radical pool is relatively minor at
these conditions. Reaction flux analyses of model pre-
dictions indicate that reaction (129) accounts for ap-
proximately 16% of O-atom consumption at 1.2 atm
and less than 8% at 10.0 atm. Without fall-off in re-
action (129), these percentages exceed 38% and 61%,

respectively. The model also well predicts the NO and
NO2 profiles (the discrepancies at 1.2 atm are dis-
cussed later). The fractional conversion of NO to NO2

is predominantly determined by the flux of H-atoms
through reactions (9) and (26), and the good agreement
in these profiles indicates that the ratio ofk9,eff/k26 is
well characterized.
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However, as seen in the lower part of Figure 11,
the model significantly underpredicts the consumption
of SO2 and, presumably, the formation of SO3. The
measured SO2 deficits range from 1–4% of the initial
SO2 mole fraction, in general agreement with the re-
sults of Glarborg et al. [17], who reported fractional
conversions of 0–5%. Several studies [44,45,46] have
shown that extractive gas sampling can alter NOX spe-
ciation by promoting the conversion of NO to NO2.
To investigate whether similar alterations may occur
between SO2 and SO3, we numerically simulated the
quenching process using an exponentially decaying
temperature profile consistent with a 1.5-ms quench
time. These calculations indicate that quenching has a
considerable effect at conditions where radical levels
are of the same order as the stable species of interest
(i.e., NO2 and SO3). Reaction flux analyses reveal that
a catalytic cycle consisting of

H � O (�M) � HO (�M) (9)2 2

NO � HO � NO � OH (28)2 2

SO � OH (�M) � HOSO (�M) (130)2 2

HOSO � O � SO � HO (172)2 2 3 2

CO� OH � CO � H (55)2

simultaneously converts NO to NO2 and SO2 to SO3.
The kinetic processes during quenching are distinct
from those occurring at higher temperatures in that
HOSO2 becomes sufficiently stable such that its re-
action with O2 is preferred over decomposition. There-
fore, reactions (130) and (172) now combine to pro-
duce rather than consume SO3. The extent to which
the quenching process alters the NO/NO2and SO2/SO3

ratios depends upon H, O, OH, and HO2 levels, which,
in turn, strongly depend upon the initial mixture tem-
perature, pressure, and stoichiometry. In Figure 12,
computed pre- and postquench CO, NO2, and SO3
mole fractions are shown for the experimental condi-
tions at 1.2 and 10.0 atm. In both cases, the effect of
quenching on the CO profile is insignificant. At 1.2
atm, radical concentrations are equivalent in magni-
tude to those of NO2 and SO3 and, under these circum-
stances, quenching leads to ppm level increases in both
NO2 and SO3. The noted discrepancy between pre-
dicted and measured NOX profiles at 1.2 atm is attrib-
uted to this effect. Radical levels decrease precipi-
tously with increasing pressure to sub-ppm levels at
3.0 atm and ppb levels at 10.0 atm. As seen in the
lower part of Figure 12, the effects of quenching be-
come negligibly small at high pressures.

The measured SO2 deficits are generally within the
absolute uncertainty (�3%) of our FTIR measure-
ments. However, relative differences between data
points can be more accurately assessed and we esti-
mate the relative uncertainty in the SO2 deficits to be
�5 ppm except at 1.2 atm, where quenching effects
are most prominent. Thus, the discrepancies in the bot-
tom part of Figure 11 exceed measurement uncertain-
ties. Furthermore, the model does not well predict the
trends in the experimental data. In particular, the mea-
sured SO2 deficits generally increase with the extent
of reaction, whereas the predicted SO3 levels are com-
paratively flat until late reaction times. The data also
show a larger pressure dependency than that exhibited
by the model. It should be noted here that although
fall-off in reaction (129) reduces the predicted SO3

mole fractions by approximately 50%, the use ofk129,0
rather than the pressure-dependent rate constant does
not resolve these discrepancies.

Given this lack of agreement, conclusions drawn
from reaction flux analyses need to be viewed with
some skepticism. Nonetheless, these analyses indicate
that the formation and consumption of SO3 is domi-
nated by reactions (129), (132), (172), and (179). The
unidirectional fluxes of SO3 through the forward and
reverse directions of reaction (172) are generallymuch
larger than those through reactions (129), (132), and
(179). However, reaction (172) is nearly balanced, and
when compared on a net basis, the fluxes through each
reaction are of the same order. At low pressures, SO3

is formed primarily through reaction (129), but at
higher pressures where O-atoms are predominantly
consumed via reactions (20) and (24) and where NO2

levels are elevated, reaction (179) accounts for a sig-
nificant fraction of SO3 production. SO3 is consumed
through reactions (172) and (132), with the former re-
action accounting for approximately 75–80% of the
net consumption over the range of pressures consid-
ered in Figure 11. At lower pressures and/or higher
temperatures wherek1 �� k9,eff, reaction (132) be-
comes the primary consumption route. The reaction
between SO3 and O-atoms does not appear to contrib-
ute significantly to the consumption of SO3 at the con-
ditions of our experiments.

Sensitivity coefficients for the SO3 mass fractions
at 1.2 and 10.0 atm are shown in Figure 13. In order
to highlight sensitivities with respect to the thermo-
chemical data used to derive equilibrium constants,
coefficients are given for both forward and reverse rate
constants. Reaction numbers followed by the letter “b”
correspond to the unidirectional backward reaction. As
seen in Figure 13, the predicted SO3 profiles are sen-
sitive to a large number of reactions that produce and
consume radicals. Within the CO/H2O/O2/NOX sub-
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Figure 12 Numerical calculations of the effects of quenching on NO2 and SO3 mole fractions at various times in the CO/
H2O/O2/NO/SO2/N2 reaction at (a) 1.2 atm and (b) 10.0 atm. Calculations were performed using SENKIN with exponentially
decaying temperature profiles to 328 K at constant pressure.

mechanism, the rate constants with the largest sensi-
tivities includek1, k4, k9, k28, andk55. At 1.2 atm, im-
portant rate constants from the sulfur submechanism
include those for reactions (172b), (129), (132b),
(172), (130), and (130b). With increasing pressure, the
SO3 profiles remain sensitive to reactions (172b),
(172), (130), and (130b), but the sensitivities for re-
actions (129) and (132b) decrease and, at 10.0 atm, are
over a factor of 10 less than those shown in Figure
13(b). Reaction (130) is microscopically balanced and
therefore the important parameter with respect to this
reaction is the equilibrium constant,K130. Likewise,
the near balance of the fluxes through reactions (172)
and (172b) and the sensitivity tok172b indicate a cor-
responding sensitivity toK172. BothK130 andK172 are
calculated using , for which there is some�H �f HOSO2

uncertainty. The value used to generate the results
shown in Figure 11 is from Martigan [47], who deter-
mined a lower limit of –93.5 kcal/mol in a flash pho-
tolysis/resonance fluorescence study of reaction (172).
Other literature values include Gleason and Howard’s
[48] lower limit of –94.5 kcal/mol, Atkinson et al.’s
[40] recommendation of –92.0 kcal/mol, and Li and
McKee’s [49] theoretical calculation of –87.4 kcal/
mol.

Within the context of the reaction mechanism pro-
vided here, better agreement with the measured SO2

deficits can be achieved through order of magnitude
reductions in the rate constants for both reactions
(132b) and (172b). The rate constant for reaction
(172b) is calculated usingK172 and the forward rate
constantk172 from Gleason and Howard [48], who
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Figure 13 Sensitivity gradients (Sij � � ln Yi/�ln kj) for the response of the SO3 mass fraction in the CO/H2O/O2/NO/SO2/
N2 reaction at (a) 1.2 atm and (b) 10.0 atm to variations in the rate constants for the reactions shown. The initial conditions
for these calculations are given in Figure 11.

measured the loss of HOSO2 radicals using chemical
ionization mass spectrometry in a low-pressure dis-
charge flow reactor at temperatures between 287–423
K. These results indicate that the forward reaction
HOSO2 � O2 : SO3 � HO2 has a small activation
energy of 0.66� 0.14 kcal/mol that leads to onlymod-
est changes ink172 upon extrapolation to higher tem-
peratures. No other measurements of the temperature
dependency ofk172 have been reported, but the room
temperature data of Gleason and Howard agree with
the previous determinations of Martigan [47] andMar-
tin et al. [50] within experimental uncertainty. The ad-
justment of to –87.4 kcal/mol reducesk172b�H �f HOSO2
by a factor of 20 at 1000 K and, as seen in Figure

14(a), results in approximately a twofold increase in
predicted SO3 mole fractions. With this modification
alone, the consumption of SO3 is predicted to occur
primarily through reaction (132b). No rate data have
been published for reaction (132b) and the rate con-
stant used here is based uponK132 and the semiempir-
ical QRRK estimate ofk132 by Chiang [29]. Given the
lack of experimental data to guide these calculations,
there exists some latitude for modification ink132. In
Figure 14(b), predicted SO3 mole fractions generated
with from Li and McKee [49] and a factor�H �f HOSO2
of 10 reduction ink132 are compared with measured
SO2 deficits. The agreement is much improved and we
note that the predicted CO, NO, and NO2 profiles are
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Figure 14 SO3 profile data compared with model predictions generated with (a) from Li and McKee and (b)��HfHOSO2

from Li and McKee and a factor of 10 reduction in the rate constant for SO2 � OH � SO3�H. The symbols, lines,��Hf�HOSO2

and timeshifts are as defined in Figure 11.

insensitive to these modifications. The remaining dis-
crepancies evident in Figure 14(b) can be reduced fur-
ther through another 2 kcal/mol increase in

, a change likely within the uncertainty of Li�H �f HOSO2
and McKee’s determination.

Finally, the direct reaction between NO2 and SO2
is unlikely to be the source of the disparity between
measured and predicted SO2 consumption. As men-
tioned above, this reaction can be an important source
of SO3 at conditions where the fractional conversion
of NO to NO2 is significant. The rate constant used
here is from the static reactor study of Armitage and
Cullis [51], who measured the consumption of NO2 in
mixtures of this gas with excess SO2 at temperatures
between 703–1193 K. To verify the accuracy of their
determination at our experimental conditions, we ob-
tained reaction profile data using a NO2/SO2 mixture
at 10.0 atm and 946 K. As shown in Figure 15, these
data are well predicted by the model. The slight dis-

parity between the NO and SO3 mole fractions results
from a small contribution to NO production from NO2
� NO2 � NO � NO � O2.

CONCLUSIONS

The kinetic coupling associated with moist CO oxi-
dation in the simultaneous presence of NO and SO2

leads to synergistic effects different from those due to
NO or SO2 alone. Over the range of conditions ex-
plored here, the presence of NO significantly reduces
the inhibitory nature of SO2 as its reaction with H-
atoms, SO2 � H(�M) � HOSO(�M), becomes prop-
agating and the combination of SO2 with O-atoms via
SO2 � O(�M) � SO3(�M) is slow relative to other
O-atom reactions involving NO and NO2. The data
obtained for the consumption of CO indicate that high-
pressure fall-off needs to be incorporated into the SO2
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Figure 15 Reaction profile data and model predictions of the NO2/SO2 reaction at 10.0 atm and 946 K. The initial mole
fractions are 204 ppm and 577 ppm for NO2 and SO2, respectively. The experimental data are shifted forward in time by 0.235
seconds.

� O � SO3 reaction. Rate data in the high-pressure
and fall-off regimes have not previously been reported
for this reaction. Kinetic modeling of SO2 consump-
tion in N2O/SO2 mixtures at 10.0 atm and 1000 K
provided an estimate for the high-pressure limit, which
brings model predictions into good agreement with
measured CO profiles. However, predicted SO3 levels
are significantly lower than those suggested by the ex-
perimental data. The primary consumption routes for
SO3 are predicted to be SO3 � H � SO2 � OH and
SO3 � HO2 � HOSO2 � O2. Further study of these
reactions is required to confidently predict the frac-
tional conversion of SO2 to SO3 in postcombustion
gases, but our data support a value of con-�H �f HOSO2
sistent with the calculations of Li and McKee [49] as
well as a reduction in the rate constant for SO3 � H
� SO2 � OH as provided here. Our modeling efforts
also suggest that ppm levels of radicals can promote
the oxidation of SO2 to SO3 during sample gas quench-
ing at lower pressures and that the reaction NO2 �
SO2 � NO � SO3 can account for a significant frac-
tion of SO3 formation at high pressures.

The perturbation experiments performed in this
study expand the experimental database for the devel-
opment of a comprehensive moist CO oxidationmech-

anism capable of modeling the postcombustion pro-
cessing of different residual pollutants that occur in
the hot-section and nozzles of gas turbine engines.
Similar perturbations also occur in the postcombustion
gases from waste material incinerators. With the in-
clusion of appropriate direct reactions between chlo-
rine- and sulfur-bearing species, the HCl and chloro-
methane submechanisms of Roesler et al. [11,52] can
be added to the present mechanism in order to study
the simultaneous interactions of NOX, SO2, HCl,
CH3Cl, CH2Cl2, CHCl3, and CCl4.
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