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The reaction GP) + N,O is important to models of NOpollutant and propellant chemistry and to the
understanding of the thermal decomposition egdNwhich has historically played a key role in the development

of unimolecular reaction theory. The reaction has two important product channétisNgD — NO + NO

(AHo = —36 kcal/mol) (R1); O+ N,O — O, + N, (AHo = —79 kcal/mol) (R2). Rate coefficients of these
reactions have been the subject of several reviews. However, clear reasons why many of the evaluated,
nonretained data differ from recommendations have not previously been known. There has been a great deal
of controversy over the rate coefficients, particularly for reaction R2. Here, the relevant data are critically
evaluated using detailed chemical modeling as an important tool. The results explain many of the discrepancies.
Some of the data of central importance in earlier evaluations are shown to be incorrect. Additionally, some
important features of the global behavior of the mixtures studied, which had previously not been understood,
are explained, and the possible effects of hypothetic® Eontamination on pO shock tube studies was
guantitatively investigated. It is shown that the bulk of the rate coefficient results remaining after the evaluations
can be combined with the intermediate temperature result&dor k; + k. from FGFAM (Fontijn, A.;

Goumri, A.; Fernandez, A.; Anderson, W. R.; Meagher, NJB?hys. Chempreceding paper in this issue)

to obtain fitted recommendationg; = 1.52 x 1071° exp(—13 930M) cnm? molecule! s™* (1370-4080 K);

ko = 6.13 x 10712 exp(—8,020M) cm® molecule* s7* (1075-3340 K). Until recently, it was believed rate
coefficients of the two product channels were approximately equal over a very wide temperature range. In
contrast, the present study has led to the conclusion that reaction R2 dominates below, and reaction R1 above,
1840 K.

I. Introduction tions of the reviews are discussed in more detail in the
Introduction of FGFAM. Briefly, early works led to a conclusion
in the first review, BDH73, that the two product channels have
nearly equal rate coefficients with activation energies of about
28 kcal/mol. However, a recent shock tube sfuyDCH92)

The thermal decomposition and reactions gO\have been
the subject of much study because of their importance in
propellant and N@pollutant chemistry. The possibility of using

the unimolecular reaction of /0 as a source of O atoms for
kinetics studies or as a test case for unimolecular reaction Nas created some controversy. Although the authors of DDCH92

theories has also heightened interest in the reactions,0f N SUggest no major changes are neededdothey conclude the
Both the thermal decomposition and combustion gbMlepend ke €xpression is very different than previously thought. In
heavily on its reaction with O atoms. The reaction is the subject particular, they conclude that although the rate coefficients for
of this two-part series of papers. Reasons for interest in this the two channels have nearly the same magnitude2800 K,
reaction and relevant references are presented in more detail irfh€ Ea Of k2 is much smaller than previously thought; thatis,
the introduction of the first paper in this series (FGFAM; Was observed to be considerably smaller tkaabove~2000
preceding paper in this issuk)n FGFAM, the first measure- K and larger thank; below ~2000 K. In addition to this
ments of the total rate coefficients at intermediate temperaturesdiscrepancy, results in the literature for the rate coefficients
(~1100 K) are presented. In the present paper, the voluminousexhibit a wide spread of values. Also, modeling studies, reported
literature on the reaction is critically evaluated, the data are herein, have shown that some of the results on which the authors
interpreted in terms of the product channels, and rate coefficientof BDH73 placed heavy reliance fét are invalid. The BDH73
expressions obtained from the selected data are presented. kj; expression has been used, either directly or indirectly, as part
The reaction of MO with O atoms has two important product  of the data fitted in later critical evaluations to obtain recom-
channels: mendations. For these reasons, it was decided that a thorough

reassessment of the relevant literature was needed.
O+ N,O—NO+NO AH,= —36kcal/mol (R1) ) . .
In the present work, detailed chemical computations were
O+N,O—0O,+N, AH,=—79kcal/mol (R2) made to assess the quality of results in the prior studies. The
techniques used, assumed chemical mechanisms, and criteria
These have been the subject of several reviews [e.g., ref 2for acceptance or rejection of a given result are discussed in
(BDH73), ref 3 (HS85), ref 4 (TH91), and ref 5]. Recommenda- section Il. In section 1ll, evaluations of the literature data are
presented. Finally in section 1V, fitting of the retained data and
TCc_)ntribution performed in part as an ASEE Postdoctoral Research giscussion of the results are present&te major finding is
Associate at the U.S. Army Research Laboratory. Current address: Depart—that the authors of DDCH92 were essentially correct in

ment of Chemistry and Physics, Texas Woman’s University, Denton, TX ] >
76204. suggesting thatiis smaller abee ~2000 K and larger below
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~2000 K than preiously belie’ed. Combination of the retained  error. k; and, especiallyk, were varied for testing purposes;
data from the literature with the intermediate temperature data for example, both values suggested in HS85 and preliminary
for kot = ki + ko from FGFAM leads to recommended values close to the final recommendations of the present study
expressions for botky(T) andky(T). were tried, especially ik; was sensitive. (Situations wheke
. was found to be sensitive were curiously seldom encountered

II. Computations and Assessment Procedures for readily measured quantities; this is one of the main

Il.a. Methods and Mechanism.Simulations of experimental difficulties in determiningk, accurately.) A much larger version
data were performed using the time-dependent homogeneousf the mechanism, discussed in more detail in FGFAM, was
reactor code SENKIN (version 3.0) and one-dimensional ysed for testing the possible effects of@Hcontamination for
premixed laminar flame code PREMIXversion 2.55) from  poth shock tube and HTP reactor experiments, and for modeling
Sandia National Laboratories. These codes utilize the CHEMKIN- experiments ut|||z|ng IZ,NZO mixtures. This mechanism is too
Il mechanism interpreter (version 3.6) and library (version 4.9) extensive to present in its entirety, but rate coefficients for some
of Chemistry-oriented subroutin@g.he CHEMKIN-II code was of the key reactions encountered are given in Table 2 of
modified at the U.S. Army Research Laboratory (ARL) to permit FGFAM. A few other important reactions will be mentioned
the use of the falloff forms for pressure-dependent rate coef- 535 needed.
ficients from the critical review of TH91. First-order sensitivities
of species concentrations and, if computed, temperature to
assumed rate coefficiedtfactors are obtained as an output of
SENKIN and PREMIX. A postprocessor cotfeyritten at ARL,
was essential for computing elementary reaction rates, loga-
rithmically normalizing the sensitivities to maximum mole
fractions (see, e.g., ref 11), investigating important global
chemical effects such as steady-state conditions for species an
partial equilibrium for elementary reaction steps, and sorting
this information.

SENKIN was used to model the shock tube, static reactor,
and flow reactor experiments. Most of the static reactor and
flow reactor studies utilized conditions that allow employment

Il.b. Evaluation Criteria. In evaluating the earlier works,
several factors that could result in systematic errors were
thoroughly investigated. First, the mechanism used by the
original authors in analyzing their experimental data was
examined. Evaluations were conducted to verify that the
mechanisms used included all important ancillary reactions, with

ccurate rate coefficients, for the conditions of the studies. This

as done primarily by comparing simulations run with the
present 23 reaction mechanism to simulations run with the
authors’ published mechanisms used in their data analysis.
Results for each were also compared to the published raw data,
especially where exemplary cases were given. Second, any

f SENKIN'S simplest problemn t tant t ; d additional assumptions made in using the authors’ given
0 S Simpiest probiem type, constant temperature and o chanism were assessed for validity. Third, when a study

pressure. Some of the shock experiments used high reaCtanFesulted in measurements of rate coefficients for reactions in

concentrations that require consideration of heat released duringaddition tok, andk,, these were checked for consistency with

the reaction raising .the temperature. For these,. elth.er theresults from other groups. The stated purity of reagents and/or
constant-pressure, adiabatic or constant-_volume, adiabatic prObi/vhether reagent purification was performed were additional
lem types could be used; it was typically found that the criteria used in the assessment of data quality. It is worth noting

d|fferen_ﬁe '3 resultséolr eghefrl of these was not lar_?_ﬁ' PEEMIXI that the results foky: presented in FGFAM were subjected to
was utilized to model the flame experiments. The thermal o <o me or more intense scrutiny as all the other stddies.

diffusion effect was included, and the multicomponent gas . . .
Temperature ranges given for the published rate coefficient

transport option was chosen, resulting in the highest level of ) S
transport theory allowed by the code. The user may choose toexprgssmn_for e‘.’mh publ_lcat|on were thorou_ghly assessed. In
the simulations, it was discovered in some instances that the

have CHEMKIN-based codes automatically account for reverse . ) "
experimental parameter observed was not highly sensitive to

reactions by using thermodynamic data to compute reverse h d fici h h he cited
kinetic parameters. This feature was always used. Thermody-t € measured rate coefficient throughout the cited temperature
range, and the range used in fitting the data for the final

namic and transport property data were obtained from the : ; .
respective Sandia databa$d$? except that some updates to recommendations was adjusted accordingly. Also checked, when
presented, was whether the temperature range stated in the

the thermodynamics database from recent works were uti- N .
lized 14150f particular importance is the use of thermodynamic pub_||cat|on matched the data taken (e.g., as shown n the tables
or figures). In some cases the temperature range given for the

data of McBride et al>16 for NO. The heat of formation .
recommended is 0.2 kcal/mol larger than in refs 12 and 17. expression vastly exceeded the temperature range of the
experiments.

Though at first glance a difference this small appears trivial, » ) N
the difference in reversed rate coefficients for reaction R1 is ~ Additionally, some representative conditions were used to
30%at 1000 K because NO appears as a proticte These model the possible effects of,B contamination in the reaction

data were also used for reversing rate coefficients for reaction Mixture and of the presence of hydrogen-containing species in
—R1 from the nitric oxide studies prior to including them in the mixture on experimental results where these factors seemed

fits (—R indicates the reverse of reaction R). of concern. Possible detrimental effects ¢fHas contaminant
The mechanism used for modeling the majority of the Wwere suggestédin relation to shock tube experiments opM

experimental data is presented in Table 1. The first 18 of the inert gas mixtures. This possibility was examined quantitatively.
23 reactions in this mechanism are the subset of reactions ofAlso, the experiments performed with a source of atomic
N- and O-containing species from the detailed mechanism usedhydrogen purposely included in the reaction mixture, e.g.,
in modeling propellant dark zone chemistry, described further Mixtures of H/N2O, were evaluated in detail, and the effects
in FGFAM, which has been developed at ARLThe last five of the H atom species on the data analysis were investigated.
reactions, which are insignificant for dark zone modeling, were  The results of examination of literature data are presented in
added for completeness. None of reactions RR83 are section lll. Section Il is divided into several subsections,
significant for any of the conditions encountered in the present including five for experiments in major categories. At the
study; however, note that rate coefficient expressions for beginning of those five subsections, some introductory material
reactions R16R18 and R2+R23 are subject to considerable is presented. Then, very brief synopses of the studies performed,
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TABLE 1: Mechanism Used in the Modeling of Mixtures of Species Composed of N and O Ators

no. reaction A n E/R ref

R1 O+ N,O— NO + NO see the text

R2 O+ N,O— O, + N> see the text

R3 NO (+M) — Nz + O (+M) ko 9.91E-10 0.00 28510 19
Keo 1.26E+12 0.00 31510

efficienciesyi: /N2 1.0/
/Ar 0.67/NO 5.0/ from ref 2
/0, 0.82/ from ref 20

R4 N+ NO—N;+O 5.43E-12 0.30 0 21
R5 O+NO—N+0; 6.31E-15 1.00 20 820 3,4
R6 NO+M—=N+O+M 2.40E-09 0.00 74700 4
efficienciesi: /N2 1.0/Ar 0.75/He 0.35/BD 2.2/ from ref 2, reverse reaction
R7 NG, (+M) — NO + O (+M) ko 4.10E+04 —-3.37 37644 4
Koo 7.60E+18 —-1.27 36 883

efficienciesyi: /N, 1.0/
/Ar 0.71/He 0.54/MO 1.5/ from ref 2, reverse reaction

R8 NG+ O—NO+ O, 6.50E-12 0.00 —120 4
R9 O+0+M—0+M 5.21E-35 0.00 —900 21
R10 NO + NO— N2 + NO, 7.12E-11 0.00 23720 22
R11 NO+ NO + NO— N0 + NO, 2.95E-38 0.00 13490 24
R12 N+M—=N+N+M 6.10E-03 —1.60 113 200 2
R13 NG + NO, — NO + NO + O, 2.70E-12 0.00 13 147 4
R14 NG + NO, — NO + NOs 1.60E-14 0.73 10530 4
R15 NG + NO;— NO + NO; + O, 2.30E-13 0.00 1600 2
R16 NO + N— N2+ NO 1.66E-11 0.00 10 000¢ 3
R17 NG +N—NO+ O 8.32E-12 0.00 0 3
R18 NG + N—NO+ NO 6.61E-12 0.00 0 3
R19 NG + NO; + M — N2Os + M 4.70E-35 0.00 860 2
R20 NG+ O+ M—NOz;+ M 4.10E-20 —4.08 1242 4
R21 NG + NO— N0+ O, 1.66E-12 0.00 30 200 25
R22 NG + NO3;— NO; + NO; + O 4.32E-12 0.00 3870 26
R23 N+ NO, — N, + O, 1.66E-12 0.00 0 25

aUnits are cm, molecule, s, K. The parametefs n, and EJR are for rate coefficient expressions in the fokn= AT" exp(—~E4/RT). For
reactions involving a collider, M, the effective concentration of M is giverChy= [P/RT] z{imni whereP is pressure ani; and#; are the mole
fraction and the efficiency, respectively, of spedieShe expressions are appropriate for anchllider efficiency of 1.0, adjustments o factors
having been made where necessary, except for reaction R9, which is for Ar collider. Rate coefficients of the reactions where falloff was considered,
R3 and R7, are then given usiig= Fkik_, wherek, = koCw/(k» + koCw), log F = log Fc/{1 + [log (koCm/k-)]?}. For reaction R3, the simple
Lindemann formF = 1.0, is used?® For reaction R7Fc = 0.95-1.0 x 107* T, is used" P Estimate from ref 3¢ The rate coefficients of these
reactions appear to be poorly established and should only be used with caution; some may be estimates, though this is not always clear from the
source. For reaction R22, see also the discussion in BBHT@n modeling results using these rate coefficients, the reactions appear to be unimportant
for the present conditions.

their results, and reasons for acceptance or rejection are givenavailable on NO utilized pure NO, or mixtures of NO with inert
either in tables or text. More detailed discussions defending the gas, Q, N2, or NO,. These include static reactor, flow reactor,
choices then follow because the short descriptions may seemand shock tube experiments (see the following subsections).
unconvincing or cryptic. However, some of the reasoning is There is a large spread in results kog; see Figure 1. In Figure
involved, and the presentation is correspondingly lengthy. The 1, the reaction NO+ NO is assumed to yield primarily G
majority of readers may be satisfied with the short comments N,O, independent of the authors assuming this or the-Q\,
and can proceed at these points to the following sections. channel dominates. Note also the results from refs2Bhave
been divided by the stoichiometric factor of 2 to bring them
lll. Evaluation of Literature Data into conformity with the modern convention; that is, the rate of

In this section we evaluate literature data pertaining to the depletion of [NO] by reaction-R1 is —2k4[NOJ?. In the
title reaction obtained under a wide variety of conditions. The following subsections, studies at high NO concentration and
new intermediate temperature results of FGFAM have already then dilute studles_ are considered. It will be shown t_hat the
been compared to those of recent studies at similar temperaturegesults of four studies, refs 29 and-337, should be retained.
in EGFAM. Due to the direct nature of the FGFAM measure- AS can be seen in Figure 1, these are described very well with
ments, it is felt those are the best available in that rang&dor a straight-line Arrhenius expression. Prior to leaving the present
(or ko, which dominates the reaction at intermediate tempera- Subsection, however, the products of the elementaryNQO
tures; see later). The other measurements will not be consideredeaction are discussed.
further here. Most studies since the early 1970s have assumed the products
llla. Studies Containing NO in the Initial Reaction of the elementary reaction N® NO are O+ N,O; that is, the
Mixture. General Comments and Products of N© NO main reaction is—R1. The authors of both HS85 and TH91
Reaction There have been many experimental studies on NO tacitly assume this (in HS85, see the discussion on the reaction
gas mixtures which resulted in kinetic measurements for the in the +R1 direction). However, in the 1950s, there was
elementary NO+ NO reactior?®37 The studies currently  considerable controversy over whether the main product channel
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Figure 1. Arrhenius plot of rate coefficients fork—,. The four results selected as best and utilized in making the present recommendations have solid
symbols with white plus signs at the ends of their temperature ranges. Note that the line of the best fit to these four data sets is not the final

recommendation of this work; it is presented to demonstrate the agreement of the four retained data sets over a wide temperature range. Key:

®— - —® Myerson;® @ @ Trung, etal;*  ® Camac and Feinberg;? A A Freedman and Daiber;”'  @— —& Theilen
and Roth;”’ A—  —A Koshiand Asaba;®  y———=¢  McCullough, et al ;* 'O ® Yuan etal;* & Wise and Frech;”®
©-—-© Kaufman,etal;®®> [ least-squares fit to the four retained data sets.

is O 4+ N,O, or whether the reaction is instead the thermodynamics. Agreement for the rate coefficients from
these studies over a broad temperature range was found (see
NO+NO—O,+N, AH,=—44kcal/mol (R24)  the Arrhenius diagram for reaction R1 presented later). This
result would be highly unlikely if the product channel @ N,
See, e.g., the discussion in BDH73, p 254. The debate subsidedplays a significant role. In addition, reaction R24 must proceed
in the 1960s to agreement that © N,O is likely the main through a four-center transition state. This seems much less
product channel. Noteworthy in this regard were the change in probable than reactior-R1, which can occur by a simple
position by Kaufman, who had originally favored reaction R24 abstraction. A final supporting point is that recent ab initio
(see the synopsis in BDH73), and the observation by Camaccalculationg® have yielded a preliminary barrier height for
and Feinber¥ of traces of NO and O atoms during shock tube  reaction R1 of 28 kcal/mol, which corresponds to 64 kcal/mol
studies on NO mixtures. In the present work, pertinent studies for the reverse reaction. This agrees well with activation energies
which utilized mixtures of either NO or D were examined to  of the best results for both reactions R1 anR1 (see later).
find the most reliable rate coefficients for reactions R1 afvil. On this basis, it seems highly likely the only important products
Then, assuming the main products of the MONO reaction to are indeed OF N2O. This assumption is made, allowing use of
be O+ N0, the results for reactionR1 were reversed using the NO experimental results in formulating recommendations.
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However, before leaving the issue of products of #OO, TABLE 2: Synopsis of Studies on NO at High
it must be admitted that available works do not completely rule Concentration
out the unlikely possibility thatk-; and kx4 have similar source method temp (K)  comments
magnltudeg. Attempts Were.made to find a.colmputed SPECIeSkaufman and co-worke?® static reactor 11761690 retaineda
concentration which could firmly resolve this issue by com- vettep® flow reactor 1186-1912 discardedy
parison with available measurements. Two sets of computationsWise and Frect? static reactor 8721275 discarded;
were performed across a range of conditions corresponding to Yuan et af® static reactor 9732087 discarded]

the experiments on NO from the literature. The first used an  aThe authors' measurekl; andks. Assumptions made regarding
assumption that OF N,O is the only product channel; the the mechanism, especially the Q/€quilibrium, are shown herein to
second used the assumption that the products are evenly dividedpe correct. The final result is taken from ref 29b. Some later workers
between the OF N,O and Q + N, channels. Each case used have misunderstood the proper temperature rande foP The author
the same total rate coefficient for NONO: a value was chosen did not C(_)n5|dek71 in the analysis, s&_1 valu_es did not result dlrectly.
T . . The purity of the reagents was not high. Total concentrations,
which is fairly _Close to the reverse of the flnal_ re§ult for . temperatures, and pressures of the mixtures are inconsistent. The method
recommended in the present study. The results indicated that itior conversion of N@to NO within the reactor has been criticized in
would be very difficult experimentally to differentiate between ref 29. k_; values later resulted from the reanalysis in ref 28he
these two cases foany experimental conditions from the authors’ own experimental work yielded no results Kot because of
literature. This is especially true of the majority species NO, heterogeneous' reactions. They re_analyzed the ref 39 data, obtaln_lng
0,, and N, because O and 40 formed in reaction-R1 are k-1 values. Besides the problems with the ref 39 data (see the preceding

. . ) footnote and/or text), the authors ignored reactiéR5. This reaction
typically rapidly converted to the final products @nd N. Thus, is important for mixtures with high [€), as in ref 39.¢ The authors

predicted majority species profiles for the two cases look nearly jgnored contributions of reactions R4 and R5, and their reverses,
identical. The problem is also true for the trace species, O andinvalidating their results fok_;.

N0, because their respective concentration vs time profiles ) _ _
predicted using the two mechanisms are approximate multiples, Magnitude fastetthan those of any other reactions, in both

mechanism. reaction. Note that the sum of reaction®7 and R8 is O+

O = O,. Therefore, these reactions, rather than reaction R9,
are responsible for the OfCequilibrium. The computations
indicate NO formed in reaction—R1 is rapidly converted to

N via reactions R10 and R3, the former being favored at lower
temperatures, the latter at higher temperatures; fd@ned in
reaction R10 never builds up to high concentration because of
rapid conversion back to NO via reaction R7 or R8. The role
of reactions R4 and R5 in NO conversion at high enoiigh
and [Q)] is very important and cannot be disregarded in the
data analysis. Addition of small amounts of @ NO causes

) ) i an increase in the NO conversion rate due to O atoms from the
Studies at High NO ConcentratiorFour groups have o0, equilibrium initiating the R5, R4 reaction sequence.

To differentiate experimentally between reactiorR1 and
R24 would require an absolute measurement of [O] aiON
which is currently unavailable; such a measurement would be
quite difficult and probably subject to debate. In addition, the
modeling results for [O] and [pD] also depend strongly on
other rate coefficients in the mechanism, ekgandk;,. It seems
likely the only way of resolving this issue is through ab initio
calculations on reaction R24. Such calculations are presently
unavailable. At present, it seems quite unlikely reaction R24
plays a significant role. Therefore, its contribution is ignored.

performed kinetic studies on NO at high concentraffor®3° However, at high enough concentration o, @eaction—R5
Pressures used were0.1-1.0 atm and temperatures900 to ~ becomes important, retarding the NO conversion rate. The result
2100_K. In some of thg works, _NO was studied in pure form; s 53 maximum in the NO conversion rate s @lots 2%

also included were mixtures with2ON,, NO;, He, or CQ. A synopsis of the four studies at high NO concentration, with

The most important of these for the present purposes are theyjef reasons for acceptance or rejection of results presented in

studies on pure NO and NOZOnixtures. Calculations using  the footnotes, is given in Table 2. Details regarding these points
the mechanism in Table 1 indicate that, for representative {orm the remainder of this subsection.

conditions used by these authors, the overall reaction is initiated |, the study of Kaufman and co-workers, which is retained,
by reaction—R1. When Q is present and the temperature is  NO decomposition was followed in static quartz reactors of
high .enough, there are .also important contributions fro_m varying size (i.e., varying surface-to-volume raff)and in
reactions R4 and R5; additionally, the reverses of these reactionsstatic porcelain reactof@® Pure NO and NO mixtures with A\
can be important for some conditions. At somewhat higher 0, N,O, or He were studied from 1170 to 1690 K. The
temperatures, even if pure NO is used,frmed early during  getermination of the extent of reaction involved extraction of a
the decomposition can also lead to contributions by these sample, conversion of NO or,an the sample to higher nitrogen

reactions. oxides via reaction with other gases, and spectrophotometric
It was assumed in refs 28 and 29 that O ang &e analysis. The authors excluded data below 1370 K for extraction
equilibrated according to the reactionO0 = O,, which was of rate coefficients because of the observation of heterogeneous

shown to fit the observed effect oh@ddition on NO depletion  effects. Very careful purification procedures were used, espe-
rates. There was some debate in refs 28 and 29 over whethecially for the NO.

the O/Q equilibration could be due to reaction R9, with The values ofk—; from the studies were derived from the
Kaufman and co-workers contending that reaction R9 is far too runs on pure NO. Rate coefficients fior; were first obtained
slow. The present computations, performed at representativein ref 29a from measurements on pure NO in the range 4370
conditions and using the mechanism in Table 1, indicate that 1530 K. In this range, the effects of the €atalysis mentioned
although reaction R9 indeed is equilibrated, its rate is far slower above could be eliminate&..; values were obtained using the
than those of other reactions at these intermediate temperaturesnitial [NO] depletion rates; this approach avoided the oxygen
Therefore, reaction R9 is not responsible for the £¢Quilibra- catalysis effects of @formed during the reaction at the highest
tion, confirming arguments in ref 29. The calculations also show temperatures. Reference 29b focuses primarily on the adged O
that the rates of reactions R7 and R8 &e3 orders of effects. It was mentioned that, above 1530 K, even for pure
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NO, the observed reaction rates are above those computed oTABLE 3: Synopsis of Studies on NO Diluted in Inert
the basis of extrapolation of the rate coefficient expression from Gases

the prior work. The result was presumably due tocatalysis; source method temp (K) comments
the Q, was formed during the reaction. The work then goes on McCullough et af® flow reactor 17562100 retaineda

to explain the catalysis effect quantitatively, documenting Koshi and Asab® shocktube 27003500 retaineda
measurements at temperatures from 1575 to 1690 K with added Theilen and RotH shocktube 24006200 retaineda, b

O,. However, 30 new runs with pure NO were reported in ref Freedman and Daib&r shock tube 30004300 discarded;

29b, made in roughly the same temperature range as the earliefc@mac and Feinbety  shock tube 16184625  discarded;

dv. A ffici L d. which i Trung et aP* shock tube 27004700 discarded;
st.u Y. new rate coe |'C|ent expresspn IS reported, which is Myersorf shock tube 26006300 discardedd
slightly lower than that in ref 29a and is apparently from the - ) )

combined studies. Extrapolated values from khisexpression All important reactions were considerédThe proper temperature

. . range to use with the results is 2408450 K. Sensitivity tok—; is
were then used in the analysis of results from the runs on theseriously reduced at higher temperatufestiticized in ref 36 for failure

NO/O, mixtures to obtairks values for~1500-1700 K. The to consider reactions R4 and R5, and for neglect of boundary layer
k-1 expression doesot extend to this higher temperature range, effects. We concur that reactions R4 and R5 are substantial. This may
as some later authors have misinterpreted. The expressiorbe the primary reason for the discrepancy of these works with the
mentioned in ref 29bk = 2.0 x 10712 exp(—32 100 K/T), _retain_ed results? I_Disagreement with the o_ther works resultingkin
1370-1530 K, is taken as the final result of Kaufman and co- 'S Ee”ou_s'lR?faCt'O”Asl R7, R8, and R9, which ;e"fr.e ”eg'eICtedo’l Ca“dha"e
workers and used in formulating the present recommendations.zl:tﬁ;aﬂit;eesﬁgﬁ'pe;%f:; E';'Z'JY to reactioRL s greatly reduce

In the study of Vette?? which is discarded, quartz and
ceramic flow reactors were used. Mixtures of NQI@re made  hich involved large [G]. The use of Vetter's data and failure
by flowing pure NG into the reactor and allowing reaction R13  tg take reaction-R5 into account can lead to serious systematic
to equilibratewithin the reactor or by making NO from the  error. It should be noted that the authors of BDH73 retained
reaction of NaN@with solutions of HSQy. It should be noted  the results of Wise and Frech’s reanalysis of Vetter's data in
that Kaufman and co-workef have criticized this and earlier making a final recommendation.
flow system studies which relied on N@onversion on the basis Yuan et al2 in another work which is discarded, studied

that the conversion may not have been rapid compared to pure NO and mixtures of NO with NCOy, or He from 973 to
residence times in the reactors. The issue is impossible 102087 K. At~1570 K, there is a pronounced change of slope in
evaluate because residence times were not specified. The extenthe Arrhenius plot of the observed second-order NO depletion
of NO conversion to Mfor conditions with a small extent of  rate coefficients, leading to the conclusion that the reaction was
reaction was determined from measurements of the concentraeterogeneous at lower temperatures. The results were analyzed
tions of NO and N exiting the reactor. ©from a steel cylinder  assuming that only reactiorR1 occurs. This procedure is
was used in most, if not all, of the mixtures (it is unclear for erroneous for the experiments for which the authors concluded
which runs) and, for some, Nrom a steel cylinder. Although  syrface effects were unimportant. Yuan et al.’s omission of the
some care was taken to purify the NO and:N@Bed, itis felt  effects of reactions R4 and R5 probably accounts for the fact
the method for NO (passage through a dry ice cooled tube) maythatk_, from this study is a factor of10 larger than the selected
not have removed all traces o8 from the HSO, solution.  values (see Figure 1). Results were not presented in enough
Also, the Q and N> were not of particularly high purity, which  detail to permit reanalysis.
is a cause of great concern. Another difficulty is that the total  gy,dies on NO Diluted in Inert GaSeven studies on NO
quoted concentrations of NO and; @ Table 1, ref 39a, for  mixed with inert gases were found containing rate coefficients
the various runs do not coincide with the given temperatures o the NO+ NO reactior?—37 (Note: the description of the
and pressures. The discrepancy in some cases is up to 40% ionditions is very sketchy in ref 32, which may have actually
pressure computed from the total NOO, concentration and  |;ged pure NO. That work focused primarily os/®, mixtures,
temperature as opposed to the measured pressure given in thgjith the study and discussion of NO mixtures as a side issue.
table. The sketchy discussion does not clarify these discrepan-Thjs study, like the others cited here, used higher temperatures
cies. It should be noted that the author, who may have than most of those in the previous subsection, so it is considered
understood the discrepancies, did not include the elementaryith the ones here.) One of the studfessed a ceramic flow
NO + NO reaction in his analysis, so no-, or k4 rate reactor; the rest used shock tubes. Mixtures used ranged from
coefficient values resulted directly from the study. For these 0.001% to 20% NO in inert gas. One stdtiysed Ne, while
reasons, it is concluded that the data of Vetter cannot be usedihe rest used Ar. Temperatures ranged from 1750 to 6300 K,
In the work of Wise and Frec¥,which is also discarded, a  while pressures used were generally within about a factor of 2
static reactor was used to study pure NO and mixtures of NO of atmospheric pressure. The present simulations show that the
with Ng, Oz, or N,O from 872 to 1275 K. Surface-to-volume overall reaction is initiated by reactionR1. N,O formed at
ratio studies indicated that there are contributions from a dilute conditions is primarily converted to the final product, N
heterogeneous reaction over nearly the entire temperature rang®ia reaction R3. The effects of reactions R4 and R5 on
of the authors’ experimental studies. It appears this might be consumption of NO are very important and cannot be ignored
true even at the highest temperature used. Consequently, thosé the analysis. Also, at higher temperatures and under more
results cannot be used to obtadin;, and the authors did not  dilute conditions, reactions R6 andR9 can become very
claim success in doing so. Along with their own data, Wise important. At high enough combined dilution and temperature,
and Frech reanalyzed the data of Vetter, taking into account reaction R6 dominates initiation and sensitivity to reactidl
reactions R1, R4, and R5 and the @/&@juilibrium, resulting is lost.
in values fork_; at four temperatures. In addition to the A synopsis of the seven studies involving NO/inert gas
problems mentioned in Vetter's data above, Wise and Frech mixtures, with brief reasons for acceptance or rejection of results
ignored reaction—R5, which Kaufman and co-workers’ later in the footnotes, is given in Table 3. Details regarding these
work shows can be important for mixtures such as Vetter's, points form the remainder of this subsection.
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The flow reactor study of McCullough et &P, which is TABLE 4: Some of the Most Sensitive Reactions Used in
retained, utilized mixtures of 0.835% NO in Ar and obtained ~ Modeling of the Experiments Which Involved H/N-O

measurements in the range 1750100 K for k_;. [NO] was Mixtures*
measured via chemiluminescence. The results were restricted no. reaction A n E/R ref
to the upper end of the temperature range used and the highelr2s H+ N,O0—N,+ OH 3.70E-10 0.00 843D 49
concentrations, where surface effects were determined to be 4.20E-14 0.00 2290
negligible. The authors used a nine-reaction mechanism for datasgg NTNSO T\IH:ONZO gi%gig —%-‘é% 5(3) g(i 51
gngly&s. The present S|mylat|0ns using the Table 1'mechan|st28 NO+ H — N2+ OH 289E-10 0.00 24560 3
indicate all important ancillary reactions were considered. R29 OH+H, - H,0+H 359E-16 150 1730 52
Koshi and Asab® performed incident shock measurements R30 NH+ O—NO+H 9.12E-11  0.00 0 53

over the range 27063500 K using mixtures of 220% NO in R31 H+O,—~O+ OH 5.84E-08 —0.70 8590 54

Ar. Species measured included NO and O atoms. The authors  aynits are cri, molecule, s, K. The parametes n, andEJ/R are
point out that careful attention was paid to boundary layer effects for rate coefficient expressions in the fokw= AT exp(—EJ/RT). ® For

in the analysis; they mention in earlier work they missed these reaction R25, the rate coefficient is computed as the sum of the two
effects as well as some key reactidf3he data were analyzed ~ €xponential expressions.

using a nine-reaction mechanism. Simulations were performed
with this mechanism and compared to those using the mecha-
nism in Table 1. The results indicate all important reactions
were included. The final resdftis retained for the present
recommendations.

Thielen and Rot¥ used reflected shocks to study 0.601
1.0% NO mixtures in Ar over the 2466200 K temperature
range. O atom and N atom concentrations were followed by
atomic resonance absorption spectroscopy. Data were analyze
using an eight-reaction mechanism. Contrary to the authors’
comment that they used Myerson’s mechanism, their mechanism
is more detailed than that of Myerson. Comparisons of simula-
tions using Theilen and Roth’s mechanism to that in Table 1
indicate all important reactions were considered. The authors
were aware that, at lower concentrations used in their study,
the main initiation step is reaction R6. Sensitivity to reaction
—R1 is lost under those conditions, as confirmed in the present
simulations. The data under these conditions were used to obtai
ks results. For determination &f 4, therefore, the data from O

The shock tube study of Myers#&rinvolved the measurement
of O atoms by ARAS. NO concentrations were varied from
0.1% to 10%; temperatures were varied from 2600 to 6300 K.
The author determined rate coefficients kog andks using a
simultaneous fitting procedure. As can be seen in Figure 1, the
k—; expression from this study has a much smaller slope than
all the others. The activation energy to which this corresponds,
9 kcal/mol, is 7 kcal/mol less than the reaction endothermicity.
or these reasons, the results have, as in prior reviews, been
discarded. However, plausible reasons for the discrepancy have
not previously been advanced. Sketchy information was pre-
sented regarding the pressures used, but some simulations were
nonetheless performed and compared to results with the author’s
six-reaction mechanism. The results indicate that, depending
on the concentrations, reactions R7, R8, and R9, which were
neglected, can have substantial effects on the O atom profiles.
These mechanism errors are probably the primary reason for
Nhe discrepancy. Also, at high enough temperatures and depend-
; . . ing on the mixture ratio, the sensitivity of the results to reaction
atom measur%ments and experiments with NO concentrations_ g1 «an pe seriously reduced (see the preceding discussion of
above 0.0025% were used. the Thielen and Rofff experiments). This factor could also
The text of the paper makes it sound as though khe influence the results.
expression obtained is valid for the entire temperature range of |||.p. Studies Containing N,O in the Initial Reaction
the study (see, e.g., the Abstract). However, the presentpjixture. Studies pertaining to the title reactions which utilized
simulations at the higher temperatures used indicate that, eveny,0 in the initial reaction mixtures will be discussed in the
for the highest concentrations, sensitivity to reactieR1 is following three subsections. These are, respectively, works on
lost, reaction R6 becoming much more important. The presenta-H,/N,O mixtures, on NO at high concentration, and on®
tion was detailed enough concerning the conditions that in the diluted in inert gases. It should be mentioned that there are
present study the proper upper limit fer; values from this  several work& 45 related to the title reaction which will not
work could be estimated as no higher than 3850 K. The authorspe fyurther discussed here. These early studies have been
may have been aware of this restriction, because the Arrheniuscriticized and discounted in BDH73; see the discussion there
plot of their result only extends to 3450 K. The expression, regarding reaction R1.
with range restricted to 24668450 K, is plotted in Figure 1. Studies on HN,O Mixtures There have been studies by
As can be seen, it agrees extremely well with the result of Koshi several groups on #N,0 mixtures which resulted in measure-
and Asab&5 (Thielen and Roth’s conclusion that their work  ments relating to the title reactidf*8 These include shock
disagreed with the Asaba group’s result was based on com-type and flame experiments. Prior to discussing the individual
parison with the earlier resul®, which has been superseded.) works, a short synopsis of rate coefficient expressions for the
The result is retained and used in the present fit to obtain final most sensitive H/N/O reactions used for the simulations is
recommendations. presented in Table 4. One reaction is worthy of special comment.
Three shock tube studies on dilute NO mixtures from refs It has only recently been realized that
31, 32, and 34, which are discarded, are discussed next. These
works have previously been criticized by Koshi and Asdba H+ N,O—NH+NO  AH,= 35 kcal/mol R26)
for failure to take into account reactions such as R4 and R5,
which consume much of the available NO under these condi- has a rate coefficient expressismeral orders of magnitude
tions, and neglect of boundary layer effects. The present larger than had been appreciated prior to about 1990 (note the
simulations confirm that the neglect of reactions R4 and R5 in reaction is written in the reverse direction in Table 4, so it will
these studies indeed is a serious systematic error; this may bebe denoted by-R26 in this text). The evidence for this point
the primary reason the results from those studies are about afrom several recent studies is quite strdhgl->°As will be seen,
factor of 10 larger than those selected as best (see Figure 1)the reaction plays a major role in NO formation during reaction
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Figure 2.
[NOJ)/(initial [N,O]) vs. temperature for the H,/N,O/Ar shock tube

experiments of Henrici and Bauer.*® All mixtures used 1% H, in Ar with

Comparison of computed and experimental (plateau

amounts of N,O as indicated below. Open symbols represent

experimental data, while solid symbols represent modeling results. Key:
(1,8 1%N0; ALA 2%N0; O.@® 3%N,0.

of Ho/No,O mixtures. Since reactionrR26 has not been taken
into account in any of the existing HN,O mixture studies
pertaining to the title reaction, their results have been misin-
terpreted. k; results from these studies must therefore be

discarded. Comparison of the present modeling results to the
data from these studies shows excellent agreement is obtaine
using the detailed H/N/O mechanism. Details regarding these

points form the remainder of this subsection.
Two groups have studied,HN,O mixtures and reported rate
coefficient measurements for reaction R1 using shock ttfs€s.

The studies were performed using very similar methods and

conditions, so only the results of the first of these, by Henrici
and Bauef8 will be discussed in detail. The results of both

studies fork; are about a factor of 10 larger than commonly
accepted® The reason for this discrepancy has not previously
been understood.

Henrici and Bauer performed measurements leading; to
using mixtures of 1% K and 3% N,O in Ar for the
temperature range 176@600 K. Profiles of OH and NO were
measured. The result attributed to reaction R1 was obtaine
primarily from the NO measurements. [NO] was observed to
increase rapidly after passage of the shocks and settle at a plate
level. The ratio of [NO] in the plateau level to initial pO]

Meagher and Anderson

specified for the individual points. As can be seen, the agreement
of the model with Henrici and Bauer's experiment is excellent
toward the highest temperatures studied. The modeled [NO] may
be slightly low at the lowest temperatures studied, but the
agreement is still reasonable.

The important aspect of the simulations is that detailed
analysis shows breakage of the-N bond in NO (which is
what can ultimately lead to NO formation rather than the
unreactive equilibrium productd)\is primarily due to reaction
—R26 under these conditions. The final [NO] is complicated
by the subsequent fate of NH thus formed. For example, NH
can undergo reaction R30, resulting in formation of additional
NO. Alternatively, NH can undergo reaction with OH via
NH + OH — N + H,O; the N atoms thus formed then react
primarily in reaction R27, which not only converts the NH to
N>, but removes an NO molecule in the process. Reaction with
O; by NH + O, — HNO + O, resulting in more NO being
formed via HNO+ (H, OH) — NO + (H, H,0), is another
possibility.

Sensitivity analysis reveals that, at 2000 K and 1%9Nthe
[NO] is most sensitive to reactions R2R31 in decreasing order
as given in Table 4. There is also a modest sensitivity to reaction
R3, which falls between reactions R30 and R31. Reaction R1
is less sensitive than any of these, and reaction R2 is consider-
ably below reaction R1. If instead of the present recommenda-
tion for k; the expression of Henrici and Bauer is substituted
into the current large mechanism, the results do not agree well
with experiment (not shown). Results for the 1%Nmixtures
agree well, but for the 2% and 3% mixtures the predicted plateau
[NO] to initial [N 0] ratios are high by factors of 1.5 and 2 or
more, respectively, compared to the experimental results in
Figure 2, across the entire temperature range. Since experiments
of refs 46 and 47 were performed under similar conditions, these

omments apply equally to eachhe conclusion of the present
tudy is that reaction-R26 and later complex NH reactions
are the major source of NO in those shock tube studies rather
than reaction R1 as was assumed by the authbngir results
for the title reaction are therefore discarded.

Fenimore and Jon#f&performed experiments on several lean,
low-pressure, burner-stabilized,M;0/0,/H,O flames from
which they inferred values fdq. Temperature and stable species
profiles through the flames were determined by thermocouple
and quartz sampling-probe mass spectrometric measurements,
respectively. O atom profiles were determined by a technique
which involved isotopic labeling of a fraction of the,;@ and
equilibrium assumptions, applicable to the burnt gases, for
several reactions of the H/O system. The flames reached final

gtemperatures of about 156@000 K. Thek; measurements were

derived from the combined temperature@\ O atom, and NO
aerofiles.

Results detailed in ref 48 for two exemplary flames were

was one of the key data sets produced. Rate coefficientsmodeled in the present work using the large reaction set

attributed to reaction R1 were obtained by modeling this ratio
using a mechanism of 14 reactions. ThetHN,O — NH +
NO reaction was not included (nor was it included in ref 47).

described earlier, with the best final values (see later)kfor
and k, expressions. The computed species profiles are only
modestly sensitive to changes in theexpression as compared

Simulations of these data were performed in the present studyto using that of HS85. The measured temperature profiles were

using our large H/N/O mechanism. The valueskgfand k;
expressions were set equal to the final recommendations of th
present study; it should be noted that tkisexpression differs
only modestly from the prior recommendatioti8.The results,
shown in Figure 2, are not sensitivek® Also, the results are

used as fixed input parameters in the calculations; this procedure
as commonly required because heat loss processes cannot be
accurately modeled.
A comparison of experimental and computed profiles for the
stable species in the 1800 K flame (Figure 1 of ref 48) is shown

not at all sensitive to the assumed density (from which one in Figure 3. As can be seen, the agreement is excellent. The
calculates the initial pressure for simulations) within the given agreement is within a factor of 2 for the O atom profiles (not
range of values; this is important, because these data were noshown); this is quite good for such work, especially considering
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0.8 reactions—R7 and R8, which were assumed to be negligible,
have substantial effects. Details regarding these points form the
remainder of this subsection.

The experiments of ref 57 covered a temperature range of
876—1030 K, with pressures from 0.013 to 0.92 atm. TheQN
was followed by manometric methods. The [NO] was measured
by the laborious procedure of stopping the reaction by expansion
of the gas mixture into an evacuated absorption cell and then
using spectral methods, the time evolution apparently being
determined by repeated experiments of varying duration. The
typical durations of the experiments were described as “20 s to
several minutes”. Experiments with “Vycor chips” added to the
reaction vessel indicated unequivocally that wall reactions were
affecting the observations.

Despite the wall reaction problem, the authors believed that
they were able to properly analyze the data and obtain results
bearing on the title reaction with a simple mechanism. This
mechanism consisted of one-directional reactions R1, R2, R3,
and —R7, the postulated reaction

Mole Fraction

Distance Above Burner (cm)

Figure 3. Comparison of computed and experimental mole fractions ~ NO, + N,O— N, + O, + NO AH, = —6 kcal/mol
for the H/N,O/O,/H,O exemplary flame in Figure 1 of Fenimore and (R32)
Jones'® Points: data from ref 48. Curves: model, present work.

the assumptions which had to be made in measuring the 0@nd the reaction of O atoms at the wall, which was assumed to

atoms. The detailed analysis of reaction rates indicates that NOPe first order, i.e., G~ (1/2)0, at the wall. It was shown that
is not solely formed in reaction R1, as the authors of ref 4g at early times, where [NOJ is small so that reactierR7 and
assumed. The H+ N;O — NH + NO reaction directly R_32 supposedly could bg |gnor¢d, thl§ mechanism leads to a
contributes approximately 20% of the NO formed. Ultimately Simple steady-state relation which defines [O] (eq “a” of ref
NH also contributes to NO formation by reaction R30. However, 97)- This relation was used to derive a simple equation relating
there are competing pathways for the NH which can result in the measured [b0], the measured ratio of initial rates of
its ultimate conversion to Nnstead, so the situation is complex. formation of NO to depletion of b, the unknown ratido/ks,
(More details concerning the competing pathways under quali- and the unknown ratio of the WaI.I reaction rate coefficient to
tatively similar situations for IN,O flames may be found in ¥ (€q “b” of ref 57). By performing measurements at three
refs 11 and 56.) Not surprisingly, the computed [NO] sensitivi- Pressures for each of th_e four temperatures usfed, t_he authors
ties for reactions R1 andR26 indicate both are very important.  OPtained an overdetermined set of three equations in the two
If reaction —R26 and the other reactions neglected in ref 48 unknown rate coefficient ratl_os at each temperqture._Apparen_tIy,
could be taken into account in a reanalysis of the data, the resultdWo were then used to obtain the unknown ratios with the third
for k; from this work would undoubtedly be significantly altered. &S & consistency check.
However, this cannot be done because results for most of the An elementary evaluation performed in the present work using
flames were not presented in sufficient detail. It seems unlikely the measured quantities (Table 1, ref 57) and resultant rate
that precision limits of the result would approach others already coefficient ratios (Table 7, ref 57) from Kaufman et al. reveals
available in the relevant temperature range. The necessary errothe results are indeed internally consistent. The ratios found for
propagation related to precision limits of the ancillary reactions’ ko/ki ranged from 0.67 to 0.47 between 876 and 1031 K,
rate coefficients and of the measured temperature profiles wouldrespectively; that is, the study concluded that the IiRONO
probably lead to error limits ity values of a factor of 2 or 3. channel occurs about twice as rapidly as thetON, channel
Instead, the resulting agreement of the experiment and modelnear 1000 K. The authors then estimated the absolute value of
is viewed as a satisfactory cross check on our current bestki by combining the ratio derived fok; to the wall rate
understanding of bN,O kinetics. Thek; measurements from  coefficient with an estimate of the absolute wall rate coefficient
the work are not used in formulating the present recommenda- using collision theory. The absolute valuelafderived in this
tions. It should be noted that Fenimore and Jokesxpression ~ Way can only be regarded as very approximate, and therefore
was used as the final recommendation of BDH73. The authors Will not be given further consideration. The/k; ratios are of
of BDH73 evidently were impressed with the obvious care and more concern. The authors of BDH73 concluded that the ratio
ingenuity of the work, and the fact that the expression was data were “probably of limited accuracy with an error limit of
in excellent agreement with other results highly regarded at that Perhaps a factor of 2”. These findingslefk, ratios near unity
time. However, the present work has revealed the latter finding at ~1000 K, coupled with other workers’ similar results at
is fortuitous. higher temperatures, apparently have much to do with the
Study at High MO ConcentrationThe experiments on pure BDH73 conclusion thatk/k, is close to 1.0 over a wide
N0 or N,O mixed with several other reactants performed in temperature range.
static quartz reactors by Kaufman, Gerri, and BowPiaiso Simulations of the Kaufman et al. experiments were per-
have to be discarded. The most important of these for the presenformed in the present study to gain qualitative insights. The
purposes were with pure . In the following subsection, calculations were done using the mechanism of Table 1. The
detailed reasons for rejection of the results are given. Briefly, wall reaction had to be ignored because no simple way to include
there are three major concerns: wall reactions, thermal equili- it in the SENKIN code is apparent. It is not clear what rate
bration at early times, and the fact that simulations show that coefficient should be used in any case. Though reaction R32
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TABLE 5: Synopsis of Measured Quantities in NO/Inert Gas Mixture Shock Tube Studies

source species measured methdd(s) inferred data temp range (K) comments
Monat et alf* N2O, NO IRE k1, ks 2380-4080 retainedh
DDCH9Z NO, G, UVA k1, ko 1680-3340 retained
Lipkea et af* N0, NO, G, N GC ki/kz, ks 1300-1950 discarded;
Gutman et af? N20, O;, N2, NO, O MS ki/kz, ks 1800-3500 discarded
Barton and Dové&? N2O, O, N2, NO, O MS ka/kz, ks 1800-2800 discardedi
Dove et af® none LS Keot, Ka 2160-3590 discardece
Nip59 N20, O, N2, NO MS Keot, Ka/ka, K3 2000-3250 discardedj
Zaslonko et af? N20, NO, O UVA, CHML Keot, Ki/Ko, Kz 1680-2500 k; andk retainedf
Sulzmann et af® N.O, NO IRE, UVA keot, Ka/ko, Ks 1685-2560 ki andk retained
Zuev and Starikovsldl N2O, NO, NG IRE, UVA ki, upper limitk; 1750-3300 discardedy
Soloukhirf® N,O IRE k1, ko, ks 1640-3100 retainedh
Baber and Ded#A? N0, O IRE, CHML keot, K3 1850-2535 discarded;
Dearf?® N,O IRE Kiot, Ka 1950-3075 discarded:;
Dean and Stein&¢ N0, O IRE, CHML keot, K3 2100-3200 discarded;

aMS = mass spectroscopy; LS laser schlieren; IRE= infrared emission; GG quenched sample gas chromatography; CHMICO + O
chemiluminescence for O-atoms; UVA ultraviolet absorption® The group’s final result fok; is given in ref 64b. The correct temperature range
for this result is given in HS8%.The reagents used were of poor purity.is inconsistent with the HS85 recommendatib®iscrepancies oks
results from these reflected shock studies with established results in HS85 lead to concern the temperatures may have been systematically affected
by the sampling technique. Therefore, except for the notion khat k, at very roughly 2000 K, these results are discardétesults forks
compare well with those of HS85, but the Arrhenius plot kgr shows unusual curvaturky is therefore discarded. Note the LS, incident shock
technique used was very different from the methods of refs 59R@sults of the various XD/inert gas shock tube studies are only sensitivie; to
if O, has been measured. Therefore, the results of refs 63 and Bbeiar discarded? [N.O] and [NO] were measured by IRE; N@as measured
by UVA. An emission attributed to NG- O was also measured. An attempt to measurg Y@ UVA was made, but signal levels were too low.
The results yield an upper limit fdg that is much smaller than all other studies indicate, and the implieexpression is a factor of 2 smaller
than the majority of MO shock studies indicat&e: is also smaller thak; values obtained by reversirkg; results from the retained studies on NO.
Reasons for the discrepancies are unclear. The authors suggeStedriamination may have systematically affected the other studies; simulations
performed in the present work to estimate the amount needed to affect typical studies indicate this is Oifiegigears Soloukhin actually
inferredk,; from the NO data and assumda = k, to derive results. Therefore, it is assunigglis the relevant result of the workThe data were
analyzed using the assumptien= k,, sok is the relevant result of the work. The: expression is lower by a factor of 2 than the majority of
studies indicate; it is also smaller thianvalues inferred by reversinig-; results from the retained studies on NO. Reasons for the discrepancies
are unclear.

appears plausible, to our knowledge no other studies haveby including CO in the mixtures and following chemilumines-
required the reaction; we find no clear reason to invoke it. cence of the reaction C& O — CO,. Only a few included

The simulations were tried with both the HS85 values and measurements of [ As will be discussed, measurements of
the final results of the present study farandk,. The results ~ [Oz] are particularly important in the determination kf Of
indicate reaction rates of reactiond7 and R8 are similar to  the measured results, the following are retained in formulating
those of the other fastest reactions involving O atoms-{R1 recommendations for reasons discussed beldg; from
R3), even at early times. Thus, the steady-state relation assume&oloukhin®® k; andk: from Zaslonko et al®® k; from Monat
in ref 57 for O atoms is drawn into question. Kaufman et al. et al.® k; and kot from Sulzmann et af$ k; and k; from
pointed out in this early study, whed@ was unknown, that if =~ DDCH92. Some of the mass spectrometric studig’ ‘indicate
reaction R8 occurs, it would lead to a sharp decrease in thethatk; = k at, very roughly, 2000 K. This point was noticed
N,O depletion rate by “perhaps a factor of 2” at early times. in HS85 and influences both HS85 and the present recom-
This decrease was not observed, so they concluded that reactiomendations. As will be seen, there is some doubt about the
R8 was unimportant, and postulated that readi#82 is needed. precision of the measured temperatures in those studies, which
The present simulations, which used the now well-established conclude thak; = k, over a broad temperature range. A synopsis
kg (see refs 2 and 3), predict such a change in depletion rateof measured quantities and temperature ranges is given in Table
would indeed occur at early times. The simulations indicate the 5. Brief reasons for our choices among the various results are
change in the [MO] slope may have occurred early enough in given in the footnotes. Details regarding the choices form the
the experiments, where the amount gf0Nconsumed is quite ~ remainder of this subsection.
small, that detection of the change would have been difficult. Though more recent studies have generally considered most
Additionally, there may have been thermal equilibration prob- of the reactions given in Table 1, the analyses of some of the
lems in the mixtures at early times. These observations, andearliest ones only considered reactions-RR3. Representative
concern about the wall effects, require discarding these calculations in the present work, with 2% mixtures ofONin
results. Ar across the range of conditions used, generally indicate use

Studies on PO Diluted in Inert GasesThere have been  of only reactions R+ R3 is reasonable. Future workers should
studies by 10 groups that are pertinent to the title reaction which also consider the possible importance of the other reactions,
utilized mixtures of NO in inert gase827:58-65 All used shock especially—R7, R8, and R10, as a route to @®rmation at
tubes. Most used Ar as the inert diluent, though some used Kr higher NO concentrations and pressures. Under the conditions
or He. Occasionally other more reactive diluents were tried for generally used in the studies, the overall reaction is initiated by
comparison to the inert gas mixtures. Concentrations #» N  reaction R3. O atoms are kept in the steady state by reactions
were generally in the 0-55% range, with most toward the lower R1, R2, and R3. The D is converted to N O,, and NO;
end of that range. Pressures generally were aboutD®Gatm, concentrations of the latter three species remain at plateau levels
though one study used pressures to 23 atm. Most of the studies on the time scale of shock tube experiments because the
utilized measurement of [)D] as an important diagnostic. Many reactions converting NO to the equilibrium productsaxd Q
also included measurements of [NO], and a few measured [O] are not significant under these conditions.
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Rate coefficient results for combinationskaf k, ks, the sum
ki + ko = kiot, OF the ratioky/k; have been extracted from the
shapes of the various species profiles during the conversion time
and/or the plateau levels (see Table 5). The slope ofkthe
Arrhenius plots has been fairly well-established in the works.
Values ofk; have been extracted in these and other studies (see
reviews in refs 2-4, also refs 19, 66, and 67) and are well-
established. There is disagreement by about a factor of 2 in the
absolute values d; from two sets of studies (see, e.g., HS85).
The k; expressions are much more controversial.

The HS85 low-pressurks recommendation is well-repre-
sentative of recent resultiks rate coefficient expressions were
a result of most, but not all, of the studies in Table 5.
Comparison ofks values from these cases vs the HS85
recommendation is used as a check on consistency. In the data
analysis of some of the studies, tkeexpression was a fixed
input parameter. The values used in this manner were examined,
and there appear to be no problems resulting from the expres-

Temperature, K
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sions utilized.

In the HS85 review, it was pointed out that the studies then
available yield a strong indication thiat = k, at about 2000
K. All but one of the pertinent studiéssince HS85 agree with

this conclusion. Reference 27 is discussed later. First, a key

point discovered by Monat et &t.is presented. In that work,
profiles of [N,O] and [NO] were measured spectroscopically.
In the modeling, Monat et al. discovered the computed profiles
were primarily sensitive tdk; and ks; they were much less
sensitive tok,. Therefore, thek; expression from BDH73 was
used as an assumed parameter in the analysis, andpoahd

ks values were extracted.

Computations in the present work, with the mechanism of
Table 1 and either our final recommendations or the HS85
expressions fok; andk,, confirm the NO sensitivity behavior.
For example, for 2% mixtures of JO in Ar with an initial
temperature of 3000 K, a change by a factor of 3 in assued
value produced only a15% change in the NO plateau level,
which is probably similar to error limits in measured [NO]. The
sensitivity of [NO] tok; and ks is much higher. For the D
profile, the situation regardindg; and k is reversed; the
computed profile is very sensitive to andk; and much less
sensitive tck;. An examination of all the computed sensitivities
shows that it is difficult to find a species other thaa Which
is very sensitive toky; presumably N, though produced in

10-17 B

k (N,O +M=N,+ 0 +M), cm

1018

3.0

T
4.0 5.0 6.0 7.0
/1) x 104, K"
Figure 4. Arrhenius plot of results from several sources for the rate
coefficient of Ny O+ M — N, + O+ M. Key: (O— —(3 Gutman, et
al, Ar;® B— —f Nip, K, [ [#] Barton and Dove,
Kr;®  &— - —A Lipkea, etal, Kr;*! HS85, Ar?

2.0 8.0

Turn to the other studies. The study of Lipkea et'aLised
mixtures of 2% NO in Kr with stated purities of only 98%
and 99.7%, respectively. The,® was tested by gas chroma-
tography for impurities which were found to consist primarily
of “air’, NO, and NQ. These purity levels are low, and no
attempt was made to increase them. In addition, results from
the work for ks are not consistent with now well-established
results such as in HS85 (see Figure 4). The H&B8Eecom-

reaction R2, is much less sensitive because it is also producednendation is for Ar, rather than Kr, as collider, but this

in reaction R3Thus, it is concluded that for inferringkthose
studies which hee not irvolved measurements of ;Care
inherently less reliable than those whichJeaThe same relative
ordering of NO and @sensitivities tok, k., andks was also
noted in DDCH92.

In DDCH92, NO and @ profiles were measured using laser
absorption techniques. The results forgpofiles were first fitted
using the N/O mechanism from HS85 but varykgo obtain
a fit. The k, expression thus obtained was then used with the
NO profiles but varyind. Iteration could have been performed
to optimize thek; andk; values, but proved unnecessary because
thek; results matched the HS85 expression within error limits
on the first trial. The results indicatg predominates at high
and k, at low temperature. Thé& and k, expressions from

difference cannot account for the pronounced discrepancy in
slopes. The possibility that the conditions used may have placed
reaction R3 in falloff was checked during the present work using
recent results oikz from ref 19. The conditions were in the
low-pressure limit, so comparison with the HS8bis reason-
able. Supply gases of similarly poor purity levels were used by
Milks and Matulafl® For these reasons, those results were
discarded.

In the mass spectrometric studi8Y2ky/k, was derived from
the NO/Q concentration ratios. The experiments involved end
wall sampling; hence, reflected shocks were used. In principle,
these results should yield a fairly direct indicatiorkgk,. The
results from each study indicate this ratio is approximately unity
for wide temperature ranges, in contrast to the result of DDCH92

DDCH92 are equal at 2050 K, in agreement with the observation (1800-2500 K from ref 58; 19662800 K from ref 59a).

from HS85. The Monat et ak; and DDCH92k; andk; results

However, comparison of the results ferfrom the two studies

are therefore believed to be among the most reliable and arewith the HS85 expression shows they do not agree well. Plots

retained for fitting. The final result of the Monat et al. study

of low-pressure limitks from refs 58 and 59a are compared to

for kg is found in ref 64b; the proper temperature range to use the HS85 recommendation in Figure 4. Theesults from refs

with that expression is found in HS85.

58 and 59a exhibit a much smaller slope than those of currently
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accepted expressions. The possibility that reaction R3 is in falloff on N;O/inert gas mixtures confined to,8 and NO measure-
under the conditions used for refs 58 and 59a was checked usingnents are not very sensitive kg, furthermore, solution of the
ks results from ref 19. The conditions for both are in the low- simultaneous equations kg andki/k, must ultimately involve
pressure regime, so comparison with the HS85 low-pressuredifferencing of two quantities of similar magnitudky (or k»
expression is proper. One notes the results in ref 59kkfor  from ky). Due to this fact, studies which utilized direct JO
agree well with other studies and were used by the authors of measurements to deriv@ are to be preferred. References 63
HS85 in making theiks recommendation. However, these were and 65 provide an indication th&: has roughly the same
obtained via a laser schlieren study on incident shocks, amagnitude ask; at high temperatures, but, cannot be
technique very different from the mass spectrometric methods determined much more precisely than this by the methods used.
in ref 59a. The authors of BDH73 have suggested thakihe Therefore, only thd. andk; values from refs 63 and 65 were
results of ref 58 are low toward the higher temperatures reportedretained for the present fits.
because of gas cooling by the end plate (mass spectrometer The study of Zuev and StarikovsKiiis at variance with all
sampling region) and an incorrect understanding of the stoi- the other studies in whiclk, was measured. Though the
chiometry for the conditions used. Perhaps similar problems expression from that work agrees well with the HS85 recom-
affect ref 59a. The idea théi/k; is near unity at, very roughly,  mendation, an upper limit fdt, of 0.05; (1750-3300 K) was
2000 K is strongly supported by the directly measured [NO]/ obtained. All the othek, result§58.5%9.¢.63.6%re much larger
[O] ratios in these studies. The suggestion that end plate coolingthan this upper limit. Zuev and StarikovsKimeasured [MO],
has affected the results places the temperatures specified fo[NO], [NO2], and emission attributed to N® O and analyzed
these ratio data in question. their data with a detailed chemical model. They also attempted
The results from Nip’s thesis wot¥ using the mass  to measure [g], but were unsuccessful due to low signal levels.
spectrometer were obtained with techniques similar to those of Their studies utilized mixtures of 3% in Ar with pressures
ref 59a (presumably using the identical equipment). The resultsfrom 2.5 to 23 atm. The higher pressures used are much larger
werek; = 2.0 x 10~ exp(—1018&K/T) cm® molecule st than in any of the other studies. At the higher pressures used,
andk, = 1.6 x 10719 exp(—16340&K/T) cm?® molecule® s71 reactions—R7 and R8 become important, complicating the data
(2000-3250 K). The correspondind/k, ratio exhibits a  analysis.
downward trend vs increasing temperature, which disagrees with  In addition to studying BO/Ar mixtures, Zuev and Starik-
all other studies, and thie andk; values imply aki result a ovskii also performed experiments withpMN>O/Ar mixtures,
factor of 2 lower than the results selected as best in the preseninvestigating the effects of hydrogenous species. The experi-
work. Nip also measureks = 5.0 x 10711 exp(—2498K/T) mental and modeling results led to the conclusion thz®/N
cm® molecule™! s (2000—-3250 K). Although this result has a  inert gas mixture chemistry is very sensitive to traces gdH
slope similar to that of the HS85 expression, it is about a factor Further, they suggested all the other studies may be incorrect
of 3 smaller (see Figure 4). Pressures used were @Aatm, regardingk, because of kD contamination. If HO is present,
which places reaction R3 in the low-pressure regime. Note that the reactions OF OH — O, + H and H+ N,O — OH + N3
Nip used Kr for the diluent gas, whereas the HS85 expression can speed pD conversion, leading to £formation. The sum
is for Ar. Typically in unimolecular reactions, Kr has an of these reactions, & N,O — O, + Ny, could kinetically
efficiency similar to that of Ar; a factor of 3 lower is quite  mimic reaction R2.

unexpected. Indeed, the measurements of Endo &which Zuev and Starikovskii's result that, is very small and
were also in the low-pressure regime, yielded a Kr/Ar efficiency suggestion that the presence afHs responsible for the much
ratio of 0.79 at 2000 K. (Note Endo et al.’s results fafar larger values from all other shock tube studies in whiglvas

were among those selected for the H¥@%ecommendation.)  measured has been investigated computationally in the present
One notes the fitting procedure used in HS85 gives Nk's  work. The present results prove that it is highly unlikely that
andk; results little weight. The data of ref 59b fég,; exhibit H,0 is the cause of this major difference in reporkedalues.

an unusual curvature compared to other works (see their FigureThe exact cause of the discrepancy is unclear, but the predomi-
3 and also HS85 reviews &f andky). For these reasons, except  nance of larger values from the other works precludes inclusion
for the result thak; = ko somewhere in the vicinity of 2000 K,  of Zuev and Starikovskii’'s results in formulating the final

none of the data of refs 58 or 59 were retained. recommendation.

Two studies in which [NO] and [NO] were measured utilized The [HO] necessary to have a significant effect was first
complex analytical algebraic techniques to extiagaindki/kz estimated. An exemplary result is shown in Figure 5. Here, a
values®®®The result from Sulzmann et &is ki/k; = 0.92+ mixture of 2% NO in Ar, constant pressure 2.0 atm, initial

0.08 across the 1682560 K region. This would not appear temperature 2000 K, and adiabatic conditions were assumed,
to agree well with DDCH92 or the present recommendations and the large detailed mechanism described earlier was used.
(see later). However, the error limit reported in that work appears In Figure 5A, there was no 4 in the mixture and the finad

to be too small. Results for most of the individual points (see andk, values of the present study were used. As will be seen,
their Figure 3) have much larger error limits than the final result near 2000 K these hava andk, approximately equal; they
indicates. The small reported error limit ki'k, appears to be  are similar to the HS85 recommendations for this temperature.
the result of averaging the 10 individual points, which may That is, the mechanism being used for Figure 5A with n®@H
serendipitously coincide well, and of the usage of the standard present in the modeling mixture leads to species profiles
deviation of the average as the error limit. Tkigk, ratio of representative of those actually observed in most of the
the present recommendations, given later, compares well with experiments of workers other than ref 27, because200 K
most of the points of ref 65 (not shown) when their individual thesek; andk; values are very similar to the results of the other
error limits are considered. The ratio result of Zaslonko é¢al. experiments. Assuming Zuev and Starikovskii are correct, the
is ki/lky = 5.4 exp-403K/T) (1700-2500 K). The result is ko expression used to produce Figure 5A is incorrect; rather,
the earliest found which indicates a strong upward tren/in  their k, value suggests removal of reaction R2 is more
ko ratio with temperature. However, as mentioned earlier, studies appropriate. The reaction was therefore removed and the
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A 0.020 | In DDCH92, the quoted outgassing rate was>x1@06 Torr/
min; combining this with an assumed (abnormally long) 5 min
0.015 delay and typical preshock pressure~80 Torr, the maximum
H0 levels could not exceed a few parts per million. Computa-
0.010 tions performed in the present study for typical conditions in
0.005 the shock experiments show that, for example, 2 pps® H
contaminant would have a negligible effect on experimental
0.000 profiles. The amount required to have a significant effect on
the results is much larger than for conditions used in the FGFAM
B: 0.020 study. The typically higher shock temperatures lead to larger
E 0.015 R1 and R2 reaction rates with which the hypothetical hydrog-
g enous species reactions must compete. These procedures to
£ 0.010 avoid HO contamination employed by the Davidson/Hanson
L; group have been generally known in the shock tube community
= 0.005 at least since the early 1970s. Though not frequently discussed
= in shock tube papers, it is suspected few, if any, of the other

0.000

] T works have been seriously affected by this suggested factor.
Therefore, the preponderance of evidence seems to indicate the

C: 0.020 results of ref 27 regarding, are incorrect, and they are
0.015 - discarded. Perhaps the complications due to the increased
importance of reactionsR7 and R8 at the higher pressures of
0.010 that study are responsible for the discrepancy.
0.005 1 Further insight into selection among the studies may be
) obtained from an Arrhenius plot &y, presented in Figure 6.
0.000 - In Figure 6 kit expressions are plotted. These were taken from
‘ ‘ sources in which botky andk; or kit Wwere measured, i.e., refs
0.0 0.5 L0 1.5 6, 27, 60, 62c, 63, and 65. It should be noted that ref 60 contains

Time x 103,s individual expressions fok; and k.. However, these were

Figure 5. Simulated results of a typical#9/Ar shock tube experiment, ~ aPparently obtained by making the assumption tat= k..

The computations were performed to quantitatively estimate the effects The author is not clear about this point. Onlyfl] was

of H,O contamination. Conditions: 2%;0, initial temperature 2000  measured in that work. In the absence of other species profiles,
K, constant pressure 2.0 atm, adiabatic. (A) Mechanism of Table 1 such as NO and £ independenk; and k, data cannot be
using the final recommendations of the present studkfandk; no derived. A similar assumption, clearly stated, was used in ref

H20. (b) Mechanism as in (A), except the reactionrtN,O — O, + : :
N2 has been removed; no8. (C) Mechanism as in (B); 100 ppm ?;ég%u;h(tjhgzr?gn result pertinent to the present study from
ot-

H>O added to the initial mixture.
As can be seen in Figure 6, most of thg expressions have

calculation repeated, resulting in the profiles of Figure 5B, which Similar slopes. However, they are divided into two groups whose
are very different from the typical “experimental” observations; absolute values are separated by approximately a factor of 2.
cf. Figure 5A. Furthermore, ik, = 0 were correct and D The result of DDCH92 has a slightly smaller slope than the
contamination were responsible for other workers observations,others, but covers a shorter temperature range than most. At
it should be possible to reproduce the “experimental” profiles the highest temperatures used in that study, the DDCH92 result
in Figure 5A by adding KO to the modeling mixtures. This  agrees within error limits with either of the two sets of results
was done for a variety of ¥ concentrations. shown. However, at the lowest temperatures used, the DDCH92
As can be seen in Figure 5C, for which the mechanism data clearly agree best with the highey set; thus, it belongs
identical to that in Figure 5b was used, an excellent match to With that set. No clear reason could be found why the two sets
Figure 5A is obtained at about 100 ppm® Not only do the ~ Of results differ from each other.
plateau concentrations of NOpNand Q@ match those of Figure The choice of which set to use in fitting is influenced by the
5a, but even the PO conversion time is reduced, making k-; data from the four studies on NO mixtures previously
agreement between parts A and C of Figure 5 excellent. selected as most reliab®35-37 Data onk_; from these studies
Concentrations of kD substantially different from 100 ppm  were fitted, and the result was reversed to obtaka estimate.
do not yield agreement with the plots of Figure 5A. The expression obtained is also shown in Figure 6. If one
An H,O contaminant concentration of 100 ppm may seem assumesk; = k, at about 2000 K, i.e., /=5 x 1074 K™,
smalll, but discussions with D. F. David$8have revealed that  thenk; from the NO studies should be a factor of 2 belkyy
such a value would actually be quite large; many of the atthis point. As can be seen in Figure 6, Kaédrom these studies
following comments developed from communications with him. is a factor of 2 below the higher set kf; results in Figure 6
It has long been known in shock tube studies thaDH  at 1/T=5 x 104K In addition, toward higher temperatures
contamination arises primarily from outgassing from the wall. the k; expression lies below the higher setlaf; values, but
Typically, shock tube workers strive to minimize this problem above the lower set. Obviously, concluding tkais larger than
by evacuating the tube, quickly filling it with the test mixture, kit cannot be logical (though the issue of error limits could
and rapidly thereafter performing the experiment. In experiments make this feasible). Therefore, on the basis of comparison of
at the Stanford laboratory (e.g., DDCH92), the time between ki values to thek; data from NO studies, the set having larger
fill and shock is no more than a few minutes. If, for any reason, values in Figure 6, i.e., from DDCH92 and refs 60, 63, and 65,
the delay between fill and experiment exceeds about 5 min, theis selected. The temperature range to use with the expression
test mixture is discarded. One to two minutes is more typical. of ref 60 was obtained by examination of data given in the
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Temperature, K IV. Recommendations and Discussion

4000 2500 2000 1667 A synopsis of the data chosen for fitting by the reasoning of
! I ! the earlier sections is given in Table 6. The expressionkfor

from each of the four studies shown were first reversed to obtain

ki values, and the individual results were then included in the

fitted data set. Thé&, ko, andki; expressions given were fitted

to the equations

ky = A, exp(-E,/RT) 1)
k, = A, exp(-E,/RT) )
Kot = Ky + ©))

whereA andEg, i = 1, 2, represent the Arrhenius factors

and activation energies, respectively. An attempt was made to
fit the data to a six-parameter form, that is, includimg
curvature factors in thé& andk; expressions. However, this
approach yielded unrealistic results which will not be further
discussed. All the data were fitted simultaneously using the
multiparameter, nonlinear least-squares routine of Kotlar &t al.
The fitted data were weighted according to error limits given
in the studies (see Table 6). For the FGFAM data, the individual
points were used. For the other sources, the given expressions
were used. In order that each group’s result is given proper
weights for equal temperature intervals, points were calculated
| . l ! T l { using the given expressions at intervals equal to the average
25 30 35 40 45 50 535 60 6.5 spacing used in the FGFAM experiments. The fitted recom-

(U/T) x 10°, K™ mendations are

Figure 6. Arrhenius plots of ki results from several shock tube studies k1 =1.52x 10—10 exp(— 139307[) cm3 molecule—l 3_1
on N,O/Ar mixtures. The 4 expression obtained by fitting (1870-4080 K) (4)

10-12 -

k(N,0+0), cm’molecules™

10-13 -

the four selected results from k-, studies on NO mixtures and then 1 3 1
reversing the resulting rate coefficient is also shown.  Key: k2 =6.13x 10 eXp(—SOZOm cm molecule ~ s

@®— —® Zuev and Starikovskii;”’ - W Dean, et al.;** (1075-3340K) (5)

® @ Soloukhin® @@ Zaslonko, et al;” The fitted expressions are compared to the retained data in
W ¥  DDCH92 A~ —A Sulzmann, et al;® Figures 79. The comparison of the fitted expressions to the
k, from reversing the fit to k_; values from the four best data is quite satisfactory. In Figure 8, note thatdata from
studies on the reaction in both the reverse and forward directions
agree very well. This is a strong indication that the assumption
figures. The upper temperature limit for tkeexpression from that the major products of the N® NO reaction are G- N,O

ref 63 is restricted to only 1910 K, rather than 2500 K claimed is correct.

literature sources.

in the text; the pld® of the [NO] data on which it is based The temperature ranges for the recommend#edand k;
indicates only one point was taken above 1910 K. Referencesexpressions differ. This result is due to the fact that data which
60 and 63 have previously gone largely unnoticed. primarily affect one of the fitted expressions at the end of a

TABLE 6: Summary of Data Used for Obtaining Recommendations

source data type expression (cmolecule* s™1) error limit (%) temp range (K)
Data from NO Studies
Kaufman et af? k1 2.0 x 1072 exp(—3211K/T) 50 1370-1530
McCullough et aPs ko 3.0 x 102 exp(—3211K/T) 507 1750-2100
Koshi and Asab#® kg 8.1 x 1072 exp(—3377K/T) 507 2700-3500
Theilen and Rot# ko1 1.5 x 107 exp(—3500K/T) 40 24006-3450
Data from NO studies
Soloukhir® Kiot 1.5x 10 %exp(—12130K/T) 502 1640-3100
Zaslonko et af? ke 2.3 x 1070 exp(—15100K/T) 50 1680-1910
Kot 1.7 x 1010 exp(~12580K/T) 50 1700-2500
Monat et af ki 5.1 x 107 exp(—10970K/T) 65 23806-4080
Sulzmann et &® ka1 6.8 x 10 exp(—~12350K/T) 80 1685-2000
Keot 1.4 x 10719 exp(—12350K/T) 75 1685-1980
DDCH9Z ke 4.8 x 10711 exp(—11650K/T) 15 1680-2430
ko 2.3 x 1072 exp(—5440K/T) 25 1946-3340
FGFAM! Keot see footnotd 1075-1140

aNo error limit was given in the referenced work. Fifty percent, which is typical of experiments such as these, was assumed for the weighted
fit. ® Data fitted were the 10 measured points, with their individual error limits, at the lowest temperatures of the range studied in ref 1.
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Figure 7. Arrhenius plot of selected results and recommendation for ki = & + k. The portion of the line for the recommendation that is dashed with an
open symbol represents extrapolation beyond the recommended temperature range. Key: ® @ Soloukhin;* ® @ Zaslonko,
etal;® A— —A\ Sulzmann,etal;® (O FGFAM;! E—— recommendation for k., from the fit of retained data.

range do not necessarily strongly affect the other. For example,of the present recommendde expression is 27.7 kcal/mol,
the fitted k; expression at the lower temperatures is largely which compares quite favorably to the ab initio barrier. The
determined by the Kaufman et®ldata on the reverse reaction, computed barrier for reaction R2 on the triplet reaction surface
which end at 1370 K; the Kaufman et al. data do not strongly is much higher, indicating the reaction does not proceed on this
affect the fittedk,, which is much larger at 1370 K. At the  surface. Lin and co-workers speculate that the reaction takes
highest temperatures in the figurés,s strongly affected by a  place via a crossing of the triplet and lowest singlet [i.e.,
number of data sets including the Monat ef‘atesult, which O(D) + N,O] surfaces and have started searching for the
extends to 4080 K. The fittel, expression is determined at intersection point(s). We note the recommen#gdxpression
the lowest temperatures primarily by the FGFAM results due has anA factor which seems somewhat small for a reaction
to the fact thak, dominates the reaction at the temperatures of which appears to be a simple atom abstraction. If Lin and co-
that study, 10751140 K (see below). The FGFAM results do  workers are correct that reaction R2 takes place via surface
not strongly affect the fittedk;. The fitted k, at higher crossing, this could explain the smallfactor.
temperatures is determined primarily by the DDCH92esults, None of the earliek; recommendatios® differ strongly
which had an upper limit of 3340 K. Error limits are assigned from the present result. HS85 is the most recent of these which
as a factor of 2 for thé; expression at 1370 K, decreasing to involved selection of best data sets from the literature and fitting
1.5 at 1650 K, and remaining there throughout the rest of the over those chosen. The present resul-80% lower at 1000
range, and a factor of 1.5 for the expression over its entire K and ~15% higher at 4000 K than the HS85 result. The
range. recommendedt,; expressions from the reviews all yield values
Preliminary ab initio calculations of Lin and co-work&s  very similar tok; over a wide temperature range, except for ref
indicate the barrier to reaction R1 is about 28 kcal/mol. Ehe 5, which simply recommended the DDCH92 expressions. The
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Figure 8. Arrhenius plot of selected results and recommendation for ;. The solid symbols with white plus signs represent the rate expressions obtained
from studies of the reverse reaction. The portion of the line for the recommendation for &, that is dashed with an open symbol represents extrapolation
beyond the recommended temperature range. Key: @p— —4p Monat, etal;* @— —€ Theilen and Roth;7  A— - —A  Koshi and

Asaba;™ A AREEREEN V¥ DDCH92; Yw—— McCullough, et al;"” A— —A\  Sulzmann et al.;* o @ Zaslonko, et
al.;* ©-—-© Kaufman,etal; [J——M recommendation for k; from fit of retained data.

presentk; and k, expressions are quite different from each largely responsible for earlier recommendations that k

other: ky is larger thark; at low temperatures and smaller at over a much wider temperature range. The present results

high temperatures. Extrapolation of the present recommendationindicate that the earlier conclusion is erroneous.

for k; yieldsky/k; = 9 at 1100 K. Sincéx, at the temperatures

of the FGFAM study is dominated ki, direct comparisonto v/ conclusion

the DDCH92 study, as in Figure 9, is reasonable;kheurve

is only slightly below thek: curve at the FGFAM temperatures. An evaluation of the literature pertaining to the title reaction
The recommendel; andk, expressions are equal at 1840 was performed, resulting in recommendations for its two major

K. Thus, they fit the criterion mentioned earlier that most channels over wide temperature ranges. The evaluation process

available data on the title reaction indicate tke and k» used detailed chemical modeling with recent information on

expressions are equal at roughly 2000 K. The rkifky is 0.67 important ancillary reactions and thermodynamics. There has

at 1635 K and 1.5 at 2110 K. Thus, this ratio is fairly close to been a wide spread in results concerning reactions R1, R2, and

1.0 over a wide temperature range in the region of shock tube —R1. Serious mechanistic interpretation errors were newly

studies. This fact, coupled with the possibly high estimate of identified in the present work in regard to several relevant

temperatures in the mass spectrometer shock tube sttitfies  studies, which have previously clouded the issue of the correct

and the results of ref 57, which are herein questioned, may berate coefficient expressions. In particular, the assumption that
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Figure 9. Arrhenius plot of selected results and recommendation for k. ko results from the FGFAM study’ are also shown for comparison. At the
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reaction R1 is the only source of NO in the burnt gases of the in FGFAM, and also at higher temperature conditions typical
Ho/N2O/O,/H,0 flames studied by Fenimore and Jolidsas of the shock tube experiments on@Vinert gas mixtures, as
been shown to be incorrect. This result is the central choice of discussed herein. The results indicateéOHcontamination is
the BDH73 recommendation, which affects most later recom- unlikely to have caused significant problems for those studies.
mendations. The results of Koshi and As#baegarding However, future workers should be aware of the potential
mechanistic errors in three other studies were confirmed. The difficulties this effect could pose in studying this chemical
present work demonstrates clear reasons why a number of resultsystem.

must be discarded. Results from the bulk of the remaining Finally, it would be very helpful to have further ab initio
studies were fitted, and recommendationskpandk, expres- calculations on this reaction. Only preliminary restfitare
sions were given. The most important point of these recom- currently available. In addition to calculations on reactions R1
mendations is that the O+ N, channel dominates the tite and R2, estimates to confirm whether the only significant
reaction below~1600 K and the NOF NO channel dominates  products of the NO+ NO reaction are indeed @ N;O, as

above~2100 K. seems likely and was assumed, are desirable.
The study of Zuev and StarikovsKiiserved to focus our
attention on possible effects ob8 contamination on measure- Acknowledgment. We thank Dr. A. J. Kotlar for rewriting
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guantitative estimates of the amounts ofCHnecessary to  used for the functional forms described in the text and for some
strongly affect intermediate temperature results, such as reportedliscussions regarding its use. We are grateful to Dr. A. M. Dean
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