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The product branching ratio of NH- NO — NNH + OH and NH + NO — N, + H,O has been determined

in the temperature range 1828159 K in a shock tube study. The pressure range behind reflected shock
waves was 1.10 to 1.21 bar. The time history of the,Katlical was measured using a frequency modulation
absorption technique. The initial gas mixture compositions wefd8ppm monomethylamine (GNH,),
0.4—1.2% ammonia (Nk), and 0.4% NO, and the balance Ar. According to sensitivity analysis using a
detailed 125-reaction mechanism, the Nitiofiles are mainly sensitive to the branching ratie= ki4/(kia +

kip) under the experimental conditions of this study, and they exhibit only a small sensitivity to secondary
reactions and the overall rate coefficiekt,= kia + kip. The branching ratio increases from 05£90.02 at

1826 K to 0.66+ 0.04 at 2159 K. These results are consistent with our earlier measurements of the branching
ratio at lower temperature and agree with the theoretical result of Miller and Klippenstein.

Introduction a large scatter, and the resulting branching ratios are much larger
than thea-values suggested by Miller and Klippensteand

The NH, + NO reaction is one of the key reactions in the Glarborg et a.

Thermal De-NQ process. This reaction has two major product

channeld One is a chain branching channel The objective of the present study is to measure the branching
ratio of the NH + NO reaction at high temperatures more
NH, + NO— NNH + OH (R1a) accurately using a shock tube facility and frequency modulation

absorption spectroscopy of NH
and the other is a chain terminating channel

Method of Approach

NH, + NO— N, + H,O (R1b)
In this study, gas mixtures containing small amounts of

Two important kinetic parameters in modeling the Thermal De- monomethylamine (CkNHz, MMA) and an excess of NO and
NO, process are the overall rate coefficigkt= ki + ki, and NH3; together with argon as a diluent were used. Behind reflected
the branching ratio of the NfH NO reaction,o. = kyof/(Kia + shock waves, CENH, rapidly decomposes via R2 to produce
k). From the results of many studies, including our two studies an NH; radical®2
of this reactior’,® the overall rate is well-known in the
temperature range 26@500 K. In addition, the branching ratio CH;NH, + M — NH,+ CH; + M (R2)
of this reaction has been investigated experimentally in many

studies. A number of low-temperature direct flash photolysis once NH is produced, it reacts rapidly with NO due to a high
studies yielded a relatively small increasecofvith tempera-  concentration of NO in the initial gas mixture. The branching
ture/*% An early combustion-driven flow reactor study by  channel of the Nii+ NO reaction gives OH and NNH radicals.

Kimball-Linne and Hanson yielded a sharp increase of the The NNH radical rapidly decomposes inte Bind an H atom

branching ratio at temperatures above 1000 K, leading to a valuethrough the unimolecular decomposition reaction (R3).
of a. = 0.6 at 1300 KI! The sharp increase of at temperatures

above 1000 K was reproduced by Park and!tiand Halb- NNH — N. + H (R3)
gewachs et a® Glarborg et al. determined the branching ratio 2
in the temperature range 1211 K to 1370 K from flow reactor
experiments and reported thaincreases from 0.35 at 1211 K
to 0.45 at 1370 K# A recent reinterpretatidf of the higher
temperature experimental data of Park and¥.and Halbgew-

The OH radical and H atom react with excessaNél produce
NH, radicals.

achs et al? yielded values ofx that are in agreement with the NH; + OH— NH, + H,0 (R4)
results of Glarborg et &f In addition to these studies, the results NH, + H— NH, + H, (R5)

of our previous shock tube study of the branching fiare
consistent with those of Glarborg etaland agree with Miller _ _ _
and Klippenstein’s theoretical wofkAbove 1800 K, only two ~ These reactions rapidly convert Nihto NH, because of the

experimental studies have been repoffel.These data show  high concentration of NE Consequently, each NHadical
produced by the branching channel (R1a) leads to the formation

* Corresponding author. of two new NH, radicals, while the other channel (R1b) is chain
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Figure 1. A diagram of the kinetic scheme for the branching ratio
determination.
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Figure 2. Results from NH sensitivity analysis for the conditions of

Figure 3: 28 ppm CENH,/3960 ppm NH/3800 ppm NO/Ar balance,
T =1938 K,P = 1.19 bar.

800

terminating and results in the loss of one N#dical. Therefore,
the trace of NH radical is mainly controlled by the product
branching ratio of the NEH NO reaction. This kinetic approach
is illustrated schematically in Figure 1.

According to the NH sensitivity analysis shown in Figure
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Figure 3. Example of NH mole fraction profile: 28 ppm CHNH,/
3960 ppm NH/3800 ppm NO/Ar balance = 1938 K,P = 1.19 bar.
Solid line is a fit to the data using a detailed kinetic model. Broken
lines are40.01 variation ina (a0 = 0.62).

TABLE 1: Selected Reactions Used in the Reaction
Mechanism

Arrhenius parameters
k(T) = ATlexp(-E4/RT)

reaction

A Ea
(cm*mol~ts) n (Jmol?) ref

R2 CHNH,+ M — CHz+ NHo+ M
R3 NNH— N, + H

R4 NH; + OH— NH; + H,0

R5 NH; + H— NH, + H,

R6 NH, + H— NH + H,

R7 NH, + NH, — NH3 + NH

Experiments

8.17E16 0.0 255337 20
6.70E07 0.0 0 3
2.00E13 2.04 2368 21
6.40E05 2.39 42555 21
1.58E14 0.0 29267 5
1.70E13 0.0 27899 5

The shock tube facility and diagnostics used in the present

2, the influence of the secondary reactions, as well as that of study are similar to those used in our previous determination
the overall rate coefficient, is relatively small compared to the of the overall rate coefficiertTemperature and pressure behind
branching ratio. In addition, the uncertainty of the overall rate the reflected shock wave were calculated from the initial
coefficient for the temperature range of the present study is very temperature and pressure and the shock speed measured over

small, so that the overall rate coefficient has no significant four intervals using five piezo-electric pressure gauges. The
impact on the branching ratio determination. estimated uncertainty in reflected shock temperature is less than

In our previous low-temperature study of the branching ratio +20 K at 1400 K over.the time intervals of in.terest.
of the NH, + NO reactiont the NH; was photolyzed to produce The NHZ concentration was mgasured using a frequency
a small amount of Nkl However, using pyrolysis of C#iH; modulation (FM) absorption techniqé&:.2> With FM absorp-
as the NH source has advantaé;es over photolysis of;NH tion, at least a factor of 30 reduction in the Néetection limit
high temperatures. First, it is easy to control the initial mole can be achieved in comparison with direct laser absorption. A
fraction of NH; radicals since a known amount of g&H is resonant type elec_trooptlc modulator (New Focus .4421) was
supplied to the shock tube and the decomposition rate of CH used. The modulation fre_quency and t_he modu!atlon index were
NH. is well-known1920 Second, CHNH, decomposes rapidly 1.2 GHz and 2.4, respectively. We routinely achieved a detection
2 - P ’ 2

- limit of 0.003% of equivalent absorption and an Nétetection
gbove 1800 K and more than 90% O.f the £Bi; is convgrted limit of 0.2 ppm at 1400 K and 1 bar with 1 MHz bandwidth.
into NH,, so that the Nk mole fraction measured using the

. e " X Additional experimental details may be found in refs 16 and
FM system is self-calibrating. In addition, the experimental setup P y
is much simpler than that of photolysis experiments.

As shown in Figure 3, the NiHmole fraction increases rapidly

20.
To reduce uncertainty in the initial GNH, and NH;
concentration due to wall adsorption, reactant mixtures were

in the early stages of reaction due to the thermal decompositioncontinuously supplied to the shock tube from a flow control
of CHsNH.. The NH, starts to react with NO and produces H  system consisting of independent mass flow controllers. Test
and OH atoms. The H and OH atoms react with excess,NH gas mixtures were prepared from commercial gas mixtures of
and the slope and peak of the hprofile are sensitive to the 1028 ppm CHNH, (Ar balance, Specialty Gases of America),
branching ratio. In the present study, a detailed 125-reaction 5% NH;s (Ar balance, Praxair), 1.98% NO (Ar balance, Praxair),
reaction mechanism used in our previous study of overall rate and pure Ar £99.9999%, Praxair). The N@nd NO impurities
coefficienf was applied to obtain the branching ratio. The rate in the NO-Ar mixture were measured using FTIR spectroscopy,
coefficients of the selected reactions used in the reaction and the mole fractions of NOand NO were 42 and 51 ppm,
mechanism are tabulated in Table 1. respectively. These impurities were included in the kinetics



Product Branching Ratio of the NH- NO Reaction

1.0

— Miller and Klippenstein(2000),(4]
---Miller and Glarborg(1999),[3] *
| m Song etal.(2001),[6]
v Deppe et al.(1999),[18]
0.8 |- ¥ Park and Lin(1999),[15] a S
A Glarborg et al.(1997),[14]
O Park and Lin(1997),[12] v
[ & Parkand Lin(1996),[10] A & v
@ Vandooren et al.(1994),[16] A v.&
| + Stephens et al.(1993),[9] A
X Bulatov et al.(1989),[8]

o
(<)

X Atakan et al.(1989),[7] A
[ A Kimball-Linne and Hanson(1986),[11] t
O This study o

Branching Ratio,a
o
»

0.2

Thermal De-NOx
Window
00 1 1 1 1
500 1000 1500 2000

T(K)

Figure 4. Summary of branching ratio data.

TABLE 2: Summary of o with Experimental Conditions
T(K) P(bar) xuwa (PPM)  Xnws (PPM)  Xno (PPM) @
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the present study are consistent with our previous low-
temperature data using Nlghotolysis. The results of this study
also show good agreement with the theoretical work of Miller
and Klippensteir. In addition, the present values of are
consistent with the results of the recent DesNi@deling study

by Glarborg et al* and the lower temperature data given by
Park and Lid°> and Bulatov et af. The results obtained in a
NH3/NO flame velocity modeling study by Vandooren at®el.
and the results of a recent shock tube study by Deppe & al.,
who determined the branching ratio in the temperature range
from 1500 to 2000 K directly from product measurements, seem
to have overestimated-values.

Conclusions

The branching ratio of the NH+ NO reaction has been
determined using a simple kinetic scheme and a shock tube
facility. To obtain the branching ratiox, NH, traces were
measured using frequency modulation spectroscopy. The branch-
ing ratio data of the present study are consistent with the results
of our previous study, and show good agreement with the
theoretical study of Miller and Klippenstefn.
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