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1. INTRODUCTION

The combustion of nitrogen-containing species has been of fundamental interest for over three decades
(Gaydon 1974; Gaydon ard Wolfhard 1949; Wolfhard and Parker 1955). Much of the interest is directed
towards understanding and predicting pollutant formation. Our interest in nitrogen combustion stems froi
a desire to model propellant combustion, primarily solid nitramines or nitrocellulose-based types. A
fundamental understanding of the detailed chemisiry is a prerequisite for the successful modeling of
propeliant combustion which will lead to optimal propeilant formulation and propulsion performance. Of
foremost importance are molecules such as N,O and NO,, since they are intermediate oxidizers formed
during propellant combustion (Fifer 1984; Schroeder 1985). Thus, one of the simplest flame chemical
systems of interest 10 both propellant chemistry and poliutant formation is the Hy/MN,O system.

Several flame studies have been performed on the Hy/N,O sysiem. Fine and Evans (1993) measured
NO concentrations and temperature in the bumed gases of fames using a number of fuels, including H,
with N,O. The results were used to infer qualiative infonmation about reactions responsible for NO
formation under 2 wide varicty of conditions. In a number of other early siudies (Dixoa-Lewis, Sutica,
and Williams 1964, 19652, 1565b; Duval and Van Tiggelen 1987), flame spoeds and a fow specigs and
temperature profiles were also measured. More recently, Cattolica, Smooke, and Dean (1952) perforned
a combined medeling and experimental swdy for a Nat, bumer stabilized, stoichiometric, atmospheric
pressure HyN,O flame.  Laser-induced fluorescence (LIF) and absorption spectioscopy were used 1o
obiain concentration profifes of OH, NH, and NO, as weli as a temperaure piofile.  However, the
measureaents could only be performed in the upper portions of the ftame zone. Subsequent studics on
a similar burner by Vanderhoff et al, (1986) yielded peofiles for NO, Oy, Ny, aid lemperaiure using
Raman spectroscopy and relative OH prowacs using LIF for several HyN,O flames ranging from lean to
stuichiomelric mixture ralios ai AMOSpIRAC pressure.

Generally, species profiles oldalned in the aumosphenc pressure studies wene poorly resoived.
However, an increase in spatial resolution can be obiained at reduced pressures since the roaction zone
expaads.  The first low-pressure work which combinod an experimrental and theoretical study was
porfonned by Balakhain, Vandooren, and Van Tiggelen (1977) on the sirycture of a lean Ha/N,O flame
(3i4% Hy) at $0 wir. Molecutar beam sampling with mass spectrometric deiection (MBMS) was
employed o profile all of the table and most of the reactive specics.  Using an asswmed mechansm,
consising of approximaiely a doicn reactions, several birmolecular rate constants ware deduced and the




importance of the N,O+M decomposition reaction was discussed. A concentration profile of the NE
radical was not rcported and, as a result, the NH chemistry was excluded from the mechanism. Recenily,
several hydrogen flames (Kohse-Hbinghaus ot al. 1988; Rensberger ot al. 1988; Jefferies et al. 1988)
supported by N,O or O, at low pressure have been studied in which the NH radical profiles have been
obiained. For one of the Hy/N,O flames, the temperamre profile as weif as the OH and NH radical
profiles were obtained by LIF and modeled (Jefferies et al. 1988). A very bief dissussicn of the
chemistry is given, but the major emphasis of tst work was o determine the infleence of emiperaty

and majority species mixture on quencaing of the LIF signals for these radicals.

In a modeling study, Coffee (1986) developed » mody! for premixesd, ons-dirensioral flanes and
calculated flame speeds and specics profiles for a variety of Hy/N,O flames. The reseliy weie compared
to a range of previously published experimental data and reveadled that his model reproduces the dta
overall, but insccuracies still exist. In pasticular, most of the predicted flame speeds were slightly stower
than experiment. Sensitivity and mie analyses were used w indicate that additional experimenial data,

particularly on OH and NO, were m eded (o improve his modei.

In addition to the flame studics, there have been several shock tube (Henrde! and Bauer 1969; Lk an
1976; Dean, Steiner, and Wang 1978 Pamidimukkala and Skinner 1982; Hideka, Tekuma, and Suga
1985a. 1985b) and bulh (Baldwin, Gethin, and Walker 1973, Baldwin, Getivin, and Plaistowe 1975) studies
o the Hy/N,O chemical system. I the shock tube studies, conditions were tailored pamanly to highlight
ane or a fow of the elementary reaction sieps and 10 measure the comesponding rate cocflicients. The bald

cxpenments examined the chamical mechanism for tis sysiem o low terperatures.

Fresented in this repont ore temperature and species profile messurements for a 20-totr stotchiomatnic
Ho/N,O/Ar bumer stabilized flame. MB/MS ara LIF are used w0 measure a variely of stabiz and reactive
radical specics. The Tow pressure attained enabies bigh spatial resolution profiles to be obalned through
the citirz flame zone A wider vaniety of species pivliles has been obtained than has previously sppeared
for any study of this chemical sysiem due largely to the use of the MB/MS system. The expenimentsi daia
is compared to calculated peofiles gencruied using the Sandia National Laboratonics flamse cods, FREMIX
(Koe et al. 1991). The mechanism used to generate the muodal peofiles is e resul of 8 detaled
examination of the literatare coneing gas-phase nitrogen combustion. Rale and sensitivily analysss
perfoimed reveal the tiuricacies of the mechamism. The main features of the mechanism are presented and
reactions of particular interest highlighted.

tw




2. EXPERIMENTAL

A schematic of the experimental apparatus is shown in Figure 1. The H;/N,O/Ar low-pressure flame
was supported on a McKena flat burner having a 6-cm stainless-steel fritted plug. The plug is encircled
by another sintered metal frit through which argon was flowed, thus forming & protective shroud that
minimized mixing of any recirculating bumt gases in the low-pressure chamber. The cenier plug was
water cooled to maintain a constant temperature 3s measured by imbedded Alumel-Chromel
thermocouples. The humer was mounted at the center of a cylindrical stainless-sieel vacuum chamber
(D=25 cm, H=4Q cm) on a high vacuum feedthrough flange which was coupled to an off-axis rotary
feedthrough flange. This configuration allowed the burner to be scanned vertically with an accuracy and
reproducibility of less than 50 um and horizontally with a rotational precision of better than 1°.

The reactant gases (H, and N,O) and inert gas (Ar) were of commercial high-purity grade and were
metered by MKS mass flow controllers (cross-checked with a GCA Precision Scientific wet test meter).
The gas flow raies employed were 1.6 and 1.4 L/min (STP) for the reactant gases and diluent, respectively,
corresponding to a mass flow rate of 341 x 1073 g/cmzls. Pressures ranging from 5 to 25 tomr were
inaintained with a D40 Leybold-Heraeus vacuum pump and measured with a MKS 270 baratron (390HA
pressure head) interfaced to a MKS 252 pressure controller and exhaust throttle valve. For this study, the
flame was stabilized on the bumer at a pressure of 20 torr. Under these conditions, the flame was
characterized by a dark preheat zone and a pale yellow luminous zone. The dark or nonluminous zone
is approximately 5 mm high and occuss at the suiface of the burner where the gas temperature is relatively
low. The luminous zone is approximately 5-8 mm high. The thickness of the zones couid be altered by

changing the relative proportions of the reactants and argon diluem, as well as the pressure.

Temperawre profiles of the Hy/N, C flame were obtained with thermocouples. Platinum and platinum
with 10% thodium wires of 125 wm diameters were spot-welded te produce a thermocouple junction and
mounte at 180° on a "V" shaped holder equipped with a spring to eliminate any sag when placed in the
flame. The thermocouples were coated with a beryllium oxide (15%)/ytirium oxide mixiure following a
procedurs reporied by J. H. Kent (1970) to avoid surface catalytic effects. The temperature was measured
as the brmer traversed the distance from the thermocouple in the forward and reverse directions.

Scanning tie burner in both directicns yielded temperatures which varied by less than £5 K. The average
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tetniperature was then corrected for thermocouple radiation iosses using i following equation (Fristrom
ansd Westenberg 1963),

AT = Ty~ Tope = 800 = T h2k | (b

where € is the emissivity of (he coated dremmmocouple, © is the Stefasn Boltzmar consiant, d is the dismeter
of the coated junction, Kk is the thermal conductivity of the flame gases, and T, is 300 K. The above
equation ig for a spherical thermocouple junction with a smail encugh diameter that its Reynolds number
is much less than 1, A measured diameter of 190 um for the coated thermmocouple junction and an
emissivity value of 0.6 reporied by Feterson (1981) were employed in the correction. The reponed
enuissivity v.due has an uncertzinty of £12.5% and is in good agreenent with the value of 0.64 reponied
by Seery and Zabielski (1977). Considering the uncertainty in the emigsivity value, the maximum eiror
in the corrected temperature due to this factor is approximately 1%. The overall uncertainty of the
temperature measurements is + 50 K in the region of peak emperature where the correction term is targest
{approximately 200 K) and within 20 K in the preheat region. 'The sodium line reversal (SLR) technique,
described in 2 previous publication (Bemstein et al. 1993), was used to crosscheck the thermocouple
temperature measurements. Flame temperatures were measured in a 20-ton CH,/0,/Ar flame with the
same thermocouple and using the SRL technique. After correcting for the thermocoupie’s radiation losses,
the temperature measurenenis were within the reported experimental uncertainty.

MB/MS was employed to monitor the stable and radical species. The mass spectrometer system
consists of an Extrel CS0 TQMS inline tripie quadruple mass filter with a concentric-axis ionizer as shown
schematically in Figure 1. For this study, the triple quadruple was operated as a single quadruple with
mass filteriny by either the first or third quadrupie. Flame gases were sampled through a conical quartz
skimmer with a 200-um-diarncter ovifice. The gases expanded supersonically into the first differential
vacuum chamber with a background pressure of 5 x 1075 iorr. The expanding gases were then collimated
through a second skimmer (Beam Dynamics Model 2, 2-mm orifice diameter) and passed into the
ionization region of the first quadruple, maintained at a pressure of 2 x 1079 torr. The beam was then
modulated at 200 Hz with 2 wning fork chopper and ionized prior to entering the first quadruple
(ionization energy was 17.0 £ 0.1 ¢V and electron cusrent maintained at 0.1 £ 0.01 mA exvepi where
noted). A beamstop was included (o deterinine if the modulated beam was a inolecular beam (modulation
would cease with beamstop activated) or an effusive bearn (no change in modulation noted with beamstep
activated), The fon current was measured with a continuous-dynode efectron multiplier and processed with




2 lock-in amplifier (Stanford Rescacch System Model SR330). Phase-sensitive detection allowed
discr mination of background gases and signal averaging to increase sensitivity.

The concengration of stabie species was determined by direct calibration at ambient temperature by
a procedure reported by Peeters and Mahren (1973). The relationship between the signal intensity of a
given gpecies and the pastial pressure can be expressed as

=S, @

where §; is the overall sensitivity factor of the apparatus which takes into account the ionization cross
section. Je is assumed that S; varies for all species as a function of pressure, femperature, and mean
molecular weight of the sampled gas in the same manner. Thercefore, the ratic of sensitivities of any two
species, S;/8;, remains constani at every point in the flame and is equal to that obtained at ambient
temperature. This assumption was verified by introducing 2 known concentration of He in the Hy/N,O/Ar
low-pressare £ ne and measuring the (Sy/S,,) ratio along the flame zone and at ambient temperature,
The ur.cenainty in the stable spacies concentration is estimated as + 10%.

The degree of perturbation intruuuced by the sumpler was checked by monitoring the OH radical using
laser-itduced fluo.escence. The radical was monitored by employing the R,(6.5) and R,(7.5) rotational
lines of its A2S*~X2T, (3,0) elect-onic tra.sition near 281 nm. These rotational transitions are least
sensitive io iemperature, particelarly in regions of large temperature gradient, as evidenced by Equation 3
(Eckbreth: 1988),

P4+ - (k/eB )T,, =0 , 3

where J is the rotaional level; k, i, ¢, and B, are tv- usual spectrs.opic constarts; and T, is the average
iflame temperature. The (1,0) band was chosen ~-er the stronger /9,() band near 306 nm in onder to
minimize seif absowpiion. Overall, the profiles obtained bty the two techniques are i good ¢ w-eement.
Both techniques yiclded reliable species pmfile data in the flame front and bumed gas zone. However, .
in the preheat zone, near the bumer surface, the quariz probe perturbs the flame slightly. Similar findings
were reported in 3 previous study (Howard et al. 1992).

The probe bearn was provided by an XeCl excimer-pumpec dye laser (Lumonics HyperEX
400/HyperDYE 300) which was frequency doubled (hyperTRAK 1000) to obtain the required




UV wavelengths. The linewidth for UV radiation is approximately 0.16 cm™! (fwhm), The probe beam
was collimated with iriscs to a diameicr of approximately 2.0 mm and focused over the center of the
burner with a 500-mm focal length lens. The induced fluorescence, corresponding to the (1,1) transition,
was collected 90° to the excitation laser beam and focused with 2 300-mm focal length lens onto the
entrance slit of a Hamamatsu R-955 photomultiplier equipped with a 15-nm fwhm interference filter
certered at 311 nm (Corion). The resulting signal was then directed into a boxcar integrator (Stanford
Research System 252) set for a $-ns gate width in order to minimize the effects of collisional quenching
and/or encrgy transfer of the rotationaily excited states. The fluorescence signal was monitored on a
125-MHz digital oscilioscope (Lecroy 94C3). A PC-AT computer was employed for data acquisition and
analysis.

3. CODE AND COMPUTATIONAL DETAILS

The computations were performed with the code PREMIX (Ver. 1.4), developed at Sandia National
Laboratories (Kee et al. 1991). This code uses CHEMKIN-II (Ver, 1.8), a library of user-friendly,
chemistry-related subroutines and a chemical mechanism interpreter code designed to calculate problems
invelving elementary gas phase kinetics (Kee, Rupley, and Milier 1989). The equations for a one-
dimensional, premixed, laminar, steady-state flame, which includes complex chemistry as vt a: gas-phase
transport and thermodynamic properties, are solved to predict species comcentration :»< temperature
profiles as a function of distance above the bumer surface. This code can be used to perform three
different types of fiame calculations: 1) free flame, 2) burner stabilized with normai boundary conditions,
and 3) burmner stabilized with infinite H-atom recombination rate to H, at the bumer surface. The first two
cases are readily available in the code while the third case is achieved by modifying the code’s boundary
equations (Wamatz 1978) for hydrogen boundary conditions (HBC) and has been implemented in the
calculations presented in this repoit. For the present conditions, the solutions determined using either
HBC or normal boyadary conditions are identical except for the H atom profile close to the bumer sutface
(<5 mm). The result for normal boundary conditions is, of course, that the H atom concentration is not
zero at the bumer surface. The calculations aiso include thermal diffusion for light species (H and H,).
A solution is regarded as acceptable when the following conditions are satisfied: 1) the flame front is far
enough from the hot boundary that the boundary conditions do not affect the solution, 2) the error
tolerances are sufficiently small, and 3) increasing the number of grid points will not alter the solution.




PREMIX extracts important gas-phase thermodynamic and transpornt properties for the species being
considered from two databases provided by Sandia National Laboratories (Kee, Rupley, and Miller 1987,
Kee et al. 1988). The reactions employed in the mechanism are weiiten in the direction in which their rate
expressions are more accurately known. We define this direction as the forward direction. At the user’s
discretion, CHEMKIN computes the rate constants of the reverse reactions by using thermodynamic
properties and forward rate coefficients. As a result, thermodynamic databases can be important (Mariin
and Brown 1983). In the present work, several important NH reactions have been reversed. The
thermodynamic properties for NH are well-known with the exception of the heat of formation, which has
been a controversial subject. The value used in the database (Kee, Rupley, and Miller 1987), however,
is very close 1o the recommended value found in a recent critical review (Anderson 1989). Version 1.4
of PREMIX incorporates the calculations of species transport propertics using the transport property
forraulation (method VI) of Coffee and Heimerl (1981, 1983) to obtain species transport effects.

Recent work by Smith (1992) has demonstrated that expansion of the flame area above the bumer can
have a very important effect on the species profiles, especially the thickness of the flame zone., This is
due to the residence time of the reacting gases (time it takes the gases to travel a given distance) which
can be strongly affected by expansion. For present conditions, visual inspection of the flame indicated
that the expansion ratio is no larger than 1.2 per cm. Test calculations incorporating this value as an

upper limit in the flame code showed that the computed profiles are altered very luile by this effect.

A post processor was written for the PREMIX code t0 analyze heat release as well as sensitivities and
rates of reactions at discrete distances above the bumer surface. The postprocessor calculates the net
contribution of each reaction to the formation or removal rates of given species and sorts the reactions in
decreasing order of importance. The PREMIX code calculates raw sensitivity coefficients for each

reaction and species, which are normalized by the post processor according to the equation,
Sik = Ai/Xk.m (BXklaAl) ’ (4)
wilere Sy, is the normalized sensitivity coefficient, A, is the Arrhenius A coefficient of reaction i, and X, ,

is the maximum mole fraction of species k. These normalized sensitivity coefficients are sorted to

determine which reactions have the greatest effect on a given species concentration.




The PREMIX flame code allows one to choose between using the measured temperature profile as a
fixed inpus to the problem, thus generating the species profiles for comparison with experiment, or to solve
the energy equation, thus olxaining a predicted temperature profile as part of the solution. The energy
equation in PREMIX only accounts for conductive heat losses from the flame to the bumer surface. Both
approaches were tried.  Although the fixed input approach was used to model the experimental species
concentraticn profiles, two important poinis were found by examining the results obtained using the energy
equation. First, a temperature of approximately 2,650 K is predicted for the bumed gas just past the flame
zone, approximately 200 K smadller than that predicted at a very long distance from the bumner. That is,
the postflame temperature is predicted to overshoot its vaiue at equilibrium. A temperature overshoot of
similar magnitude has been observed by Smith (1993) for a low-pressure H,/N,O flame. For our flame
system, an overshoot is also predicted for the corresponding free flame calculation where the correct
adiabatic flame temperature is attained at large distances. These unusual temperature overshoots are due
to the predicted concentrations of H, O, and OH radicals in the flame zone. The typical radical cvershoot
is not predicted for these flames. Instead, the radical concentration is lower than the equilibrium value
arid rises slowly in the postflame region, The second point in solving the energy equation is that it results
in a predicted final flame temperature that is approximately 560-600 K larger than that measurcd
experimentally. Not surprisingly, the predicted flame zone width is much smailer. A 400-500 K
difference is also observed by Smith (1993) in an independent study on the Hy/N,O flame. Large
differences are predicted for several other fuel/oxidizers as well. These resuits suggest that nonnegligible
gas phase heat losses (for example, radiative) to the surroundings are not properly accounted for in the
energy equation. Since the predicted temperature is so different from experiment, this approach cannot
reasonably be used to model the results. It is clear that further study of the heat loss mechanism(s) is
needed. For our system, it should be noted, however, that the magnitudes and relative ordering of
sensitivities of the species profiies to reaction rate coefficients were found to be similar for both methods.
This means that, perhaps surprisingly, the computed species profiles are nearly equally sensitive to the
kinctics parameters for either approach.

4. RESULTS AND DISCUSSION

4.1 Chemical Mechanism. The gross chemical structure of Hy/N,O flames can be characterized by

a number of important reactions which have been discussed in previous studies (Catiolica, Smooke, and




Dean 1982; Balakhnin, Vandooren, and Van Tiggelen 1977; Coffec 1986). The key radical-producing siep
promoting the combustion under most conditions is:

NO+M=N,+0+M . &)

Most of the reactants, H, and N, O, are converied to products, HyO and N,, by the fe.: propagation steps:

N,0 + H=O0H + N, ®

Hy+OH=H,0+H . )

A small fraction of the N,O is converted to NO, which is obsetved at a few mole percent in the bumed
gases under most conditions. In prior mechanisms, the reaction N,O + H = NH + NG was believed to
be responsible for most of the NC production under rich or stoichiometric conditions. Towards Iean
conditions, the reacion N,O + O = NO + NO assumes greater significance for the production of NO.

For our study, a comprehensive chemical mechanism containing over 200 reactions and more than 20
specics was initially used to model the detailed chemisiry of the Hy/N,C/Ar flame. Most of the reactions
and rate expressions were obtained from the Miller and Bowman mechanism (Miller and Bowman 1989)
for gas-phase combustion involving nitrogen compounds. Added to this reaction set weie the
recombination reactions of NH, from ammonia chemistry (Dean, Chou, and Stem 1984) and combustion
reactions involving NO, and N,O from a recent critical review of the chemical kinetic database for
propellant combustion (Tsang and Herron 1991). A few reactions for prediciing NO, formation and
destruction were obtained from a paper on HCN/NO, combustion (Thorne and Melius 1989). A sensitivity
analysis pesfomted on this coinpichensive mechanism revealed regetions which were not impostant for the
present experimental conditions. Most of these reactions wese eliminated, and as & result, species such
s Hy0,, NH,, NH,, N,H,, NO,, NO,, N;Q,, HONO, and HNQ, were removed from the rezctien set.
The resulting mechanism, listed in Table 1, contains 38 reactions and 14 species and is used to genoyate
the modeling results presented in the following sections. When two reactions involving NNH, whose
importance is discussed and discounted in the following sections, are removed, the resulting predictions
of the comprelensive mechanism are virtually ideatical to those from our smaller meciuusisin.
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Table 1. Reaction Mechanism Rate Coefficients in the Form k = ATSeC9RD

E— N— R — — _—
Reaciion At B C Reference
— e =

L H, + 0, =OH + OH 1.70E13 000 47,7800  Miller and Bowman 1989

2. H;+OH=HO+H 2.16E08 151 34300  Michael and Sutherland 1988

3. H,+O0O=H+OH SO6E04 267 62900  Miller and Bowman 1989

4, H+H+M=H,+M 1.00E18  -1.00 0.0  Miiler and Bowman 1989
H,/0/ H,00/

4a, H+H+H,=H,+H, 920E16 -0.50 0.0  Miller and Bowman 1989

4. H+H+HO=H,+HO 6.00E19 -125 0.0  Miller and Bowmean 1989

5 H+0,=0H+O 352E16 -0.70 17,0700  Masten et al. 1990

6. 0;+H+M=HG,+ M 361E17 072 0 Miller and Bowman 1989
0,/1.0/ Ny1.3/ H;0/18.6/ Hy2.9/

7. C+0+M=0,+M 1.80E13 000 ~1,788.0  Milier and Bowman 1989
HO; + OH=H,0+ O, 7.50E12 G.00 00  Miller and Bowingn 1989
HO, + H=OH + OH 1.69E14 0.00 8740  Tsang axd Hampson 1986

10,0 HO,+H=H;+0, 6.63E13 0.00 2,1260  Tsang and Havopson 1986

1. HO;+G=0H+0Q, 1.40E13 000 10730  Miller und Bowman 1989

122 OH+OH=HO0+0 6.00E08 1.30 0.0  Miller and Bowman 1989

13. H+OH+M=HO+M 1.60E22 -200 0.0  Miller and Bowman 1989
H,0/5,

14 H+O0+M=0H+M 6.20E16 -0.60 0.0  Miller and Bowinan 1989
H0/5,

15. N,O+H=O0OH+N, 2.53E10 0.0 45500  Marshall et al. 1989
NO+H=0H + N, 2.23EM 00 16,7500  Marshall ot al. 1989°

6. NO+MaN,+O0+M 720€17 <073 628000  Tsung and Hewon 1991°
NC/J N;O/0J B0/ G0/ H, 00/ NJOJ Ar S

16, NO+NG=N,+0+NO 720E17  -0.73 628000  Tsang and Hemon 19914

16b. NO+H;=N,+O+H, T.20E17 -0.73 62,8000  Tsang and Herron 1991¢

16c. NO+O,=N,+0+0, 720E17  -0.73 62,8000  Tsang and Hemon 19914

* Units A=cm-mol-soc-K, C=calimole. Low-pressure limits used for unimeloculer docomposition snd recombination.

* Third body efficiencies.

* The resction rate cosfficlent is compated by the sun of the two expressions.

¢ Third body efficiencias fox Oy, Ar, N;O, N, from Baulch, Drysdale, and Home (1973) and H,0, H, and NO from best
estimalo.
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Table 1. Reaction Mechanism Rate Coefficients in the Form k = ATBe(CRT) (continued)

Reaction A B C Reference
SR =
16d. NyO+N;=N;+0+N, 720E17  -0.73 62,8000  Tsang and Herron 1991*
16e. NJO+N,0=N;+0+N,O  360E18 -0.73 628000  Tsang and Herron 1991*
16f. N;O+H,0=N,+0+H,0 360E18 073 628000  Tsang and Herron 1991
16g. N,O + Ar=N, + O +Ar 482E17 .73 62,8000  Tsang and Herron 1991°
17. N,O+0=Ny+Qy 1.00E14 000 28,0000  Tsang and Herron 1991
18. N,0+92=NO+NO 6.60E13 000 26,6000  Tsang and Herron 1991
19. N,O+OH=HO, +N, 2.00E12 0.00 10,0000  Miller and Bowman 1989
20. NH+NO=N,O+H 2.94E14  -040 00  Miller and Melius, in press®
NH+NO=N,0+H -2.16E1  -0.23 00  Miller and Melius, in press®
21. NH+NO=N,;+OH 2.16E13  -0.23 0.0  Miller and Melius, in press
22, NH+0,=NO+OH 7.60E10 000 15300  Menens e al. 1991
23. NH+0,=HNO+O 3.89E13 0.00 178850  Mertens et al. 1991
24, NH+OH=HND+H 2.00E13 0.00 00  Miller and Bowman 1989
25. NH+OH=N+H0 5.00E11 050 20000  Miller and Bowman 1989
26, NH+N=Ny+H 3.00E13 0.00 0.0  Miller and Bowman 1989
27. N+H;=NH+H 1.00E14 0.00 251400  Davidson and Hanson 1990
2. NH+O0=NO+H 5.50E13 0.00 00  Menens ct al. 1991
29. NH+O=N+OH 3.72E13 0.60 0.0 Meriens et al. 1991
30. NH+NH=N,+H+H 5.10E13 0.00 0.0 Mertens et al. 1989
3. NH+M=N+H+M 265E14 000 755140  Menens et al. 1989
32.  HNO + OH = NO + H,O 4.80E13 0.00 990.0  Tsang and Herron 1991
33, NO+N=N+0 3272 030 00  Miller and Bowman 1959
N, NO+M=N+0O+M 1 40ELS 000 1484300  Tsang and Heron 199}
: 35, NO+H+M=HNO+M 9.00E1? -130 7350  Tsang and Herron 1991
3. NO+H=N+OH 1.68E14 000 475700  Tsang and Herron 1991
3. NO+O=N+Q 1.80E09 100 413750  Tsang and Hemmon 1991€
3. N+NO=N, +NO 1.00E13 000 198700  Hanson and Salimion 1985

* Third body efficiencies for Oy, Ar, NyO, N, from Bauich, Drysdale, wd Home (1973) and H,0, Hy and NO from best

estymate,
The resction rate coelficient is computed by the sum of the two expressic,

© The exprestion shown is from Hanson and Selimian (1985), which is recommended in Tssng and Hemon (1991). There is

a transcription ot in Tsang and Herron (1991).
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The mechanism was reviewed, and reactions which are important for the present conditions were
carefully examined. The rate expression reported by Marshall and coworkers (Marshall, Fontijn, and
Melius 1987, Marshall, Ko, and Fontijn 1989) for the reaction N,O + H=0OH + N, (R15) was
incorporated in the mechanism. Those experimental and theoretical studies demonstrated that the reaction
rate expression possesses an upward curvature in the Arrhenius plot at low temperaiure due to quantum
mechanical tunneling. Therefore, extrapolating previously reported high temperature expressions to low
temperatures could produce inaccurate conclusions. Rate expressions resulting from the recent work of
Hanson and coworkers (Mertens et al. 1991; Davidson and Hanson 1950; Mertens et al. 1989) for a
number of N, NH, and NO reactions (R22, R23, R27-R31) studied at high temperatures have also been
incorporated. In particular, R27 and R33 have also been examined by Koshi et al. (1990), using similar
techniques. However, Davidson and Hanson (1950) reported careful calibsation of experimental
diagnostics. and their error limits are much smatler than those reported by Koshi et al. (1590). Therefore,
the rate expeession reporied by Hanson and coworkers was chosen for R27 and is extrapolated to lower
temperatures for the present work. The expression of Miller and Bowman was retained for R33 because
it is in good agreement with both the high temperature data (Davidson and Hanson 1990) and -csults of
low temperature critical reviews (DeMore et al. 1987; Atkinson et al. 1989). Other reactions imponan

for our conditions will be discussed in the following sections.

4.2 Comparison Between Model and Experiment. Presenied in Figure 2 are the cxperimentally

measured temperatures of a stichiemetric, 20-torr Hy/N,O/Ar flame. The data are fitted by a signtoidal
funciion (Miller and Kodar 1986) and the resulting profite, together with an extrapojated burner surface
temperature of 610 K, is used as a fixed input for the fiame code. The computed peofiles for N,O. H,,
Ng. Hy0. and Ar generated using the mechanism with hydrogen boundary conditions are compared to the
MEMS cxpenimental profiles in Figure 3. The flame front extends from the bumer surface to
appeoximately 15 mm above the bumer, as seen by the disuppearance of the reactants N.Oand Hy. In
the bumed gas region, the computed and measured profiles for N, O deviate slighdy, while the H, profiles
are in agieernent. However, near the bumer surface, the N,O profiles compare well, but the computed
concentrations for Hy are much lower than e experimental values. The quartz skimmer may inhibét
diffusion ncar the bumer surface which would explain the higher experimentdl H, conccatration value.
The computed profiles for the products N, and H;0 agiee with the experimental rosults over the entire
flame zone. The model predicts the absolute concentration values well 4 both the bumer surface and in
the bured gas region. However, the model prediction for H,0 in the bumcd gas region is slighily larger
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than the experimental value which may result from difficulties in the calibration of e MB/MS H,0
signal. Overzll, the agrecment between the measured and predicted majority species profiles is accepiable.

Presented in Figure 4 are ihe calculated and experimenial concentration profiles for NO and NH. The
absolute value of the predicted NO cuaceatration agrees well with the experimental results in the postflame
region, even though there may be a slew reaction coasuming NO in this region missing in the model. The
NH profile is nomalized 10 the mode! concentration profile since absolule measurements were nt
obtained for NH. Although the model and cagotimental shapes of the NH piofiles are simiier, thw
modeled NH profile is shified approximately 2 mm funther away from the bumner surface than the
experimentally measured one. It is difficult to cetennine whether thes is the result of a slight pariwrbation
induced by the MB/MS ‘echnique or inaccuracies in the mechgnizn,

Experimerital profiles measured using both MB/MS and LIF for U OH radical are shown in Figure 3
along with the model results. Absolutz values were not deternined in either expenireent, therefore, the
experimental profiles are normalized 0 the caleulred concentrations. The rlative peofiles for the LIF
experimerital results agree very well with the model. The profils for the MB/MS agrees rcasoaably with
the model profile except near the bumer surface /3 to 6 mm) wisre the MB/AMS shows 3 redusced
concentration at 4 mm. This featare is probably an astifect of the MB/MS teciuigue singe the LIF pofilkes
do not show this enomaly. The LIF technique is less intrusive and care has deen taken o svold possible
perurbing effects such as saturation, lemperature vanalion, and quenciing,

Figure 6 shows the experimentally measuned poofiles of the radica! species O and H nomnalized o
model profiles. The O-atom profile shown is an aversge of two scans recorded using an elocinon sy
of 15.3 £ 0.1 eV, just below the threshold for forming O° from NyO (€ollin a0d Lossing 1958). Ovesall,
the agreement between experiment and model profiies is good coasldening the rather pooe signal-to-noise
in the experiment. [n the case of the H-aiom profilss, agreement betwegn e experinient and model is
fair.

Presented in Figure 7 are the calculated peofiles of Oy and HOy. Various rale coufficients for reection

R19 were used since the exact expression is not well established. The experimental profile for Oy is
predicted ressonably well for two of the model profiles and will be discussed later, Tae HO, radical,
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however, could not be detecied under our experimental conditions. Unfortunately, firn conclusions

regarding the chemistry cannot be drawn since the lower limit of detection for this species is not known.

The effects of temperature on the predicted species concentration profiles were also examined since
the experimental temperature data was used as a fixed input to the flame code calculations. A 5%
difference in the temperature profile, twice the experimental uncertainty, resuits in a £10-15% difference
in the computed NO and O, burned gas concentrations, a 20-30% difference in the H, O, and OH
concentrations, and approximaiely £5% difference in the NH, N, HNO, and HO, trace intermediates. The
flame zone width, as determined from the computed species profiles, changes only slightly compared to
the observed width, approximately £0.5~1 mm. Thus, only the computed H, O, and OH profiles have
much dependence on temperature. The significance of these changes cannot be examined since the
absolute concentrations of these species were not measured. Even the 20-30% changes are not large
compared o typical error limits in measured absolute radical concentrations.

4.3 Flame Structure Analysis.

4.3.1 Overview of the Nitrogen Chemistry. Analysis of the postprocessor results yields reaction
pathway diagrams constructed using the mechanism in Table 1. The reaction pathway diagram depicting
the nitrogen chemistry occurring at approximately 7 mm above the bumer surface is shown in Figure 8.
This point is halfway through the flame zone and is calculated to be the position of maximum chemical
heat release in the flame. Qualitatively this diagram is not expected to change much at various heights
in the flame zone due to the single stage nature of the flame. The numbers in parentheses are the relative
rates of the various reactions, normalized to 100 for the reaction N,C + H = OH + N, (R15) representing
the fastest step consuming N,O. The initiation step, NyO + M = N, + O + M (R16), and the reaction
N,0 + OH = HO, + N, (R19) are also important reactions in the direct conversion of N,O ‘o N,.
According to the diagram, prediction of the concentration of NO is quite complex because a portion of
the NH formed by N,O + H = NH + NO (-R20) reacts with H or OH to form N atoms, which in tum
primarily react with NO to form N,. However, there are a number of other competing pathways involving
NH and N atoms which may sesult in the formation of either additional NO or N,. Surprisingly, most
of the rate coefficients for the reactions which affect the computed NO concentration have been carefully

studied,
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Figure 8. Reaction pathway diagram for the nitrogen chemistry occurring in the stoichiometric
Hy/N,O/Ar flame. The diagram depicts the most important reactions at ~7 mm above the
bumer surface, the point of maximum heat release rate in the flame, The numbers in

are arg_relative rates of the various reactions scaled to 100 for N.O + H =

OH + N, (R15). The legend depicts the breakdown of the reaction N,Q + M =
N, + O + M (R16) into contributions from the various colliders,
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Information concerning tic overall combustion rate can be found by examining sensitivities of a major
species. For example, the sensitivity plot for N,O in Figure 9 was calculated using the reaction set listed
in Table 1 and, as expected, the radical-producing reaction R16 has the largest effect on the N.O
concentration. Sensitivities of the propagating steps A2 and R15 are also "arge.

As mentioned previcusly, a sensitivity analysic was also run on the comprehensive iiechanism
(>206) reactions), Surprisingly, the overall combustion rate was found to be highly sensitive to the
reactions N,O + H = NNH + O (R39) and NNH + M =N, + H + M (R40). The overall combustion rate
was seusitive to these two reactions since the sequence is chain branching and produces two radicals. The
sensitivity coefficient for R39 had approximately the same magnitude as that for the initiation step,
N,O + M (R16). Additionally, the rate of radical pool buildup by these two paths was predicted to be
nearly equal, The rate expression for -R39, taken from the Miller and Bowman mechanism (Miller and
Bowman 1989), is an upper limit estimate (Miller 1993) (1.00 x 10Mcm>/mol-s). R40 was taken from
Miller et al. (1983) and collider efficiencies for R40 were assumed to be identical to R€. ¥hen these
reactions were included in the mechanism the predicted flame speed increased and the predicted shapes
of the spécies profiles are compressed slightly (10-15%) towards the bumer. The absolute concentrations
in the burned gas region for all species change only slightly (<5-10%) except for the H, O, and OH
concentrations which increase by ~30-75%. Unfortunately, it is not possible to determine whether these
reactions are important based on the present experimental profiles since both seis of predictions, with or

without R39 and R40, agrec within error limits of the experimental results.

For the reaction of H with N,O, Marshall and coworkers (Marshali, Fontijn, and Melius 1987,
Marshall, Ko, and Fontijn 1989) present upper limit ¢siimates based on thermodynamic arguments for the
rate constant expression for the products NH + NO (-R20) and for the branching ratio to NNH + O (R39)
at 2,000 K. The activation energy for R39 is taken to be no smaller than the endothemicity of the
channel. Following their methods, the upper limit rate expression (k = § x lolde(‘“'m“cm:‘/mobs)
for the NNH + O channel is approximately a factor of 30 lower than what is obtaiited by reversing the
expression of Miller and Bowman in the temperature range of interest. When this smaller rate coefficient
is used in the mechanism, the reaction has little significance, cven for higher temperature conditions (¢.g.,
¢ = 1.0, atmospheric pressure free flame, no diluent). The apparent inconsistency upon reversing rate
coefficients is possibly due, in part, to uncertain thermodynamic data for NNH. Therefore, reactions R39
and R40 were excluded from our mechanism.
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Figure 9. Sensitivity plot for N,O in the stoichiometric Ho N, OfAr flame.
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4.3.2 Conversion of N,Oto N,. As discussed carlier, the reaction N,0 + H = OH + N, (R15) plays
the prominent role in the direct conversion of N,O to N,. The remainder of the direct conversion resuits
primarily from reactions N,O + OH = HO, + N, (R19) and NyO + M = N, + O + M (R16). It has been
suggested by a number of researchers (Miller and Bowman 1989; Schoffield, Vandooren, and Van
Tiggelen 1986; Tsang and Herron 1991; Yetter et al. 1991) that R19 may be important in several systems;
however, its rate constant is poorly established. Yetter et al. (1991) found it necessary to include this
reaction to mode! their Hy/N,O flow system experiments at intermediate temperatures (925-1,073 K).
Under these conditions, the effects of this reaction on the overall combustion are inhibitive, presumably
because HO, is a slowly reacting radical compared to H, O, and OH, and also because formation of HO,
results in removal of sadicals from the system by HO, + H = H, + O, (R10). Use of the upper limit rate
expression for R19 from the critical review of Tsang and Herron (1991) resulted in a strong inhibiting
effect which did not properly model the flow system results. Reasonable agreement was found when using
the expression of Miller and Bowman (1989), a factor of 3—4 smaller. Miller and Bowman derived their
expression to help explain concentration profiles measured in an NH;/0, flame by Bian, Vandooren, and
Van Tiggelen (1986). Using their mechanism, Miller and Bowman predicted that N,O in that flame is
formed primarily by NH + NO = N,O + H (R20) and consumed by R15 and R19. At that time, the rate
constant of R20 at high tensperature was poorly established. Miller and Bowman stated that if subsequent
work resulted in an increase of this rate constant. one possible way to compensate for the increase in N,O
concentration without affecting seriously any of the other predicted species profiies would be 1o increase
the raie coefficient of R19. As will be discussed later, a slight increase at the high temperature end of
the rate expression for R20 is herein recommended.  Unfortunately, this creates a dilemma because the
present experimental results would be best explained if the raie coefficient for R19 were smaller than that
from the Miiler and Bowman cxpression.

The raic expression listed in Table 1 for R19 is from Miller and Bowman (1959). Examining the
sensitivity diagram for O,, shown in Figure 10, reveals that the O, concentration is sensitive io R19 and
10 twe branching nitio between R9 and R19 since R10 forms 0, directly. Al of the measured species
cxhibit Hule or no sersitivity to R19 except for Oy, Figure 7 shows calculated 0, and HO, profiles
employing different rale expressions for R19. The solid curve is generated using the mechanism in
Table 1, while the other two curves were generated by changing the rate cxpression to: 1) upper imit as
recomritended by Tsang snd Herron (1991); and 2) zero (that is, the reaction is not included). 1€ the upoer
limit rate expression is used, then the G, scasitivity to this feaction increases, as expected.  Also, N,O
sensitivity to R9 and R10 becomes important, and inﬁibﬂing cffects are poticeable. As scen in Figure 7,
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a large peak at 10 mm is noticed in the O, profile when the upper limit rate expression is used. The
experimental profile obtained with the MB/MS clearly does not show a peak. Adequate agreement between
the model and experiment in this region of the flame can only occur while still maintaining the large rate
coefficient for R19 if several of the reactions to which the O, profile is most sensitive are changed
simudtaneously to the limits of their uncertainties. Such a drastic alteration of the mechanisim seems
unreasonable even though the other calculated profiles are only slightly affected. If reaction R19 is
excluded from the mechanism, then the predicted and experimental O, profiles agree well. The above
results indicate that the Miller and Bowman rate expression for R19 is more consistent with our
experimental conditions than the higher crtical review vales. Moreover, leaving the reaction out or
lowering the rate constant further yields results which are more consistent with our experimental data.
However, without any justification for lowenng the expression for R19, our recommendation is (o retain

it in the mechanism. Further investigation of this reaction is clearly needed.

The N,O concentration and, hence, overall combustion, is highly sensitive to the initiation siep,
N,O + M =Ny + O+ M (RI16), as scon fii Figure 9. To further examine this reaction, the effects of
individual collision partners were included in the reaction mechanism (R163-R16g) in onder to assess
which colliders are most important. The thind body efficiencies for O, Ar, N3O, and N, are from a
critical review (Baulch, Drysdale, and Home 1973) and the values for H,0, H;, and NO are estimated.
Only the third body efficiency for Ar is precisely known. As seen on the reaction pathway diagram in
Figure 8, the rates of reactions for HyO and N, O as collision partners are the most significant. H,O and
N,O have the largest effeci on the N,O concentration as indicaied in the N,O sensitivity plot for the
NoO + M reaction for different colliders, shown in Figure 11, The reactait H, 23 a collider docs nok
appear importsnt possibly duc to the low-pressure conditions which enhance the diffusion of light species,
thus reducing the concenitration of H, near the bumicr surface. Howeever, at higher pressures diffusion is
not so large an effect and Hy as a collider may become more important.  Also, U efficiency for Hy a5
3 collider is sssumied O be small, a5 is frequenily observed {or many reactions. This assumpiion

contnbutes to the prediction of low sensitivity for the reaction.

4.33 Conversion of N5O to NO. Formation of a few percent of NO has an irportant inhibiting
¢ffect on the overall rate of combustion becasse less heat is released when it is formed compared ta the
more typical products, Ny and HqaQ. Presented in Table 2 is 2 womganison of the measured bumed gas
compasttion for the present flame at 25 mm above the bumer surface with that calculated with e flame
code. Also presented in Table Y are the spocies noncenirations obtained from a NASA-Lewis chemical




R16 N,O+M=N, +0+M
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Table 2. Experimental and Calculated Major Species Concentrations in the Post Flame Region®:
Units are in molicm® (x 1078

Species Experiment Premix Model Nasa-Lewis
(Equilibrium)
H, 0.45 0.546 0.154
N,O 0.00 0.016 0.000
N, 5.4 5.20 5.53
H,0 44 4.81 5.35
NO 045 0.450 0.011
0, 0.032 0938 0.060

? Height above bumer ~:5 mm el tesaperanire ~2,000 K.

equitibrium code (Svehla and McBride 1973) calculation using a temperature of 2,000 K. This
tempetatuse comesponds to a haight of aboet 25 mm in the flame. Neotice that the measured concentrations
and those calculated with the flame code agree reasonably well. However, both the measured and
predicted concentrations of Hy and NO are considesably larger than the equilibiium concentrations.
Carelu! inspection of U wble reveals that H,0 and O, are predicizd by the flame model to be slighily
{ower than equilibnium. This result s best seen by comparing the calculated concentrations since th:
difference is much smaller than the precision of the measurerments. Using the predicted concenirations
from the flame code and the measured temperaiure of 2,000 K as input parameters 1o the equilibrivum code,
tiw calculated adiabstic flame remperatune of this mixture is found 10 be apmoximately 2,200 K, 200 K
tugher. As further evidence of the impertance of the NO formation, flame speeds were caleutased for the
free flame corvesponding to our conditions.  (Note. howevar, there aie no heat losses in the ensrgy
cquation.) For the mechanism given in Table 1, the caloulated flamie spoed is 179.0 cam/s. When all of
the NQ reactions are removed, the calculalted flame speed is 238.2 omys. Thus, o sees that the formation
~“NO is not enly of significzoce in pollutant formation, but can also be very important in determining
the gross benavier of N.OC oxidized combustion.

A seasitivity plet for (10 oblained using the mechanism tn Table 1 is shown in Figure 120 The
reaction NaQ « K = NH « NO (~R20) is highly scasitive in the bumed gas region and is the major Sousnce
of NO production at the presens cundations.  Unail recently, the rate expressicn was not well established

from the fow high-temperature measwrements available since all of these involved compex mechanism

[
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R15 N20+H=0H+N2 R33 NO+N:N2+O
Ri2 NO+M=N,+0+M %36 NO + H = N + 0If
R20 NH + NO = N,0 + H

0.8

R20
0-4 ' /
0.2 Rie6 R24

‘\-—.—w_, | B33

NO NORMALIZED SENSITIVITIES

Re
-0.2 - \
N
-4
RS
~-0.6 L 1 1 i 1
Q 5 10 H 20 2

HEIGHT ABOVE BURNER (mm)

N

Figure 12. Sengitivity plot for NG in the stolchionetnc Hy N,Q/4¢ fame,




fits. Consequently, a wide range of rate expressions has been used to model N.O combustion (Cattolica,
Smooke, and Dean 1982; Coffec 1986; Miller and Bowman 1989; Miller ex al. 1983). Two of the rate
expressions used by Miller and coworkers (Miller and Bowman 198%; Miller et al. 1983) are considerably
larger than the others in tae temperature range of interest. Initial atempts to model the present experiment
using the expression of Miller and Bowman (1989) “esulted in an underprediction of the NO mole fraction
and an overprediction of O, in the bumed gases by approximately 25% each. The computed O,
concentration in the bumed gas region has a strong negative sensitivity for R20 (see Figure 10) because
of NH produciicn followed by subsequent reactions R22 and R23 and the sequence -R27 followed by
-R37. Using the earlier expression of Miller et al. {1983) for R20, which is slightly larger at high
temperctures, brovght the productior of NO and G, o within 5% of the experimental values. A recent
transition state theory calculation by Mifler and Melius (1992) has led tc a theoretical expression which
is similar to that of Miller et al. (1983) and is our recommendation. Also, a recent experimental and
modeling siudy oy Martin and Brown (1990a, 1990b) on CH,/air and H,/O,/Ar flames doped with N,O,
NO, or NH; strongly supports our recommendation. In their work, detailed rate and sensitivity analyses
were performed for the N,O in the two flames containing NH,. It was shown that the N,O in these
flames is formed almosi exclusively by R20 and destroyed primarily by R15 (P19 was also considered).
By examining the sensitivity coefficients presented in that work for N,O, one can show that if a much
smaller rate coefficient, say a factor of 5-10, were to be used for R20, the N,O concentraticns would be
severely underpredicted. Ths, it appears the rate of ~R20 is much larger than that used by Cattolica,
Smooke, and Dean {1982) and Coffee (1986).

The reaction of NH with NO has been the subject of a number of theoretical and experimental
investigations (Gorden, Mulac, and Nangia 1971, Hansen et ai. 1976; Harrison, Whyte, and Phillips 1986;
Yamasaki et al. 1991; Vandooren et al. 1991; Mertens et al. 1991; Yokoyama, Sakane, and Fueno 1991;
Durant and Rohifing 1993; Michaud, Westmoreland, and Feitelburg, in press; Bozzelli and Dean 1993,
Fueno, Fukuda, and Yokoyama 1988; Harrison and Maclagan 1990), most of these very recent, whichi
center on the rate of reaction at various temperatures and the channels for product formation. There is
remarkably good agreement among the low-temperatun. determinations (Gerdon, Mulac, and Nangia 1971;
Hansen et al. 1976; Harrisor, Whyte, and Phillips 1986; Yamasaki et al. 1991), so that the overall rate
coefficient is near collisional with a value of approximately 3 x 101 cm¥fmol-s. This vesuit is invariant
a{ a pressure range from at least 300 torr (Gordon, Mulac, and Nangia 1971; Hansen et al. 1976; Harrison,
Whyte, and Philiips 1986; Yamasaki et al. 1991), and using a wide armay of carrier gases (cf. Harrison,
Whyte, and Phillips 1986). At higher temperatures the agreement between the experirients is fair, but not
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as good (Vandooren ct al. 1991; Mcriens ct al. 1991; Yokoyama, Sakane, and Fueno 1991). Of
cxperiments whercin the branching ratios were measured, three favor the N, OO + H channel (Mertens et al.
1991; Yokoyama, Sakane, and Fueno 1991; Durant and Rehlfing 1993) in agreement with our work, and
two 1avor the N, + OH chanr 1 (Yamasaki ¢t al. 1991; Vandooren et al. (591). The work of Vandoren
et al. (1991) was an interpretation of an NH; flame experiment wherein the results are highly dependent
upon absolute concentrations of several of the radical species which could not be measured beiter than to
within a factor of two. The resulting rate coefficients must have very large eror limits, quite possibly
large enough to be compatible with N,O actually being the prefemed product. The total of the two
channels is, however, in fair agreement with other high-temperature measu:cments. 'Yamasaki ot al. (1991)
corcluded that only the N, + OH products are formed. It is not clear why this disagrees so strongly with
the other resuits. In addition to these experimental results, there have Deen several theoretical calculations
(Miller and Melius 1992; Durant and Rohifing 1693; Michaud, Westmoreland, and Feitelburg, in pregs;
Bozzelli 1993), all of which conclude thir the ,0 channel is stre.gly preferred. The main reason for
this involves the energetics of the reaction’s potersial surfaces. All of the susfac - studies on the reaction
(Miller and Melius 1992; Durant and Rohifing 1993; Fueno, Fukuda, and Yokoyama 1983; Harrison and
Maclagan 1990; Walch 1993) agree, qualitatively, that the reaction starting from NH + NG proceeds
through a cis HNNO intermediate in 2 2A’ state which connects adiabatically with the two product
channels, The barrier to H atom transfer, leading 1o NNOH which iapidly dissociates to Ny + OH, is
approximately ¢ kcal/niol higher thaa that for simple H atom elimination. The reaction therefore strongly
favors the H + N,O channel. Walch (1593) has carefully examined the NH + NO entrance and found that
there are barriers of a few kecal/mol in tne 2A’ surface, bug none in the other symmetry allowed suriace,
2A”, The 2A” surface leads to an excited state of HNNO which could stabilize, but which cannot further
react to products. In contrast, the low-temperature study of Harrison, Whyle, and Phillips (1986) indicates
that there is no appreciable barrier to the overall reaction. The observed near-coilisional rate at fow
temperature also strongly supports this conclusion. However, the fact that the overall rate exhibiis no
pressure dependence shows that stabilized HNNO cannot be the major product. If Walch (1993) is comrect
conceming the entrance channel baners, these results suggest that the favored reactisn path wwolves

2A’ surface on

approach of NH and NO on one of the 2A” surfaces followed by a crossing to the cis
which the final products can be reached. Corroborative studies of these entrance channcl characteristics

and the crossing probability would be -nost interesting.
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The NO scnsitivity plot in Figure 12 indicates that several reactions involving the NH and HNO
radicals and N atoms have a more modest offect ot NO formation. This result may be understood by
considering the reaction pathway diagram in Figure 8. Some of the NH radicals formed by -R20 are
converted to N atoms by reactions with H or OH. The N atoms primarily react with NO to form N,,
aithough some form additional NO by 2 reaction with OH (~R29). The mechanism has a small portion
of the NO formied via the pathway NH =+ HNO = NO involving two OH reactions. This pathway for NO
formation is probably the most poorly established in the mechanisin because the rate constant for
NH + OH = HNO + H {R24) may be traced to an estimate (Miller et al. 1983).

The reaction N,O + NH = HNO + N, (R41) was also considered in the mechanism. [ts rate constant
is not well established and thie expression used, k = 2.0 x 1012~ G00RD ey, 3 mols, was taken from an
esiimate tabulated in Hanson and Salimian (1985). Afier consideration, it was excluded from the reaction
set since no changes in the major species profiles were observed with its inclusion. There is, however,
a slight increase in the NO concentration because of the conversion of HNO to NO ~ad a subsequent
Vdecmase in N atoms due io their reaction with NO. Reaction R41 has the Jargest effect on the HNO
concemration which doubles when the reaction is included in the mechatnism. The effects of R41 on the
HNO and N profiles are shown in Figure 13. The importance of R41 in the mechanism is difficult to
assess since the HNO and N radicals could not be measured in the present study and none of the measured
species has much sensitivity to the reaction. Therefoie, the relative importance of R41 deserves future

consideration,
5. CONCLUSION

A combined exper -.zntal aud detailed chemical modeling study of a sicichiometric Hy/N,O/Ar flame
has been presented. Th- experitnents were performed at low pressure with MB/MS aird LIF diagnostic
techniques. The low-pressure environment enables the drofiles o be examined at higher spatial resolution
than has appeared in most of the prior flame studies on this chemical system. In addition, a larger number

of species nas been measured than in previous studies.

A cnemical mechanism for the system was develop~d by compiling a comprehensive mechanism and
the n reme ‘ing unimportant species and most of the unimportant reactions through sensitivity analysis.
Pertinent 1 ierature was reviewed in order to select the best rate coefficients for the important reactions.
In general, the agreement between the model and experiment is acceptable. The chemistry goveming the
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present flame conditions has been discussed in detail. The main qualitative features of the mechanism
have not changed a great deal from previous recommendations. However, several important new findings
have been made. First, the possible role of the reaction N,O + OH = HO, + N, has been investigated.
The present results are best modeled if the rate coefficient used is very small; however, 8 modest rate
coefficient may be acceptable. If it is fast enough, this reaction could have important effects on the
overall combustion rate under pertinent conditions. Second, the importance of various colliders in the
reaction N;O + M= N, + O + M was also considered. Many previous studies have established that this
reaction is a major initiation step in the system. Undcr the present conditions, the most important colliders
appear to be N,O and H,O. However, this result depends in pari on the supposition that the estimated
efficiency factor for H, is considerably smaller than that of N,O and H,O. Third, the present work
corroborates the results of other recent studies which indicate that the rate coefficient of the reaction
NH + NO = N,0 + H should be larger at high temperature than indicated in previous studies.
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This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your
comments/answers to the items/questions below will aid us in our effons.

1. ARL Repor: Number __ARL-TB-232 Date of Report__Gctober 1993
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changes o organization, technical content, format, eic.)
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