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photolytic technique. As a check on the method, the N + O3 - NO + O reaction was
studied. It yielded k(400-1220 K) = 2.0x10-18 T2.15 exp(-2557 K/T), which in the
region of temperature overlap (< 910 K), is indistinguishable from the literature
recommendation. The reaction O + N20 has two channels NO + NO and 02 + N3. From
the measurements, with subsequent modeling, k(1370-3850 K) = 1.7x10-10 exp(-
14100 K/T) and k(1076-3340 K) = 6.1x10-12 exp(-8000 K/T), were obtained for the
respective channels. The latter is much larger than reviews suggest and will have a
major impact on dark zone models. The ongoing work on O + CF3H has yielded the
recommendation k(630-1330 K) = 3.3x10-9 exp(-10663 K/T).
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STATEMENT OF THE PROBLEM AND APPROACH

Models of the combustion of nitrate ester and nitramine propellants, especially
those for dark zone structures, depend heavily on chemical kinetic input data for
individual reactions at the temperatures of interest. Under this grant we have
obtained such data for critical reactions. One of our unique HTP (high-temperature
photochemistry) reactors has been used to provide these.! Such reactors operate in a
wall-free pseudo-static mode. This reactor was further used to study a
fluorohydrocarbon oxidation reaction, in the context of halon-replacements for Army
fire retardants.

All rate coefficients in this report are in cm3molecule-ls-1. For the AH%9g data,

see Ref. 2.
- RESULTS

The N + CO7 and Oy Reactions

One of the critical propellant combustion reactions is

NO(X2IT) + CO(X1Z) = N(4S) + COx(X1x)  AHO98 = 99.4 kJ mol-! (1)
This spin-forbidden reaction is not readily amenable to direct observation, but its
reverse

N(@4S) + COx(X1Z) —» NO(X2IT) + CO(X1Z)  AHO9g = -99.4 kJ mol-! (2)
has been studied several times, with conflicting results. Early flow reactor studies in
the 295-950 K temperature range suggested a reasonably fast reaction, which was
subsequently shown to be merely an N-atom recombination reaction. However, a
2510-3510 K shock tube study3 of C;N72/CO3/Ar mixtures suggested as a byproduct
k2(T) = 1.4x10-12exp(-1114 K/T), which when applied to dark zone temperatures
(= 1200-1500 K), Would suggest reaction (1) as a major radical source.

Our published4 measurements have spanned the 290-1140 K range and yielded
upper limits to kp varying from (1 to 50)x10-17.  This implies that when the
corresponding kj limit is used in dark zone models that reaction (1) contributes

negligibly.5 Ab initio calculations on k; by Chabalowski and Manaab at ARL also



indicate that this reaction can henceforth be removed from dark zone models. This
study represents the first time that a reactor of the flash photolysis-resonance
fluorescence type has been used for N-atom reactions above 400 K. As a check on the
technique we studied a reaction well-known from earlier electrical discharge reactor
studies.’@ i.e.

N+0O;—>NO+0O (3)
We obtained k3(400-1220 K) = 2.0x10-18 (T/K)2-15exp (-2557 K/T). This is in
excellent agreement with the earlier work and extends the measured temperature

range by 300 K.

The O + N>O Reactions

Due to the well-established role of nitrous oxide, N2O, as a high concentration
intermediate species in the combustion of both nitrate ester and nitramine solid
propellants, a clear understanding of the chemistry of this species is critical to
combustion models currently being developed for these propellants. The rates of the
O + N3O reaction are sensitive parameters for detailed propellant dark zone
chemistry,® which is currently incorporated in interior ballistic design models. The
chemistry of N2O also pertains to models of NOx pollutant formation, which are
important both in propellant demilitarization operations and in fossil fuel combustion
(i.e., for IC engines and industrial applications).

The study of these title reactions represents a joint effort with Drs. Anderson
and Meagher of ARL. Experimental measurements and interpretation was done by us
at RPI and modeling studies were made at ARL.

The O + N3O reaction has two viable product channels. They are:

0+ N0 —->NO+NO . AH%9g = -150 kJ mol-! 4

O+NyO->02+N3 AH959g = -330 kJ mol-! (5)
Critical reviews, e.g. Ref. 7b, concluded that the two channels have identical rate
coefficients:

k4(T) = ks(T) = 1.7x10-10 exp(-14100 K/T) (1200-2000K)
However, a recent shock tube study® yielded similar results for k4, but very different

results for ks:




ks(T) = 2.3x10-12 exp(-5440 K/T) (1940-3340 K).
Extrapolation of either ks(T) or of ky(T) = k4(T) + ks(T) from Ref. 9 to the lower
temperatures typical of propellant combustion yields results several orders of
magnitude larger than previously assumed.

The HTP measurements were made using similar methods as used in earlier O-
atom studies in that reactor.! We obtained

ki(1076-1276 K) = 2.7x10-9 exp(-14580 K/T) (6)
This work represents the first measurements on the overall reaction under conditions
in which results are well isolated from effects of other reactions. Thus, there is no
dependence of the results on ancillary kinetic data, as in prior studies. The possible
influence of H,O on the reactions, suggested in other studies, was modeled. The
modeling predictions indeed indicate the results would be highly sensitive to even a
few ppm of HpO impurities. However, measurements of the apparatus' leak rate show
that the possible HpO impurity concentrations must have been negligibly low. The
new measurements concur with Ref. 9 in that the rate coefficients below 1700 K are
much larger than previously thought, but they indicate that the value at 1100 K is
about 2.5 times lower than extrapolation of the results of Ref. 9 would predict.

The ARL model is based on a state-of-the-art detailed mechanism for the dark
zones of solid propellants consisting of ~200 reactions. The appropriate subsets of
reactions were extracted from this mechanism and used for the simpler mixtures
encountered in the present work. The best rate coefficient information currently
available was used without alteration except, of course, rate coefficients for the title
reaction were varied. Detailed chemical modeling, mimicking typical conditions
described in the various experiments, was done to test assumptions used for
determination of kg4 and ks.. There were three major reasons found for rejection of a
given data set from the fitted results: (i) discovery of invalid assumptions, foremost
amongst these being important errors concerning the chemical mechanism, (ii) usage
of low purity reactants, and (iii) proof that although the mechanism used to model
results was essentially correct (matches results well), the results are not very
sensitive to the title reaction. The results were fitted to obtain the recommendations

for kg4 and ks:




k4(1370-3850 K)
k5(1076-3340 K)

1.7x10-10 exp(-14100 K/T) (7)
6.1x10-12 exp(-8000 K/T) (8)

i

The results for kg4 agree with most prior works. The results for ks are much larger in
the 1200-1500 K temperature range than the reviews suggest. This difference would
have a major impact on propellant models.

One report of this work has been published!® and another is in preparation.
The O + CF3H Reaction

For environmental reasons chlorine-, and bromine-halons need to be phased out
as fire suppressants. Fluorohydrocarbons offer one alternative, but their kinetics
needs to be known to evaluate their effectiveness.!l Originally, we had proposed to
study fluoro-olefins but those compounds may no longer be transported. We
therefore decided on saturated fluorohydrocarbon reactions and have initiated a
study of .

O +CF3H —» OH + CF3 AHO%398 = 17.4 kJmol-1 (9)

The CF3H was made available by ARL. Therefore, it is of the same grade as for
flames studies used there. O atoms were produced in the same manner as before.l

Our measurements have thus far covered the 630 to 1080 K range, for which we
obtained ko(T) = 3.7x10-9 exp(-10689 K/T). They are in good agreement with the
laser-flash photolysis shock tube data of Mioyshi et all2 from 960 to 1330 K.
Combining these results with the present data yields the tentative recommendation:

kg (630-1330 K) = 3.3x10-9 exp(-10663 K/T) (10)
A number of observations over narrower temperature ranges are also available. Such
studies tend to have greater uncertainties in their temperature dependence.
Medhurst et all3 obtained k(529-753 K) = 2.5x10-13 exp(-3000 K/T) in an apparatus
somewhat similar to ours. Their expression gives higher values than ours, which
suggests a possible impurities effect. It approaches the present values at the highest
temperatures of their work. A flame study, where there are competing reactions,
yielded!4 k(920-1150 K) = 1.8x10-12 exp(-1600 K/T).

We are continuing these measurements under a complementary AASERT grant.

Particularly, we plan to go to higher temperatures and check our results with CF3H

4
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conclusions from our work. We discussed fire retardation problems with Dr. A.
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