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Abstract

Mixtures of cyanogen and nitrous oxide diluted in argon were shock-heated to measure
the rate constants of

2) C.N; + 0 = CN + NCO
3 CN + 0—->CO + N

A broad-band mercury lamp was used to measure CN in absorption at 388 nm
(B2*(v = 0) « X*3"(v = 0)), and the spectral coincidence of a CQ infrared absorp-
tion line [1(2 « 1), J(37 « 38)] with a CO laser line ({6 — 5), J(15 — 16)) was ex-
ploited to monitor CO in absorption. The CO measurement established that reaction
(3) produces CO in excited vibrational states. A computer fit of the experiments near
2000K led to

by = 101700252019 a3 ] L g

10!3,%30.26

ks

An additional measurement of NO via infrared absorption led to an estimate of the
ratio kg/kg:

®) . NCO + 0 — CO + NO
(6) NCO+M—-N+CO+M

em®/mol - s

with kg/ks = 10%38:°%7 gt 2150 K. Mixtures of cyanogen and oxygen diluted in argon
were shock heated to measure the rate constant of

4) CN + 0, —NCO + O
and the ratio ks;/k; by monitoring CN in absorption. We found near 2400 K:

k‘ = 1012.85(00.27.-0.19) cma/mol .8
and
kﬁ/kﬁ = 102.69:0.28

The combined measurements of ks/k; lead to ks/kg = 10727 exp(+31,800/7") (=60%)
for 2150 = T =< 2400 K.
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Introduction

Fuel-nitrogen chemistry plays an important role in the formation
of combustion-generated nitric oxide. Although the essential features
of the kinetic mechanism are commonly agreed upon [1], the values
of individual reaction rate constants are not well established [2]. Cyano
species such as CN and NCO have been shown to play a key role in
this mechanism [1]. In this study, a shock tube was used to measure
the rate constants of important reactions involving these radicals at
high temperatures.

In order to simplify the reaction mechanism and minimize interfering
reactions, mixtures of gases containing only three atoms (C, N, and
O) were shock-heated. One mixture was composed of N,O and C,N,
diluted in argon. This mixture is useful for determining the rate
constants of reactions (2) and (3), the rate constant for (1) already
being well established:

(1) NNO+M—-N,+0+M
(3) CN+0-COw=1+N

Another mixture contained O, and C,N, diluted in argon. If &k, and

k3 are known, this mixture can yield a value for k, and an estimate
of k5/ kei

(4) CN+0,—->NCO+0
b) NCO + 0= CO + NO
(6) NCO+ M->N+CO+M

Direct determinations of the above rate constants at flame temper-
atures are limited. Shaub [3] determined k; using a single-pulse shock
tube with analysis by gas chromatography. Mulvihill and Phillips (4]
conducted a flame study using H,—-N,~0,-C,N, mixtures and followed
the reaction with a mass spectrometer to infer k2,, Many authors,
however, have studied k,, k3, and k, at lower temperatures. Their
techniques and results have been extensively reviewed by Baulch et
al. [2].

In this paper the experimental facility and optical diagnostics will
first be described, then the data reduction and the results for each of
the mixtures will be presented.

Experimental

The experiments were conducted in a 15.2-cm internal diameter
stainless-steel pressure-driven shock tube [5]. Shock speeds varied
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between 1.37 and 1.79 mm/us, with attenuation of 0.5%/m or less.
Typical leak plus outgassing rates were 1-3 X 10~° torr/min. Gases
were taken directly from commercial cylinders (Matheson) with the
following purities: O, and N,0 (>99.9%); C;N, (0.95% diluted in argon;
HCN and CNCl < 50 ppmv, O, < 20 ppmv, CO, < 20 ppmv). The
shock-tube test section and optical diagnostic systems for CO and CN
are shown schematically in Figure 1. The signals obtained from these
diagnostics were acquired by a digital oscilloscope (Nicolet Explorer
III, de coupled through a 100-kHz upper frequency cutoff filter) and
stored on tape using a computer interface for further data reduction.

CN Absorption System

The absorption from the (B22*(v = 0) « X2=*(v = 0)] band of CN
at 388 nm was used as a CN diagnostic. The system consisted of a
high-pressure broad-band Hg lamp (Oriel, 200 W), focusing optics, a
0.3-m monochromator, and a photomultiplier tube (RCA 1P28A) with
a 6-k{) load resistor.

The monochromator (Instruments S.A., holographic grating blazed
at 250 nm) was calibrated using a Hg spectral lamp (Oriel) and an
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Ar” laser. The entrance and exit slit widths were measured to be 190
and 103 um by recording a scan of the slit function under illumination
from a He—Ne laser. An iris was used to block extraneous CN emission
(see Figure 1). Although the lamp blackbedy temperature was always
higher than the experimental heat bath, it was discovered from separate
measurements that CN emission exceeded that expected for electronic
equilibrium. This confirmed, under our experimental conditions, the
findings of Setser and Thrush [6]. In fact, the detected signal may be
as much as 1000 times higher than the equilibrium CN emission for
the N,0-C,N,—Ar mixtures and 50 times for the O,—~C,N,~Ar mixtures.
In order to find the upper temperature for emission-free experiments,
we conducted a few tests with the Hg lamp blocked. We found that
the nonequilibrium emission could be neglected below 2100 K for the
N,0-C,N,—Armixturesandbelow 2450 K forthe 0,-C;N,—Armixtures.

A computer program to predict the CN transmission under specified
conditions was written in a manner similar to that reported by Colket
(7]. Spectroscopic constants for CN were taken from various sources
[26-31]. The position, strength, and shape of each line seen by the
photomultiplier were computed to generate an absorption coefficient
profile () as a function of wavelength:

2\ (2J" + 1) exp{— (he/RT)[T (ﬁ") + G@") + FJM
- ('n'e ) e
AN = 2, | R.9.9,

i SJ*J _ -1 -1
X RTf;I Qo o + 1 &\ — Ag)em™! - atm

where T(n"), G(v"), and F(J") are the electronic, vibrational, and ro-
tational energies of the lower state (cm~'); R is the universal gas
constant (atm - em®/mol - K); N is Avogadro’s number; £, q,--, and
Sry- are the oscillator strength, the Franck~Condon factor, and the
rotational line strength, respectively; Q., @,, and Q, are the electronic,
vibrational, and rotational partition functions; and ¢(A — Ao) is the
lineshape factor (cm). The quantity we?/m.c® = 8.826 x 10~ cm.
The monochromator slit function M(A) and the lamp spectral intensity
P(A) were then integrated to obtain the predicted transmission:

I _ JPQMMQ) expl - B(\) Poy L] dA
I, S POOMO\) dA

The computer program was used to relate the experimental transmission
traces to the actual CN time history. This procedure is necessary since
CN is a strong absorber and in most experiments the gas is not
optically thin.

Calibration experiments were performed by shock-heating C,N, and
Ar. Partial equilibrium of reaction (8) was assumed and the CN plateau
was used as a reference:
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8 CNo+M—=CN+CN+M

A significant uncertainty in the heat of formation of CN prompted us
to run these experiments at a relatively high temperature, where
conversion of C,N, to CN was virtually complete. Typical conditions
were 0.31 < p, < 0.36 atm, 2890 < T, < 3150 K, 150 < yn < 197
ppmv. The monochromator wavelength setting was fine-tuned by run-
ning experiments with slightly different settings; the position that
produced the maximum absorption was retained. (The theory predicts
this setting to be 3883 A for our spectral bandpass, about 2.4 A.)

Since we used known CN spectroscopic parameters, a calibration
was in principle superfluous. However, small errors in the mono-
chromator dial position and slit function could have a significant effect
on the actual transmission. The calibration runs were thus aimed at
establishing an “effective” value for the oscillator strength £, which
could later be used to extrapolate transmission calculations to other
conditions. The quantity was found to be 0.024, which is within the
range of the literature values [26]. The experimental scatter was less
than 6%, which implies an equal uncertainty in the inferred CN
concentration.

Additional uncertainties in [CN] are due to the lamp noise (= 7%)
and to the error introduced by extrapolating the calibration to conditions
outside the range of calibration (< 15%). The three uncorrelated [CN]
uncertainties mentioned above may be combined to give a global cal-
ibration uncertainty of [S(uncertainty)?/? = *18%.

CO Laser Absorption System

The CO laser system is sketched in Figure 1. It is composed of a
liquid-nitrogen-cooled continuous-wave electric discharge CO laser,
aligning and focusing optics, a monochromator (Jarrell-Ash, 0.5 m, 4
pm grating) and a fast (1-us) InSb infrared detector (Judson J-10,
with Perry 720 preamplifier). The laser has been described by Hanson
et al. [8]. The grating (blazed at 5.2 um) enables tuning of the output
beam to the desired CO line. The monochromator is used to remove
adjacent interfering laser lines. This diagnostic takes advantage of
certain spectral coincidences between high-lying CO laser lines and
lower lying CO absorption lines. Only two such coincidences were
found in the spectral range of our laser (Table I). The quantity 3 is
the spacing between the laser line and the CO absorption line center.
Both choices provide an absorption diagnostic sensitive to the CO
population in the first vibrational state v" = 1. .

The first coincidence (1948 cm™!) was used, because it provided
better detection limits and more reliable lasing conditions. Calibration
runs were performed to measure 2y(300 K), the collision width per
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TaBLE I. CO—CO coincidences.

CO laser CO absorption non-resonance CO{v=1) line
1ine [9] 1ine 3 5 strength (2000°K)®
transition| v(em™!) [transttion v(en™1) co! en~2atn™!
v{6+5) 1948,7274| v(2+1) 1948.74291 0,0155 6.18 1072
J(15+16) J(37+38) i
v(9+8) 1907.6872| v(2e1) 1907.6765| 0.0107 2.90 1072
J(6+7) J(45¢46)

° Extrapolated to J = 38 from Todd et al. [9], using their Dunham coefficients.
® Using the experimental band strength at 273.2 K of 282 cm™? - atm ™! [10].

unit pressure, which is needed to calculate the Voigt absorption line-
shape factor for the high-temperature experiments. Knowledge of
2y(300 K) and the CO(v = 1) line strength is sufficient to calculate
(using Beer’s law) the concentration of CO(v = 1) from a transmission
measurement at known pressure and temperature [8,10]. Mixtures
of CO and Ar were shock-heated under the following conditions:
2040 K = T, < 2430 K, 0.58 < p, < 0.70 atm, CO-Ar = 2-98. We
assumed here the temperature dependence that Hanson [11] had de-
termined for the P(11) line, namely, 2y(300 K) = 2y(T")(T'/300)*"%, and
we found 2y(300 K) = 0.10 = 0.03 cm™" - atm™". This value is in good
agreement with the recent findings of Varghese and Hanson [10,111.

Kinetics Experiments

Seven runs were conducted with mixtures of N;O-C,N,~Ar = 12—
3-985 and conditions in the range 0.67 < p, < 0.75 atm, 1920 <
T, < 2110 K, 3.51 < p, =< 3.61. (py, is the density ratio across the
shock and also the ratio of particle time to laboratory time.) Four runs
were conducted with mixtures of 0,—C,N,—Ar = 6-6-988 and
0.56 < p, < 0.61 atm, 2320 < T, < 2450 K, 3.62 < p,, < 3.65. In both
the N,0-C;N, and the 0,—~C,N, mixtures, spontaneous emission con-
siderations in the CN absorption system placed an upper bound on the
temperature. The lower bound on temperature was set by reaction-rate
and detection-limit considerations. The first mixture (N,O-C,N,—Ar)
used excess N,O to minimize interferences from reactions other than
(2) and (3); however, the initial [N,0]/[C.N,] ratio was kept below
4.5 to avoid excessive N,O background absorption (see below) and pos-
sible production of undesirable radicals such as NCN (see Drummond
[16]). The C.N; level in both mixtures was adjusted to ensure an opti-
mum sensitivity of the absorption system in measuring the peak
value of [CN].
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N,0-C.N,;-Ar Mixtures—Analysis and Results

Reaction Mechanism. The complete reaction mechanism utilized
is shown in Table II, but a simplified description can be given as
follows. At early times, N,O rapidly decomposes to provide O atoms;
C.N, then reacts to form CN, which in turn is removed by O atoms
to give CO:

1) NNO+M—-N,+ 0+ M
(2) C:N; + 0 - CN + NCO
3) CN+0—-CO@ + N

After a brief induction time, the slope of the [CN] time history is
nearly proportional to k,:
dICN]
dt

= kz[CzNzl[O]

TaBLE II. Reaction mechanism.

Reactions AH8 equil, rate constants® Source

const? (Ref #)

logjd;, @ | 8(°K)
N OHHaNo 40+ +40 -2,5 23,891 -2.5 | 32710 19]
CoN+0>CIHNGO +5 0.2 |[12.66] 0| 4440 Thts study
CHHO+CO(val)+ -71 70 |1.31] o 210 This study
0, *NCO+0 -3 0.3 |127s5| o 0 Thie study
NCO+0+COMNO -106 | 115 13,00 o 0 (2014
NCO+MeN+COHM +48 -4,2 13.00 | 0.5 | 20630 17d
CO(v=1)+HCOHM -6 0.7 -5.811 4.6 | 3610 (18}
CoNp+HMCIHCNEM | +131 | -11.6 34,46 :_4,5 63150 (21)
N0+0-NOHNO 4 -39 5.7 13.84 1 0 | 13400 {19]
N30+0sNp+05 -82 9.1 14,00 | 0 | 14100 (191
Ny +O+8+NO 475 -7.6 1426 1 0 | 38370 (19]
NO+0»1#0, +32 -4.2 9,58 * 1.0 | 20820 [19]
NCOHN+N,+CO -181 19.1 13230, © 0 {20}
NCO+N+CN+NO -29 3.8 14.66 ; 0 | 6540 {7)®
1

“ Heat of reaction at 2000 K (kcal/mol) [32).

> ‘oglﬂ(kfarwurd/kbuckwnd) at 2000 K.

¢ Using the notation £ = AT™ exp(—6/T) cm®/mol - s.

4 These values for k; and kg result in a lower value of ks/k; than found in this
study.

® Colket measured %y, uara = 10" exp(—21,190/7) cm*/mol - s; we assumed
ki/k, = 4.54 exp(14,650/T).
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At the peak of the CN trace,

% = ky[C;N2)(0] — k;(CNI(O] = 0
and hence
[CN]peak _ k_2
[CoN3] &y

The [CN] peak value thus depends primarily on the ratio k,/k;, and
the early-time behavior depends on k.. A record of [CN] is therefore
sufficient to infer %k, and k,.

Experimental Fit

A numerical routine derived from the NASA-Lewis general chemical
kinetics program [17] incorporating the mechanism in Table II was
used for the kinetics calculations. The calculated CN concentrations
were numerically converted into transmission profiles for comparison
with the experimental traces.

To interpret the CO absorption records, the vibrational relaxation
(about 500-us particle time for p, = 0.7 atm and 7, = 2000 K) was
modeled using the following excitation/deexcitation process:

(M COw =1) + M%cow FD+M
where CO(v # 1) represents all vibrational states but v = 1. It can
be shown that

[COw = DI* _ _ exp(—8yn/T)
[CO # DI* Q. — exp(—0uiw/T)

i

ke
kde
and

pr(v = 1) = RT/(k, + kg,)

where 7 is the vibrational relaxation time from v = 1; 8, is the
vibrational temperature = hcw./k; Q. is the vibrational partition
function; and the asterisk * refers to equilibrium conditions. We used
Millikan and White’s [18] results for pr (which agreed within 16%
with our own measurements conducted in CO-Ar mixtures with
1800 = T, =< 2900 K). From the above expressions, k. and k,, were ex-
tracted and fitted to Arrhenius expressions for use in the kinetics
modeling. ,

In all kinetics experiments a background absorption of the CO laser
was observed that we attributed to N,O. Accordingly, we calculated
the absorption spectrum of N,O in the vicinity of the CO laser lines
[12-15] for a temperature of 2000 K. At this temperature N,O has a
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large number of high-level v; subbands which might produce the ob-
served background interference. We estimate that many lines of
strengths up to 0.001 cm ™' - atm ™" are present in this spectral region,
and assuming reasonable broadening parameters, the initial background
absorption can be as much as 0.6% under typical conditions. This is
consistent with our experimental observations. The CO(v = 1) the-
oretical profiles were numerically converted to fractional transmission
and corrected for the N,O absorption background prior to comparison
with the actual experimental traces.

Figure 2 shows a best computer fit (solid lines) to the CN and CO
traces simultaneously recorded in one experimental run. The error
bars correspond to the calibration uncertainties, namely, A[CN]/[CN]
= *18% for CN and A[2¥(300K)] = 0.03 cm~' . atm~! for CO. The
dotted line that appears on the CO record is a computer prediction
which assumes that reaction (3) produces CO in the ground vibrational
state. In this case, according to the model, CO(v = 1) would barely
absorb any incoming laser radiation at the early stages of the exper-
iment, since its relaxation is very slow. We conclude therefore that
reaction (3) produces CO in excited vibrational states; the quality of
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Figure 2. Conditions—T, = 1943 K, p, = 0.67 atm, N;O-C,N,-Ar = 12—
3-985. Solid line—best computer fit using k, = 10'*%, 2, = 10" (¢cm®/mol
- 8), and other rates shown in Table II. Dotted line—computer-generated
profile assuming CN + O = CO(v = 0) + N,
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the fit further suggests that CO(v = 1) is the principal preduct of this
reaction. For a more detailed discussion of the products of reaction
(3) at room temperature, the reader is directed to the paper by Schmatjko
and Wolfrum [22].

Discussion and Results

For the N;O-C;N,—Ar mixtures, the peak [CN] value is nearly
proportional to the ratio k;/k;. The uncertainty in the fit to the peak
is therefore also the uncertainty in k,/k;. Figure 3 shows the influence
of varying k;/k; in the kinetic calculation by *18% (the overall cal-
ibration uncertainty for [CN]; see Table III).

For a fixed k,/k; ratio, the shape of the CN trace is dependent on
the specific values of &, and k,. The uncertainty in %, and k; (associated
with the fitting process) is thus determined by the range of values
that preduce an acceptable fit. Figure 4 shows the sensitivity of the
fit to excursions of both %, and kj;, with the ratio k,/k; fixed. The
+50% excursion particularly affects the time to peak and the fit after
40 pus. Larger excursions clearly would not provide an acceptable fit.
The —30% excursion fails to reproduce the initial slope. Note that
these excursions produce equally unacceptable fits of the CO(v = 1)
trace. Conservative minimum uncertainties in k, and k; are therefore
+50%, —30% (see “uncertainty in the fit” in Table III).
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Figure 3. Conditions—same as Figure 2. Dotted lines—computer-generated
profiles using best rates except (- - ), k,/k; (+20%); (- - =), kofks (—20%).
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TasLE III. Uncertainties.

Reactions Uncertainty factors Ref. effect on:
kq kg ky/ky
NoO+HaNoHO+H 1.22 (91| -182 -182 oz
0.82 +18% +18% oz
NCO+0-»CO+NO 10.0 oz -4% +4%
0.1 13 +4% =4%
NCOFM+N+CO+M 10,0 174 -8 +8%
0.1 ox +82 -8%
CMN-»(HNZa 1.45 -12% =40% +18%
calibration +18% -9z +9% -18%
uncertainty -18% +9% -9% +18%
uncertaincy +50% +50% [024
in the fit -30% -30% 0%
exp. scatter -20% +20% | -20% +20% =20% +20%
total uncertatntyb - [i:(ulu:el't:.)zlll2 -43% +57% | -58% +58% =282 +34%

*This reaction was introduced in the mechanism with 2 = (44 = 2) =
10" exp(-4530/T) em®/mol - s [23].
®The individual uncertainties are statistically independent.

Additional uncertainties in %, and k; may result from uncertain
knowledge of other rates of reactions present in the mechanism. In
order to estimate these uncertainties, individual rates (Table II) were
adjusted by reasonable factors (based on current literature or our
judgment); &k, and k; were subsequently modified to ensure the return
to an optimum fit. Table III summarizes the uncertainty analysis. The
reaction CN + N — C + N, was introduced as a possible interference
to the proposed mechanism, although there is considerable question
regarding its rate constant (see Baulch et al. [2]). Note that, according
to our fitting method, %, and %k, are dependent quantities (e.g., the
uncertainty in &, produces equal uncertainties in &, and k;; see Table
III). As a consequence, the relative uncertainty in the ratio k,/%; is
less than the sum of the respective uncertainties in k, and k;.

On the basis of this analysis, we recommend at temperatures near
2000 K:
kg - 10]1.10(+0.25,-0.19) cma/mol -8
ka = 10]3.26:0,26 cma/mol .S
and
kz/ka = 10-—].56(+0,15,—0.l2)
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No noticeable temperature dependence was observed in the limited
range of these experiments (1920 < T < 2110 K).

Our measurement of k; is plotted in Figure 5 along with the result
of Boden and Thrush (25] (shown with error bars recommended by
Baulch et al. [2]). An activation energy of 8.8 = 2.0 kcal/mol can be
deduced assuming a straight-line fit (labeled “this evaluation”) to the
high- and low-temperature data. This is reasonably consistent with
the heat of reaction at 2000 K, AH = +5 kcal/mol.

Figure 6 shows our result for k; plotted on the compilation of Baulch
et al. [2]). As expected for this exothermic reaction, the activation
energy of k; is low. An accurate determination of this activation energy
is prohibited by the size of our error bars and the scatter of low-
temperature data. For our detailed kinetics modeling, we used a simple
straight-line fit (labelled “this evaluation”) to our data at 2000 K and
the room-temperature recommendation of Baulch et al. [2).

In a few experiments, the CO laser diagnostic was tuned to coinci-
dence with an NO(v = 0) absorption line (A — doublet) (laser line:
u(7 — 6), J(12 — 13), see Hanson et al. [8]). Vibrational equilibrium
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Figure 5. Arrhenius plot for k,. Note that — - — is an Arrhenius fit to the
high- and low-temperature data.

of NO was assumed, even though there is some evidence for NO
production in excited vibrational states (see Basco [24]). An NO trans-
mission record, corrected for N,O absorption, was calculated using
the computer-generated NO profile and compared with the experimental
trace. Modeling shows that the NO profile is reasonably sensitive to
the ratio k;/ks, with larger values of k; producing more NO. On the
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contrary, larger values of k¢ lead to increased levels of N atoms, which
in turn remove NO by reaction (11):

(11) N+NO—->N,+0O

Figure 7 shows the computer fit (solid line) using k, = 10"% ¢m®/mol
+ 8, ks = 10*% cm®/mol - s, and ks/ks = 10338027 gy T, = 2150 K.
The dashed line is the computer fit obtained by assuming literature
values for %; and k; (see Table II), and the set of rate constants which
would, within reasonable bounds, predict the largest production of
NO. 1t is clear that the literature-based value for ks/kg [7,20] cannot
fit the experimental NO trace and is too low. This observation is
confirmed at higher temperatures in our discussion of 0,—C,N,~Ar
mixtures.

0.-C;N,-Ar Mixtures— Analysis and Results

Despite the apparent simplification of this mixture (no N,0O is present),
the reaction paths prove to be more complicated. Figure 8 shows a
sketch of the global mechanism.

As a first step, C,N, decomposes slowly via reaction (8) to give CN.
The latter then reacts immediately with oxygen to form O atoms:

4) CN+0,-NCO+0

1.00

0.99 1

0.98 1

NO TRANSMISSION

0.97 4

0.96

) 50 100 150 200 250
LAB. TIME (microseconds)

Figure 7. Conditions—7, = 2150 K, p, = 0.65 atm, N;O~C,N,-Ar =~ 12—
3-985. Solid line—best computer fit to the trace using &, = 10"'%, &, =
10 em®/mol - s, ks/k; = 10%*, and other rates shown in Table II. Dotted
line—computer-generated profile assuming k;/ks = 10** (literature values)
and k,, k, as above.
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Figure 8. Reaction paths for C,N,—O,—Ar mixtures.

As scon as they are produced, the O atoms provide a sink for C,N,
via reaction (2). As the chemistry proceeds, more O atoms are available
to attack CN [reaction (3)] or NCO [reaction (5)]. O atoms obviously
play a critical role in this system, and any reaction involving them
can affect the history of all species, including CN. With an overall
mechanism that allows little simplification, a computer fitting technique
proves necessary.

Figure 9 shows a best computer fit (solid line) to an experimental
trace. The dotted lines illustrate the dependence of the fit on %,. It
appears that increasing or decreasing &, generates a parallel fit which
retains a similar overall shape.

Using our computer model, we showed that an increase in k5 or a
decrease in %4 (and conversely) produced equivalent variations in the
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‘.\l
0.9 \‘
Z \\ ,"/‘7ﬂ
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Figure 9. Conditions—7, = 2315 K, p, = 0.61 atm, 0,—C,N,~Ar = 6—6—
988. Solid line—best computer fit using 2, = 10'>™ ¢m®/mol - s, ky/ke =
10* and other rates shown in Table II. Dotted lines—computer-generated
profiles using best rates except (- - ), &, (—60%); (— - —), k, (+60%).
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predicted CN profile. The fit therefore depends on the ratio %;/ks.
Furthermore, we found that this ratio, unlike k,, controls not only
the peak CN value, but also the shape of the fit, especially at late
times. This effect is due to the critical role of O atoms mentioned
above. If k5 is large, reaction (5) consumes O atoms to a greater extent,
thus preventing a faster decay of CN by reaction (3). An equivalent
situation arises from a small k. In this case, NCO levels are increased,
reaction (5) becomes the preferential NCO removal path, and O atom
consumption via reaction (5) is again increased. Note that the opposite
effect (acceleration of the CN decay) would conversely be obtained
through a smaller kg or a larger k..

It therefore appears possible to determine %, and k;/kg by fitting
the CN trace alone: a unique set of values for k, and k;/ks can fit
both the slope of the CN decay (influenced by %;/ks) and the peak CN
concentration (influenced by ks;/ks and %,). Figure 10 illustrates the
effect of %;/ks on the slope of the CN decay.

In order to estimate the uncertainties in these determinations, we
constructed Table IV in a fashion similar to that used in our analysis
of N,O-C;N,—Ar mixtures. An important feature of this table is the
influence of our previous uncertainties in %, and k;. If we assume a
known ratio k,/k;, most of the uncertainty in k%, and &, is translated
into a similar uncertainty in %;/kq. This effect is illustrated in Figure
11. Here k,, k3, and ks/ks are simultaneously varied by *=40%. The

CN TRANSMISSION

0.5

0 100 200 300 400 500
LAB. TIME (microseconds)

Figure 10. Conditions—same as Figure 9. Dotted lines—computer-generated
profiles using best rates except (- - -), ks/ks (+60%) and k, (—34%); (- - -),
ks/ks (—60%) and &, (+56%).
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TabLE IV. Uncertainties.
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Reactions Uncertainty factors Ref. effect on!
k4 kslkﬁ

CoNy+M> 20N M 1.67 (8 (211 +18% +8%

0.60 -112 ox
CoNy+0+CINCO +58% +13% +58%

and (b)

CN+O+CO+N -58% +24% -58%
NCO+N+CN4+NO 10.0 +30% o%
NCOHN+Ny+CO 10.0 =112 -26%
calibration +18% +372 ox
uncertainty -18% -37% 174
exp. scatter -18T +18% =15%  +15%
total uncertainty = lz(uncert.)zll"Z ~44% +61% -65%  +60%

® This rate controls the early CN slope and could be adjusted accordingly.
® Both k; and k; were equally modified.
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Figure 11. Conditions—same as Figure 9. Dotted lines— computer-generated
profiles using best rates except (---), k, and ks (+40%); ks/k; (+40%);
(—- ")' kg and k3 (_40%); kﬁ/kﬁ (—40%).
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result of those excursions still appears as a reasonable fit. Thus any
variation in (k;, ;) can approximately be offset by the same variation
in k5/ ks.

Our inferred values for %, and k;/k; at temperatures near 2400 K
are

k4 = 1012.68(+0.27,-0.l9) cms/mol .8

and
ks/ks = 102.69:0.28

This value of %5/k¢ at 2400 K is higher than the literature estimate
by at least a factor of 2. However, the suggested temperature dependence
of this ratio based on our determinations at 2150 K (see C,N,-N,0O
—Ar mixtures) and at 2400 K is consistent with Colket’s estimate [7)
and the size of our error bars. (Our determination corresponds to a
net activation energy of 63 + 26 kcal/mol; Colket’s estimate is 43
kcal/mol at 2300 K.) We recommend k;/ks = 1037 exp(+31,800/T)
(£60%) for 2150 < T < 2400 K.

Figure 12 is an Arrhenius plot adding our value for k, to the review
of Baulch et al. [2]. This measurement agrees well with previous
work, except for the flame study of Mulvihill and Phillips [4).
Within the scatter of the low- and high-temperature results, the re-
action shows no significant temperature dependence. We recommend
ky = 10'27+020.-018 ¢my3/mo] « 5 over the temperature range 300 <

T < 2400 K.
T (K)
2000 1000 500 300
T ) [ I
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Figure 12. Arrhenius plot for &,.
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