Chemistry of NOy decomposition at flame temperatures
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Abstract

Detailed N/O kinetic sub-mechanism (for species containing only nitrogen and/or oxygen atoms) was updated on the
basis of a literature survey of new experimental data for pertinent reactions. It was shown that without any
adjustment of the rate constants the proposed N/O kinetic mechanism provides at least satisfactory agreement with
different sets of experimental data on NO, decomposition. Burning velocities of pure N,O were measured at a
pressure of 5 atm for further validation of the mechanism. It was found that the mechanism substantially
underpredicts these data by a factor of approximately two. Possible reasons for this disagreement are suggested.

1. Introduction
Formation of nitrogen oxides (NO,) and their
reactions in flames are of major concern in many

combustion systems. Ability to predict NO,
concentrations requires knowledge of detailed
mechanism  of  pertinent chemical reactions.

Investigation of nitrogen chemistry in combustion has
already received much attention. However, in many
cases there is still a lack of quantitative agreement
between results of modelling and experimental data in
respect of NO, concentrations.

Reliable data for rate constants of N/O reactions are
of great importance, because N/O kinetic sub-
mechanism is a part of many combustion mechanisms.
Previous version of detailed N/O kinetic sub-mechanism
(27 reactions for 11 species) was proposed 10 years ago
in 1999 [1]. Similar mechanism (23 reactions for 11
species including He) was proposed in 2000 in Ref. [2].
A review of elementary, homogeneous, gas phase
reactions involved in combustion systems was published
in 2005 [3]. In this review, rate constants for several
hundreds reactions were evaluated. However, among
these reactions there were only six reactions between
species containing only N and/or O. Therefore the main
goal of this work was to update N/O kinetic sub-
mechanism and to validate it using literature data on
NO;, decomposition at flame temperatures and new
measurements of burning velocities of pure N,O.

2. Reaction mechanism and its validation

A literature survey was conducted to find new
experimental data for pertinent reactions. The resulting
mechanism consists of 29 reactions for 11 species (see
Table 1). The previous version of the detailed N/O
kinetic sub-mechanism [1] was extended by two more
reactions. Rate constants of only 10 reactions remained
the same. Uncertainties of the rate constants were
evaluated. Thermodynamic data for Ny, NO; and N,O,
were updated according to recommendations of Burcat
and Ruscic [4]. The present mechanism does not include
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reactions of N,Os radical, which should be taken into
account in atmospheric pollutant chemistry.

The Chemkin code [5] was used for the modelling.
Experiments in static reactors were modelled as a
constant volume adiabatic process or isothermal process
for characteristic times longer than 10 seconds. Shock-
tube measurements were modelled as constant pressure
or constant volume adiabatic processes. Flames of
nitrous oxide were calculated using the Premix code
from the Chemkin Collection.

2.1. Nitrous oxide (N,0)

Most important reactions in N,O decomposition are
reactions of nitrous oxide dissociation and its reactions
with oxygen atom leading to formation of nitric oxide
and molecular nitrogen and oxygen.

N,O (+M) =N, + O (+M)
N,O+ O =NO + NO
Nzo + O = N2 + 02
Also in some cases a reaction with nitric oxide can be
important.
Nzo + NO = N2 + N02

In the case of N,O, experimental data on ignition
delays and concentrations of O,, NO and O were used
for validation of the mechanism.

Ignition delays in mixture of 20% of N,O with Ar
were measured in reflected shock waves by Borisov and
Skachkov [6] for pressures 2.5-3.5 atm and 10-14 atm.
Shock tube data have been modelled at mean pressures
of 3 and 12 atm, since the authors of [6] did not specify
the pressure of individual experimental runs. Ignition
delays were determined as times when rate of N,O
consumption reached its maximum value. Figure 1
shows that the modelling results are in good agreement
with the experimental data for a pressure of 3 atm, but
in the case of pressure of 12 atm the agreement is worse
(the maximum difference is about 2 times).

Modelling results were also compared with
experimental data on concentrations of NO [7, 8], O
atom [9] and O, [10] during decomposition of N,O.



Table 1.

N/O kinetic mechanism: units are cm’ mol s cal K, k = AT" exp(-E./RT ), UF = uncertainty factor

No. Reaction A n E, Temperatures UF  Source
01. O+O0+M=0,+M* 1.00E+17  -1.0 0 300 - 5000 2 [191°
Enhanced third-body efficiencies (relative to Ar):
N, =2, 2740 - 3460 1.6 [20]
0=288,0,=8,NO=2,N=2, 2 [16], [217°
N,0 =4.38 [22]
02. N,+M=N+N+M* 1.00E+28  -3.33 225000 3390 - 6435 1.2 [23]
Enhanced third-body efficiencies (relative to Ar):
N;=2.96,0,=2.96,NO=2.96,N=6.6,0=06.6 2 [217°
03. N+O=NO+N 1.8E+14 0 76300 1700-4000 14 3]
04. N+O,=NO+O 5.85E+09  1.01 6200 300-5000 1.6 [24], [3]°
05. NO+M=N+O+M* 7.71E+19  -1.31 150000  2400-6200 [25], [26]
Enhanced third-body efficiencies (relative to Ar):
NO =3, [25], [26]
N,=1.5 [27]
06. NO+NO=N,+0, 3.0E+11 0 65000 [1]
07.  NLO+M)=N+O(+M)*" 9.9E+10 0 57900 1000-3000 32 [3]°
Low pressure limit: 6.0E+14 0 57440 1000-3000 20 3]
Feene = 1.167-1.25¢-04 T 1000-3000 1.3 3]
Enhanced third-body efficiencies (relative to Ar):
0,=14,N,=1.7, 1.4 [28]
N,O =35, 2 [29]
NO =3 2 [21r
08. N,O+0=N,+0, 3.69E+12 0 15940 1075-3340 1.6 [2],[3]
09. N,O+O=NO+NO 9.15E+13 0 27680 1370-4080 1.6 [2],[3]
10.  N,O+N=N,+NO 2.50E+12 O 20000 [30], [31]
11. N,O+NO=N,+NO, 275E+14 0 50000 1050-2500 [18]
12. NO+O(+M)=NO,(+M)** 2.9E+14 -0.4 0 200-2200 2 31°
Low pressure limit: 2.3E+20 -1.6 0 200-2200 2 [3]°
Feene=0.8 200-2200 1.6 [3I°
Enhanced third-body efficiencies (relative to Ar):
N, = 1.46, [31°
0,=1.3,NO=2.8, NO,=10,N,0=7 2 [217°
13. NO»+0O=NO+0O, 3.3E+12 0 -374 220-420 [32]
14. NO,+N=NO+NO 8.0E+11 0 -437 223-366 [33], [34], [35]
15.  NO»+N=N,0+0 1.0E+12 0 -437 223-366 [33], [34], [35]
16.  NO»+NO=N,0+0, 1.0E+12 0 60000 [36]
17. NO»+NO,=NO+NO+O, 395E+12 0 27590 473-2000 2 [11°
18. NO»+NO,=NO;+NO 1.13E+04  2.58 22720 473-3000 [11°
19.  NO#+O(+M)=NO;(+M)** 3.5E+12 0.24 0 300-400 1.6 [37]
Low pressure limit: 2.4E+20 -1.5 0 300-400 2 [37]
Feene = 0.71%exp(-T/1700) 100-500 [37]
Enhanced third-body efficiencies (relative to Ny):
Ar=1.2 [217°
20. NO3;=NO+0O, 2.5E+06 0 12120 298-934 [38]
21. NO3;+0=NO,+0, 1.0E+13 0 0 297 2 [39]
22. NO3;+NO,=NO+NO,+0O, 1.51E+10 O 2440 298-329 [40]
23.  NO3+NO;3;=NO,+NO,+0, 5.1E+11 0 4870 298-329 [40]
24.  N,O4(+M)=NO+NO,(+M)*®  1.15E+16 0 12840 250-300 [32]°
Low pressure limit: 2.0E+28 -3.8 12720 300-500 [32]°
Feene = 0.4 300 [32]°
Enhanced third-body efficiencies (relative to N,):
Ar=0.8,N,O,=2,NO, =2 2 [217°
25.  N;044+40=N,05+0, 1.21E+12 O 0 199 [41]
26.  NO+NO+M)=N,0;(+M)*" 1.6E+09 1.4 0 227-260 [42]
Low pressure limit: 1.0E+33 -7.7 0 227-260 [42]
Feent =0.6 [32]°



Enhanced third-body efficiencies (relative to Ar):
Nz = 136

27 . N203+O:N02+N02 2 J1E+11 O
28. NO,+N=N,+0, 24E+11 0
29. NO+NO+NO=N,0+NO, 1.07E+10 O

[43]
0 199 [41]
-437 223-366 (331, [34], [35]
26800  713-923 1.4 [39]

* All other species have efficiencies equal to unity.

® The fall-off behavior of this reaction is expressed in the form as used by Baulch et al. [3].
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Fig. 1. Ignition delay in mixtures of 20% N,O with Ar.
Squares — 2.5-3.5 atm [6], crosses — 10-14 atm [6],
lines — modelling.

In the last case a very good agreement was obtained
between experimental and calculated data. In general,
modelling results satisfactorily describes this set of
experimental data for nitrous oxide decomposition — the
maximal difference between them is ~ 2 times.

2.2. Nitrogen dioxide (NO,)

To validate this branch of the mechanism
experimental data on observed rate constants of NO,
disappearance were used [11, 12]. Rosser and Wise
conducted experiments in static reactors at temperatures
lower than 1000 K [11]. The progress of decomposition
was determined indirectly by observing the change in
optical density with time of the reaction vessel content.
Zuev and Starikovskii studied decomposition at higher
temperatures using shock tube technique [12]. At low
temperatures modelling results differ from experimental
data by factor of 1.5 (see Fig. 2). Yet at higher
temperatures the agreement is very good.

At low concentration of NO, and low temperatures,
decomposition of nitrogen dioxide is determined only
by one reaction, which leads to formation of nitric oxide
and molecular oxygen.

NO, + NO, =NO + NO + O,

At higher concentrations and temperatures, in
addition to the above-mentioned reaction, other
reactions also start to play an important role: another
channel of NO, + NO, reaction leading to formation of

nitric oxide and NO; and also reactions of nitrogen
dioxide dissociation and its reaction with oxygen atom.
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Fig. 2. Specific rate constants of NO, disappearance.
Squares — NO, (<1%)-N,, P<1 atm, T=630-1020 K [11],
crosses — 11.2 % NO,-Ar, P~1 atm, T=1000-2630 K
[12], lines — modelling.
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2.3. Nitric oxide (NO)

In the case of NO, experimental data on NO rate of
disappearance and O atom formation rate were used for
validation of the mechanism. Decomposition of 100%
NO was studied at subatmospheric pressure by
Kaufman and Kelso [13]. Modelling was conducted
only in a temperature range of 1373-1533 K, because
authors of [13] indicated that at lower temperatures the
values of rate constants become questionable. Specific
rate constants were determined at the moment when
concentration of NO decreased by 1%. A good
agreement was obtained between calculations and
experimental data. The current mechanism gives values,
which are higher than those measured in the experiment
by a factor of 1.4 (see Fig. 3). The decomposition of
nitric oxide in these conditions is determined mostly by
2 reactions.

NO +NO=N,0+0
Nzo + NO = N2 + N02

The concentration of O atoms in the decomposition
of nitric oxide has been monitored using atomic
resonance absorption spectroscopy by Thielen and Roth
[14] in a temperature range of 2380-3850 K at pressures
0.7-1.6 atm. Different mixtures were used: 0.1%-
1%NO-Ar. Modelling results are also in a good



agreement with this set of experimental data. Formation
of O atoms is governed by reactions:
NO + NO =N,0 + O,
N,O (+M) =N, + O (+M),
with the former being the most sensitive.
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Fig. 3. Specific rate constant of NO disappearance.
Crosses — 100% NO, P=0.65 atm [13], line — modelling.

2.4. Summary of the mechanism validation

Without any adjustment of the rate constants the
proposed N/O kinetic mechanism allows at least
satisfactory reproducing widely differing sets of
experimental data on NO, decomposition, obtained at
initial concentrations of NOy ranging from 0.1 to 100%,
pressures ranging form 0.5 to 14 atm and temperatures
ranging from 630 to 3850 K. Observed differences
relate both to experimental uncertainty and uncertainty
of our current knowledge of the rate constants of N/O
reactions.

3. Experimental

It has already been known that a pure nitrous oxide
can decompose in a self-sustained regime. However,
experimental data on pure N,O flame propagation were
absent, most likely owing to a very slow rate of its
decomposition. In this work the first attempt to measure
burning velocities of pure N,O was made. Experiments
on laminar flame propagation in pure N,O were
performed at BAM in a high-pressure bomb (Fig. 4) ata
pressure of 5 atm and initial temperatures of 25, 50, 100
and 200 °C. Ignition was centrally initiated by a spark
and pressure-time-histories were measured.

For the calculations of the instantaneous burning
velocity from the p(t)-history a spherical, thin flame
front propagation in an adiabatic system was assumed.
Burning velocity was calculated with two methods. One
method, often used in safety studies, assumes a constant
flame speed throughout the explosion. The second
method, based on analysis of [15], allows for variable
flame speed. In this approach, the flame radius was
determined from the pressure record assuming an
isentropic compression of the fresh gas as:

_ 1y 1/3
R (t)=R, l_p“lp(t)( p, ]
Py — P, \ P)

where R, is the equivalent radius of the combustion
vessel, peq is the pressure at thermodynamic equilibrium
at the end of constant volume combustion, p, is the
initial pressure and p(t) is the pressure at time t, 'y is the
specific heats ratio in the fresh gas, assumed constant.
Then the mass burning velocity u, was calculated
assuming that the combustion products are at the
thermodynamic equilibrium:
1 dp(t)

t)=—
oy (1) 3 dt

R -R}
(P, — P(O)R!

This should be compared with the expression used in
the first method:
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Fig. 4. A high-pressure bomb

4. Results and Discussion

Laminar burning velocities derived with both
methods are shown in Figure 5. Crosses correspond to
the first method and circles - to the second method. A
good agreement between the results of the two different
methods of experimental data processing was found.
The difference between the modelling, shown as the
solid line in Fig. 5, and experimental data, however, is
quite large, and the burning velocity is systematically
underpredicted. This calls for detailed analysis of
possible uncertainties in the kinetic model.

Possible influence of the uncertainties of reaction
rate constants on the model behaviour was analysed
using the same brute force approach as in Ref. [16].
Uncertainties in third-body efficiencies were not taken
into account in the present analysis. It was found that
modification of the rate constants of all sensitive
reactions to the limits of their uncertainty (without
modification of the rate constant of reaction N,O + NO
= N, + NO,) can increase the value of calculated
burning velocity by ~70-75%. It should be noted that
increase in the constant rate of reaction of nitrous oxide
decomposition:

N, O+M=N+ 0+ M, @)
contributes the most to this increase of burning velocity.



However, it is not enough to approach the experimental
data to the necessary degree.
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Fig. 5. Laminar burning velocities of pure N,O at 5 atm
as a function of initial temperature. Symbols:
experiment, lines: modelling.

It means that special attention should be given to the
reaction,
N,O + NO =N, + NO,, an
which has not been yet considered here. Burning
velocity of pure N,O is quite sensitive to this reaction.
A reason for separate consideration of this reaction is
based on findings of Zaslonko and Mukoseev [17].
They found an anomalous dependence of the rate
constant of reaction (11) on concentration of NO in
mixtures with N,O and bath gas: the lower
concentration of NO the higher the rate constant of this
reaction. Moreover, the difference between highest and
lowest values of the rate constant comprised 6-7 times.
To explain their data Zaslonko and Mukoseev proposed
so-called Thermal Activation Mechanism (TAM) [17].
Instead of a single reaction

N,O +NO =N, + NO, (11)
TAM includes the following sequence:

N,O+M=N,0" +M (11a)
N,O" + NO =>NO, + N, (11b)

The main idea behind this mechanism is that before a
molecule (in this case N,O molecule) can participate in
the exchange reaction it should be collisionally
activated.

To the best of our knowledge such an anomalous
dependence for the rate constant of exchange reaction
has not been reported by any other investigators, but it
should be mentioned that the lowest value of the rate
constant obtained in [17] (corresponding to the mixture
2.5% N,O + 97.5% NO) is in a very good agreement
with the rate constant of Borisov et al. [18], which is
adopted in the current mechanism and is presented in
Table 1. The rate constant proposed by Borisov et al.
[18] for reaction between N,O and NO is supported by a
number of other investigations. Also in a way, it is
supported by data of Zaslonko and Mukoseev. It was
shown here that the mechanism with the rate constant of
Borisov et al. reproduces, at least satisfactory,
experimental data on N,O decomposition, but fails to

predict burning velocities of pure N,O (even after
modification of rate constants of all other reactions
within the limits of their uncertainty). Therefore we
decided to incorporate the mechanism of thermal
activation for reaction (11) in the mechanism with the
rate  constants:  k;;,=1.28E+11exp(4600/RT) and
ki1,=1.0E+13. Results of calculations employing
Thermal Activation Mechanism without modification of
other rate constants are shown in Fig. 5 as dashed line.
Calculated values are still lower than experimental data.
Yet, implementation of TAM coupled with increase of
the rate constant of reaction (7) within its uncertainty
brings acceptable agreement with the experiment. These
calculations are shown in Fig. 5 as dash-dot line.
However, this increase of the rate constant of reaction
(7) to its highest limit does not seem to be justified. It
means that still a further analysis of both kinetic model
and experimental data on N,O burning velocities is
required. It is perhaps appropriate to mention here that
the flames in hand are slow and have a considerable
thermal expansion, therefore the measured value of the
flame speed can be affected by buoyancy distorting the
flame shape. Another possible factor is that the high
pressure flames often exhibit cellular structure resulting
in faster burning; unfortunately, the combustion vessel
does not provide means of the flame observation.
Because of these factors, it is desirable to acquire more
reliable experimental data on N,O decomposition in
order to establish the reasons of the disagreement
between experimental and simulated data on N,O
burning velocities.

5. Conclusions

Updated N/O kinetic sub-mechanism at least
satisfactory reproduces different sets of experimental
data on NO, decomposition. However, this mechanism
failed to predict burning velocities of pure N,O. It was
shown that implementation of the mechanism of thermal
activation for reaction N,O + NO = N, + NO, provides
better agreement with experimental data on burning
velocities. However, it cannot fully compensate the
observed difference between experimental and
simulated data on N,O burning velocities. Therefore,
further analysis of both kinetic model and experimental
data on N,O burning velocities is needed.
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