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ABSTRACT

Ammonia pyrolysis reactions have implications for its ignition and oxidation in engines and gas turbines. In the present work, the chemistry of ammonia pyrolysis is
investigated by kinetic modeling and theory. Rate constants for key reactions are carefully evaluated based on available experimental and theoretical results. The
high pressure limit k; o, for NHy + H (+M) 2 NH; (+M) (R1) is calculated to be essentially the collision frequency, indicating that dissociation of ammonia in
combustion processes will be at or close to the low pressure limit even at engine and gas turbine conditions. The chemical kinetic model is validated against reported
shock tube measurements of NH3, NH;, and NH in ammonia pyrolysis. Predictions are in good agreement with observations for dilute conditions (< 0.5% NHj3), but
the model appears to underpredict the NH; consumption rate at longer times in less dilute mixtures. At short reaction times, thermal dissociation of NH3, together
with the NH; + H reaction, controls conversion. At longer times, secondary reactions involving NH, and NH become important due to their impact on the radical
pool. Predictions become sensitive to formation and consumption of diazene (tHNNH and cHNNH). Several of the key steps in the ammonia pyrolysis mechanism are
radical-radical reactions that are difficult to measure accurately and challenging to calculate theoretically, and a more comprehensive experimental characterization

is desirable to support further model development.

1. Introduction

The potential of ammonia as a carbon-free energy carrier is currently
investigated extensively [1-4]. Contrary to combustion of
nitrogen-containing fossil fuels [5,6], the application of ammonia as the
main fuel in engines or gas turbines involves conditions with high
concentrations of NHs and high pressure. The ignition delay time, flame
speed, and the ammonia consumption rate, particularly in local fuel-rich
areas, are sensitive to reactions in ammonia pyrolysis. These include
thermal dissociation,

NH; ( + M)2NH, + H( + M), (R1b)

reactions of amines with H, e.g.,

NH; + H2NH, + H,(R2)
NH, + H2NH + H,, (R4)

and amine-amine steps such as

NH, + NH, 2NH; + NH(R5)

NH, + NH,( + M)=N,H, ( + M)(R8)
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NH, -+ NH2HNNH + H(R9, R10)

The reaction numbering refers to Table 2 below.

Decomposition of ammonia has been studied in shock tubes [7-17],
flow reactors [18,19], jet-stirred reactors [20], and static reactors [21].
Konnov and De Ruyck [22] developed a detailed reaction mechanism for
ammonia pyrolysis and validated it by comparison to shock tube results
from Davidson et al. [15]. They emphasized the importance of taking
into account the Ny-amine chemistry in the interpretation of ammonia
pyrolysis data and proposed a reaction between NH; and NH; to form
NyHj as important.

Since the work of Konnov and De Ruyck [22], a number of studies of
relevance to ammonia pyrolysis chemistry have been published. Recent
experimental work have been conducted in flow reactors [19],
jet-stirred reactors [20], and shock tubes [17]. Notably, Alturaifi et al.
[17] conducted an experimental and modeling study of ammonia py-
rolysis in a shock tube, measuring NH3 concentration profiles under
dilute, near-atmospheric pressure conditions in the temperature range
2100-3000 K. Based on their results, as well as data from literature, they
revised the ammonia pyrolysis mechanism, improving predictions
compared to literature mechanisms.

Also a number of theoretical studies have served to improve our
understanding of the amine pyrolysis chemistry. Bugler et al. [23] used
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Table 1

Heats of formation (298 K) for selected amine species. Units are kcal mol~!.
Species NH3 NH; NH NoHy NyHj3 tHNNH cHNNH HyNN
Bugler et al. [23] -10.43 44.58 85.10 23.94 53.91 48.59 53.79 72.39
Present work -10.89° 44.45° 85.74° 23.20° 53.73¢ 47.78° 52.97¢ 71.92°

# Glarborg et al. [6];

b Dorofeeva et al. [32] and Feller et al. [30];
¢ Active Thermochemical Tables (ATcT) [31];
d Marshall et al. [28];

¢ Burcat database [29].

Table 2
Selected reactions in the ammonia pyrolysis subset. Parameters for use in the
modified Arrhenius expression k = AT exp(-E/[RT]). Units are mol, cm, s, cal.

A p E, Source
1. NH; + H(+ M)=2NH;(+ 1.5E14  0.167 0 See text
M)
Low pressure limit (Ar) 3.0E22 -1.900 0
Low pressure limit (N2) 2.6E23 -2.083 0

Troe parameters: 0.5 1E-30 1E30 1E30
Collision efficiencies” (Ar/N3): NH3 = 20/9 [27]

2. NH;3 + H2NH; + Hz 5.4E05 2.400 9916 [33]
3. NH+ H+ M2NH; + M 1.2E25 -2.710 0 [34], rv
4. NH; + H2NH + H; 5.1E08 1.500 3700 See text
5. NH; + NH,2NH3 + NH 5.6E00 3.530 552 [24]
6. NH; + NHy2tHNNH + 1.7E08 1.020 11783 [24]
Hz
7. NH; + NH,2H,NN+H,  7.2E04  1.880 8802 [24]
8 NH; + NHz(+ M)=2 5.6E14  -0.414 66 [24]
NoHy(+ M)
Low pressure limit: 1.6E34 -5490 1987
9. NH;, + NH2tHNNH + H 1.2E15 -0.500 0 [15,28]
10. NH; + NH2cHNNH + H 3.0E14 -0.500 0 [15,28]
11. NH, + NH2NH3 + N 9.6E03 2.460 107 [24]
12. NH; + NeN, +H + H 7.0E13 0.000 0 [35]
13. NH+M=2N+H +M 1.8E14  0.000 74800  [34]
14.  NH+ H2N+ Hp 3.5E13  0.000 0 [36,371
15. NH+ NH2NNH + H 6.2E13 -0.036 -161 [24]
16. tHNNH(+ M)= 4.9E09  1.180 47700  [28]
cHNNH( + M)
Low pressure limit: 3.0E28 -3.560 56100
Troe parameters: 0.35 650 10600
tHNNH(+ M)=2 1.5E14  0.000 55000
cHNNH( + M)
Low pressure limit: 2.3E29  -4.000 60100
Troe parameters: 0.35 650 10600
Duplicate reaction
17. tHNNH( + M)2NNH -+ 6.3E16 0.000 63980 [28]
H(+ M)
Low pressure limit: 8.7E39 -6.910 70400
Troe parameters: 0.44 520 6150
18.  cHNNH(+ M)2NNH + 5.7E16  0.000 58600  [28]
H(+ M)
Low pressure limit: 9.6E35 -5.440 63980
Troe parameters: 0.44 520 6150
19. tHNNH+ H=NNH +H,  9.6E07  1.800 900 [28]
20. tHNNH + NH2 2NNH + 2.7E05 2.226 -1034 [26]
NHO3
21. cHNNH + H2NNH + H, 2.8E08 1.720 470 [28]
22. cHNNH + H2tHNNH + 7.8E08 1.580 2180 [28], low
H pressure limit

2 Collision efficiencies (Ar/N3): O = 1.5/0.65, CH4 = 13.5/5.9, CO, = 13/5.6

quantum chemical composite methods to obtain thermodynamic prop-
erties for a range of nitrogen-containing species, while Glarborg et al.
[6] reviewed the amine thermochemistry using the Active

Thermochemical Tables (ATcT) approach. Klippenstein et al. [24]
calculated rate constants for reactions on the NyH4 and NyH3 potential
energy surfaces, including NHy + NHy (R5-R8) and NH; + NH (R9,
R10). Also Li and Sarathy [25] and Dievart and Catoire [26] have
calculated rate constants for reactions important in pyrolysis of amines.
Recently, Glarborg et al. [27] calculated collision efficiencies for
selected molecules in recombination of NH, with H (R1) and NH, (R8),
and Marshall et al. [28] reported a theoretical study of reactions
important for forming or consuming diazene (tHNNH and cHNNH).
Due to the importance of the NH3 pyrolysis for ignition and oxidation
of ammonia in high concentration, it is of interest to once again revisit
this chemistry, particularly in light of the recent theoretical work, e.g.,
[24-28]. In the present study, the pyrolysis mechanism for NHj is
carefully revised, based on theory as well as re-interpretation of selected
experimental data from literature. The pressure dependence of thermal
dissociation of NHj3 is investigated and predictions with the updated
pyrolysis model is compared to shock tube results from literature.

Chemical Kinetic model

The chemical kinetic model, including rate coefficients and ther-
modynamic data, was based mainly on the review of nitrogen chemistry
by Glarborg et al. [6]. For a number of reactions, rate constants were
updated, based on a review of available data or on re-interpretation of
shock tube results from literature.

The thermodynamic data are a key component in the kinetic model.
There has been some ambiguity in the properties for key amine species,
but recent work by Bugler et al. [23] and by Ruscic and coworkers [6,
29-31] have served to reduce the uncertainty. In their modeling study,
Alturaifi et al. [17] adopted the thermodynamic properties for the amine
species from Bugler et al., while in the present work we rely mostly on
data reported by Ruscic and coworkers. Table 1 compares the heats of
formation for the key amine species reported by Bugler et al. with those
employed in the present work. The differences are all below 1 kcal mol !
and mostly the agreement is within 0.5 kcal mol~!. However, for the
present purposes it is a concern with differences of around 0.5 kcal
mol~! in H; 508 for both NH3 and NH. Differences of this magnitude are
significant when calculating reverse rate constants using the equilibrium
constant. In ATcT, Hy 295(NH3) has an estimated uncertainty of less than
0.01 kcal mol~! and the value calculated by Bugler et al. appears to be in
error. Results discussed below for the reactions NH3 + H 2 NH, + Ha,
NH; + H 2 NH + Hj, and NH3 + NH 2 NH; + NH; show consistency
between measurements of forward and reverse rate constants, support-
ing the present thermodynamic data, but more work is required to
resolve this issue.

Table 2 lists selected reactions in the ammonia pyrolysis subset. The
key reaction in pyrolysis of ammonia is its thermal dissociation,

NH;( +M)2NH, + H( + M)(R1b)

In the model, we prefer to represent this reaction, as well as a number of
other steps, in the exothermic direction, i.e.,

NH, + H( + M)2NH;( + M)(R1)
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Fig. 1. Data for the low pressure limit k; o of the NHy
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Altinay and Macdonald [39,40] for the forward reac-
tion, and data derived from low-pressure measure-
ments of the reverse rate constant by Dove and Nip
[11], Yumura and Asaba [13], Naumann et al. [16],
and Davidson et al. [15], converted through the equi-
librium constant. The data of Altinay and Macdonald
were obtained for N as collision partner and have been
corrected as discussed in the text. The dashed lines
show the rate constants recommended by Altinay and
Macdonald [40] and by Davidson et al. [15], while the
fit to k; o, obtained in the present work is shown as a
solid line.
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Data for the low pressure limit have been reported for low temper-
ature in the forward direction (k; o) by Pagsberg et al. [38] and Altinay
and Macdonald [39,40], and for high temperature in the reverse direc-
tion (kjpo) by Dove and Nip [11], Yumura and Asaba [13], Naumann
et al. [16], and Davidson et al. [15]. In their evaluation, Baulch et al.
[41] considered the data from Naumann et al. [16] to be the most
reliable. Figure 1 compares the experimental data reported at or close to
the low pressure limit. Data for the thermal dissociation of NH; (R1b)
were converted through the equilibrium constant. Most of the data were
obtained with Ar as inert gas. The results of Altinay and Macdonald [40]
were obtained for N, as collision partner; these data were corrected for
the difference in third body efficiency (TBE) based on the results of
Glarborg et al. [27], roughly represented as TBE(Ar)/TBE(N,) =
0.114-TO183,

Our preferred low pressure limit rate constant for NH, + H + Ar is

based on the low temperature data of Altinay and Macdonald [40] and
Pagsberg et al. [38], and the high temperature results from Naumann
et al. [16] and Davidson et al.[15]. The evaluation by Davidson et al.
[15] was based on re-interpretation of shock tube results from Roose
(not published), Dove and Nip [11], Yumura and Asaba [13], and
Holzrichter and Wagner [14].

Experimental results for NH; dissociation at high pressure are scarce
and in poor agreement. Holzrichter and Wagner [14] and Genich et al.
[10] have reported data for kj, at elevated pressure from shock tube
experiments. Genich et al. conducted experiments at pressures up to 300
atm. Their reported fall-off behavior indicates a high pressure limit k; o,
of around 2:10'2 s~1 at 2200-2500 K, with an uncertainty of a factor of
five. Holzrichter and Wagner operated at temperatures of 2200-3300 K
and at densities up to 2-10~% mol cm~3, observing fall-off behavior at the
highest pressures. Based on the results of Holzrichter and Wagner,

Fig. 2. Fall-off behavior for NH; + H (+Ar) = NH;3
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richter and Wagner have been reduced by a factor 1.7,
following the analysis of Davidson et al. [15]. All data
are converted through the equilibrium constant. The
solid line shows the recommended low pressure limit,
while the dashed line denotes the predicted fall-off
behavior with the present rate coefficients.
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Fig. 3. Predicted fall-off behavior for NH, + H (+N2) = NH3 (+N2) (R1) at selected temperatures.

Baulch et al. [41] estimated a high pressure limit for R1b, corresponding with the B2PLYP-D3 density functional and the cc-pVTZ basis set using
tok; = 2:10'* s71 at 2000-3000 K, with a significant uncertainty. This the Gaussian 16 program [42]. Energies were calculated with multi-

value agrees well with the estimate of k; ., = 1.6:10'% s! chosen by reference CASSCF-MP2 theory including all configurations of the 8

Altinay and Macdonald [40]. They characterized experimentally the valence electrons among the 7 molecular orbitals arising from the
fall-off behavior of NH, + H (4+M) at temperatures of 292-533 K and valence orbitals, relative to the energy at a separation of r = 5.0-10~1°
pressures from a few torr up to 400 torr. They could not derive the high ~ m. No barrier to H + NH, addition was found. Accordingly, recombi-
pressure limit based on their experiments, but chose the value of k; , as nation was evaluated via classical capture theory [43], based on the idea
the basis for their data fitting. that reactive collisions occur on an attractive potential of the form V =

Due to the uncertainty about the high pressure limit for R1, we -Ce/r when centrifugal barriers are overcome. The C¢ parameter reflects
studied it theoretically. Geometry changes along a relaxed scan of one N- ~ long-range forces arising mainly from dispersion interactions with a ca.
H bond length r in NH; from 1.0-1071° m to 4.0-10~'° m were calculated 10% contribution here from dipole-induced dipole interactions. Exper-

imental, if available, or computed data for polarizabilities, ionization
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Fig. 4. Arrhenius plot for the reaction NH; + H = NH; + Hy (R2). Symbols denote the experimental data of Michael et al. [47,48] and Ko et al. [33] for the forward
reaction, and data derived from measurements of the reverse rate constant by Demissy and Lesclaux [50], Hack et al. [51], and Friedrichs and Wagner [52],
converted through the equilibrium constant. The solid line shows the rate constant recommended by Ko et al.
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potentials and the NH; dipole moment were taken from the NIST
compilation [44], which lead to Cg ~ 2.0-10778 J m®. The high-pressure
rate coefficient for recombination, taken to occur at every reactive
collision with neglect of recrossing, of k; o, ~ 6.5-10'* cm® mol~! s! at
298 K, proportional to T*/®, is derived [43]. The high average velocity of
H atoms helps make this significantly larger than a typical hard-sphere
collision rate coefficient. Within likely uncertainties, this value and its
temperature-dependence are comparable to the ca. 2:10'* cm® mol !
s~! recommended for the analogous H + CH3 recombination at 298 K
[45] and to the estimates of the high pressure limit by Baulch et al. [41]
and Altinay and Macdonald [40]. Our best estimate is ki o, &~ (44+2)-10'*
cm® mol~! s~! at room temperature. Should future experimental con-
ditions approach the high-pressure region of H + NH;, then a more

1014

detailed evaluation of k; ., would be warranted.

Figure 2 compares the results of Genich et al. [10] with those of
Holzrichter and Wagner [14] and Naumann et al. [16] at 2400 K. The
low-pressure limit and the predicted fall-off behavior based on the
present rate coefficients are also shown. The data of Genich et al. are in
poor agreement with the other measurements at overlapping pressures,
indicating that they may have faced some experimental difficulties. The
data from Holzrichter and Wagner, after making the correction sug-
gested by Davidson et al. [15], are in good agreement with the value
reported by Naumann et al. and with the low pressure limit proposed in
the present work. The data of Holzrichter and Wagner indicate depar-
ture from the low pressure limit at 20-30 atm at this temperature.

Figure 3 compares the predicted fall-off behavior for NHy + H (+M)
(R1) over a wide temperature and pressure range for Ny as collision

Fig. 6. Arrhenius plot for the reaction NH, + H = NH
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Fig. 7. Arrhenius plot for the reaction NH, + NH; = NH3 + NH (R5). Symbols denote the experimental data of Davidson et al. [15] and Rohrig et al. [60]; the latter
converted through the equilibrium constant. The solid line denotes the calculated rate constant by Klippenstein et al. [24].

partner. Even under conditions of interest for engines and gas turbines, i.
e., high temperature and high pressure, the reaction is at or very close to
the low pressure limit. Modeling predictions are not very sensitive to the
assumed high pressure limit as long as it is close to the collision
frequency.

The reaction of NHz with H,

NH; + H2NH, + H,(R2)

has been studied extensively over a wide temperature range, both in the
forward and reverse direction. Figure 4 shows an Arrhenius plot for the

reaction. Results for the forward reaction have been reported by Dove
and Nip [46], Michael et al. [47,48], and and Ko et al. [33], which
updates Marshall et al. [49]. The reverse reaction was studied by
Demissy and Lesclaux [50], Hack et al. [51], and Friedrichs and Wagner
[52]. We have omitted the data from Dove and Nip [46], as their mea-
surements show only small sensitivity to ky. The other results are in good
agreement. We have adopted the rate constant proposed by Ko et al.
[33].

In addition to NH; + H (R2), ammonia could react with amine
radicals, primarily NH, and NH. The NH3 + NH;, reaction to form NyHg

110"
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Fig. 8. Rate constant plot for the reaction NH; + NH = HNNH + H (R9, R10). Symbols denote the experimental data of Pagsberg et al. [38], Dransfeld et al. [61],
Davidson et al. [15], Naumann et al. [16], and Bahn and Macdonald [55]. The dashed line denotes the rate constant calculated by Klippenstein et al. [24], while the
solid line shows the evaluation of Davidson et al. [15].
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+ H; proposed by Konnov and De Ruyck [22] is currently not supported
by any direct experiments or by theory and has been disregarded in the
present work. The reaction with NH, the reverse of reaction (R5), is
discussed in more detail below.

The NH, radical may dissociate at high temperature or react with
other radicals. For the thermal dissociation (R3b), we rely on the data
from Deppe et al. [34], which constitute the only direct measurements.
Figure 5 compares the data, reversed through the equilibrium constant,
with the rate constant proposed in the present work. The extrapolation
to low temperatures is uncertain, but the reaction is only important at
very high temperatures. The present rate constant, ks = 1.2.10% T~27!
cm?® mol~! s71, is significantly larger than the estimate by Miller and
Bowman [53], but in reasonable agreement at high temperature with the
value proposed by Hanson and Salimian [54].

In the shock tube experiments of interest in the present work, NH; is
mainly consumed by reaction with H or NH. The reaction with atomic
hydrogen,

NH, + H2NH + H, (R4)

has mostly been studied at high temperature. The Arrhenius plot shown
in Fig. 6 includes data obtained for the forward step by Bahn and
Macdonald [55] and Davidson et al. [15], and data derived from mea-
surements of the reverse rate constant by Dove and Nip [11], Rohrig and
Wagner [56], and Fontijn et al. [57], converted through the equilibrium
constant. The rate constant for R4 is difficult to determine because of the
impact of side reactions, and possibly the data for R4b are more accu-
rate. The results from Rohrig and Wagner and Fontijn et al. agree within
the scatter. The theoretical studies of Linder et al. [58], Li and Sarathy
[25] and Dievart and Catoire [26] for R4 and of Mackie and Bacskay
[59] for R4b are all in reasonable agreement with the measurements of
Rohrig and Wagner and Fontijn et al., but deviate at high temperature
from the measurements of Davidson et al. [15] and Dove and Nip [11].
We have tentatively derived a rate constant based on the results reported
by Bahn and Macdonald, Rohrig and Wagner, and Fontijn et al., but
more work on this reaction is desirable.

The NH, + NH; reaction has several product channels, including
formation of N, amines (R6, R7). However, under the high temperature
conditions investigated in the present work, only disproportionation is

important:

NH, + NH,2NHj; + NH(RS5)

High temperature measurements have been conducted in shock tubes for
both the forward [15] and the reverse [60] step. We have adopted the
rate constant calculated by Klippenstein et al. [24], which is in good
agreement with the high temperature results (Fig. 7) and also comply
reasonably with the low temperature upper limit reported by Dransfeld
etal. [61].

There are only few data available for the reaction,

NH, + NH2HNNH + H, (R9, R10)

all from indirect measurements. The low temperature results by Pags-
berg et al. [38], Dransfeld et al. [61], and Bahn and Macdonald [55],
together with the the shock tube data of Davidson et al. [15] and Nau-
mann et al. [16], indicate a fast reaction with a slight negative tem-
perature dependency, in line with expectations for a radical-radical
reaction. It is a challenging reaction to characterize experimentally.
However, the modeling presented in the present work indicates that the
rate constant calculated by Klippenstein et al. [24] may be too fast, and
for now we have adopted the value proposed by Davidson et al. [15],
based on the available measurements. The branching ratio between the
trans and cis isomers of HNNH was adopted from Marshall et al. [28].

Under the conditions evaluated in the present work, formation of
hydrazine is negligible. However, the fast NH; + NH reaction (R9, R10)
leads to formation of diazene. Marshall et al. [28] investigated the
chemistry of the diazene isomers, emphasizing the relative importance
of trans and cis configurations of HNNH. They calculated rate constants
for the isomerization between tHNNH and cHNNH (R16), for thermal
dissociation (R17, R18), and for the H-abstraction reactions to form
NNH (R19, R21).

Compared to the very recent model by Alturaifi et al. [17], differ-
ences in specific rate constants are mostly minor and within the uncer-
tainty of the value in the measured direction. However, as discussed
above there are issues with the thermodynamic properties, particularly
for NH; and NH, affecting the reverse rate constants for many reactions
in the amine subset. Furthermore, the inclusion of an updated diazene
subset, based on the recent work by Marshall et al. [28], has implications
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300
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Fig. 10. Comparison of the shock tube measurements of NH, by Davidson et al. [15] with modeling predictions in decomposition of NHs. Experimental conditions:

0.27% NH3 in Ar at 0.902 atm and 2781 K.
for predictions at longer reaction times.
2. Results and discussion

Ammonia decomposition has been studied in batch reactors [21],
flow reactors [18,19], jet-stirred reactors [20], and shock tubes [7-17].
There is a concern about data obtained in laboratory reactors, because
they may be affected by reaction on the surface [6,17,62]. To avoid this
uncertainty, only data from shock tube experiments are selected for
modeling in the present work. However, also shock tube experiments are

prone to uncertainties, typically caused by temperature or boundary
effects at elevated reactant levels. Furthermore, the recent work of
Alturaifi et al. [17] showed that even passivation methods used in shock
tubes are not fully satisfactory when it comes to having the desired NHg
initial concentration in a mixture. This uncertainty is a concern,
particularly when the NH; concentration is not monitored directly.
The reported shock tube experiments can be divided into two groups,
depending on the dilution level of the NHs. First we look at results ob-
tained at comparatively dilute conditions, i.e., with ammonia levels of
0.5% or below. Alturaifi et al. [17] monitored the NH3; decay as a

200 ———T1—

—_
(@)
o
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(&)
o
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Fig. 11. Comparison of the shock tube measurements of NH, and NH by Davidson et al. [15] with modeling predictions in decomposition of NH3 at about 2300 K.
Experimental conditions: 0.27% NHj in Ar at 1.028 atm and 2301 K (for NH,) and 0.3% NHj in Ar at 0.986 atm and 2294 K (for NH).
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Fig. 12. Sensitivity coefficients for NH3, NH, and NH for the conditions of Fig. 9 (2360 K, at 1000 us), Fig. 10 (at 70 us), Fig. 11 (at 400 us for NH, and at 300 us

for NH).

function of time in shock tube experiments with initial concentrations of
ammonia of about 0.5%. Figure 9 compares their measurements with
modeling predictions for four temperatures in the range 2100-2500 K.
The predictions are seen to capture the measurements quite well over
the range investigated. The agreement in the initial stages lends support
to the present value of the NH; + H (+M) rate constant. At longer re-
action times, the calculated NH3 consumption rate is slightly too fast at
the highest temperature, possibly due to uncertainties in secondary re-
actions, as discussed below.

Davidson et al. [15] detected NHp, and NH profiles in NH;j

decomposition. Based on their measurements, they derived rate con-
stants for reactions of NH, with H (R4), NH (R9, R10) and NH> (R5).
Figure 10 compares their measured NH; profile with modeling pre-
dictions at 2781 K and close to atmospheric pressure.

In the initial stage, NH; is formed from dissociation of NH; (R1b).
The good agreement with the observed early NH, gradient supports the
value of k; o in the model. Quickly a radical pool develops and NH, is
then formed mainly by NH;3 + H (R2). The location and value of the NH,
peak is determined by the competition between formation through R2
and consumption by reactions with H (R4) and NH (R9), as well as by

0.08
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. 003
0.02
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0

NH mole fraction

- NH2+NH (Klippenstein)
---NH2+NH->NNH+H+H
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0 30

100 150 200 250 300 350 400
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Fig. 13. Comparison of the shock tube measurements of NH; decay by Holzrichter and Wagner [14] with modeling predictions in decomposition of NH3. Exper-
imental conditions: 7.7% NHj in Ar at 3.94 atm and 2355 K. The dashed lines show modeling predictions showing the effect of changing the rate constant and

products for the NH, + NH.
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Fig. 14. Sensitivity coefficients for NH3 for the conditions of Fig. 9 (0.5% NHs, 2360 K, at 1000 ys) and Fig. 13 (7.7% NHs, 2355 K, at after 200 us).

thermal dissociation (R3b).

Figure 11 compares measured NH, and NH profile with modeling
predictions at approximately 2300 K. Similar to the results at higher
temperatures (Fig. 10), the NH, profile is captured well. Also the NH
prediction is satisfactory, given the uncertainty in several of the key NH,
and NH reactions in the mechanism.

A sensitivity analysis for the conditions of Figs. 9-11 was conducted;
the results are shown in Fig. 12. The predicted NH3 consumption rate
under the conditions of Fig. 9 is primarily sensitive to its thermal
dissociation (R1b) and the reaction with H (R2). However at longer
times, formation of diazene through the NH; + NH reaction (R9, R10)
and the subsequent steps of HNNH has some impact on the NH3 decay
rate due to their influence on the radical pool. Also thermal dissociation
of NH, (R3b) and NH + H (R14) turn up as sensitive.

The predicted NH, and NH profiles in Fig. 11 are sensitive mostly to
reactions forming or consuming these radicals. The NH concentration
appears to be slightly underpredicted at short times, while at longer
times the consumption rate is underestimated. Early NH formation could
be increased by increasing the rate constants for NH; + M (R3b), NH, +
H (R4), and NH; + NH; (R5) or reducing the NH; + NH (R9, R10) rate
constant. All of these steps involve some uncertainty. However, changes
made to improve the NH prediction would deteriorate the calculation of
NH, (size and location of peak).

A number of the shock tube studies were conducted at elevated NH3
reactant levels (6-8%) [7,11,14]. Jacobs [7] and Holzrichter and Wag-
ner [14] monitored the NH;3 decay, while Dove and Nip [11] reported
relative measurements of NH, and NH, together with absolute levels of
N. Due to the high initial NH; concentrations, secondary reactions
control the consumption rate at longer reaction times to a higher extent
than for the more dilute experiments discussed above. However, the
accuracy of the results obtained at lower dilution is in discussion due to
concerns about thermal effects and boundary layer effects at longer re-
action times. Furthermore, for the results reported by Jacobs [7] and by
Dove and Nip [11] it proved difficult to capture the early observed
reactivity (NHs consumption [7] or Ny formation [11]) by the model,
even though it should be dominated by the well-known rate constant for
NH; dissociation (R1b). These differences possibly indicate issues with
estimating the starting NH3 concentration (Jacobs) or with sampling for
mass spectrometric measurements (Dove and Nip).

The most reliable shock tube measurements conducted at elevated
NH; levels are those reported by Holzrichter and Wagner [14], who
investigated NH3 decomposition over a fairly wide range of pressure and
temperature. Figure 13 compares their only reported NH3 concentration
profile with modeling predictions. The calculations are in good agree-
ment with the experiment at short times, where the NH; consumption is
dominated by thermal dissociation. However, at longer times, pre-
dictions deviate from the experiment. Both the measured and calculated
ammonia decomposition rates decrease after a while, but this effect is
more pronounced in the modeling compared to the experimental ob-
servations. Modeling of the experiments by Jacobs [7], correcting the
starting concentration NH3 to match early data points, show deviations
similar to those of Fig. 13; the NH3 consumption rate is underpredicted
at longer reaction times.

Figure 14 compares sensitivity coefficients for NH3 at 50% conver-
sion for dilute (0.5% NHj3, Fig. 9) and less dilute (7.7% NHgs, Fig. 13)
conditions. As expected, the 0.5% NH; predictions are more sensitive to
the reactions of NH; species (NH3, NH;), while the 7.7% NHj3 calcula-
tions show a larger sensitivity to reactions in the diazene subset.

The overall reaction rate for the 7.7% NH3 experiment is governed by
the sequence,

NH; + H2NH, + H,(R2)

NH, + H2NH + H,(R4)

NH, + NH, 2NH; + NH(R5)

NH, + NH=HNNH + H, (R9, R10)

followed by reactions of HNNH. Diazene, treated here as one species but
in the model divided into the trans and cis isomers [28], either
dissociates

HNNH( + M)2NNH + H( + M), (R17,R18)

followed by rapid decomposition of NNH to form Ny + H, or reacts with
H (R19, R21) or NH, (R20, R22) in hydrogen abstraction steps. If
dissociation (R17, R18) dominates over abstraction, the overall
sequence is chain propagating; otherwise it is chain terminating. The
observed discrepancy with experiment may be an indication that this



P. Glarborg et al.

competition is not predicted accurately by the model.

To investigate this issue further, additional modeling predictions
were conducted. First the impact of using the faster rate constant re-
ported by Klippenstein et al. [24] for the NH, + NH reaction (R9, R10)
was investigated. This calculation, shown as a blue dashed line in
Fig. 13, only shows a minor increase in the predicted NH3 consumption
rate. Then calculations assuming prompt dissociation of HNNH, corre-
sponding to the NH; + NH reaction yielding NNH + H + H as products,
was tested, shown in the figure as a red dashed line. This change has a
significant impact on the predicted NH3, showing the importance of
reactions in the HNNH subset. This subset, which is based on calculated
rate constants, has not yet been validated, since to our knowledge there
are no experimental data available for pyrolysis of diazene.

Concluding remarks

The chemical kinetic model developed in the present work provides a
satisfactory description of NH3, NH,, and NH concentration profiles
reported from shock tube experiments on ammonia pyrolysis, at least
under dilute conditions (< 0.5% NHj3). For experiments conducted at
higher NHj3 levels (=~ 8%), the model apparently underpredicts the NHg
consumption rate at longer times. The discrepancy may be caused by
short-comings in the reaction mechanism. Several of the key steps in the
ammonia pyrolysis mechanism are radical-radical reactions that are
difficult to measure accurately and challenging to characterize theo-
retically. Furthermore, the diazene subset, which becomes important at
longer times / higher reactant levels, has not been validated experi-
mentally. However, the deviation could also be caused by experimental
artifacts caused by the high reactant levels. There is a need for a
comprehensive experimental characterization of ammonia pyrolysis to
support further model development.
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