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A shock tube study on ammonia decomposition and its reaction

products

C. Naumann, M. Braun-Unkhoff, and P. Frank

DLR, Institute for Physical Chemistry of Combustion, 70569 Stuttgart, Germany

Abstract: The decomposition of NH3 with argon as col-
lisional partner has been studied behind reflected shock
waves in the temperature range from 1850K to 2500K
and at total pressures between 2.2 and 8.6bar. The re-
action progress was observed by measuring absorption
profiles of educt and product species. On the educt
side, NHgs-consumption was detected by non-resonant
absorption at D,. On the product side, D- and H-
radical absorption profiles were taken by ARAS, NH,-
profiles by laser absorption measurements. The pro-
files were modelled using the reaction mechanism given
by Davidson et al. (1990). We found that the NHs-
decomposition should proceed slower at pressures in the
range of 2 to 3bar. The rate coefficients of the NHs-decay
and of the reaction NHy + NH — NyHs + H should be
decreased.

Key words: Chemical Kinetics, NHz, Absorption Spec-
troscopy, Modelling

1. Introduction

Nitrogen chemistry has become an important part of
flame modelling due to the increasing importance of
reduction in emissions of nitrogen oxides NO, from
combustion applications. Ammonia is important not
only for its role in NO, reduction, but also for the role
of NH; fragments in the process of fuel NO, formation.
Consequently, a number of studies on the decomposition
of ammonia has been carried out (see for example
Davidson et al. (1990)). Special care was employed in
the determination of the decay rate of ammonia and
of the rate coefficient for the reaction of NHs + H.
Their evaluation may easily become too complicated
due to secondary reactions of NHy which may influence
the NH3-pyrolysis system considerably, particularly for
experiments carried out at higher temperatures and
relatively high initial concentrations of ammonia.

Therefore, in the present work, the thermal decom-
position of NH3 was investigated behind reflected shock
waves by measuring resonance absorption of H atoms
using low initial concentrations of NHs. Furthermore
— in order to gain more information about the role of
subsequent reactions — absorption profiles of NHy were
measured using laser absorption spectroscopy; absorp-
tion profiles at D, were observed simultaneously.

2. Experimental

In the present work, measurements of H-, NHs- and
NHj/D-absorption profiles in the NHs-pyrolysis system
have been performed behind the reflected shock front in
a stainless-steel, high-purity, heatable UHV-shock tube.
Driver (5.2m) and driven (11.1m) section of the shock
tube have a inner diameter of 9.8cm. Molecular hydro-
gen was used as driver gas, argon as bath gas. Solv-
ing the appropriate conservation equations, tempera-
tures and pressures behind the reflected shock wave were
calculated from initial pressures and temperatures and
from the velocity of the incident shock front, measured
with four thin-film platinium gauges. Further details can
be found in the paper by Frank and Just. (1985). Opti-
cal access is provided by Suprasil- and MgF5 - windows
located at a distance of 5mm from the end flange. Mix-
tures of NH3/Ar were stored in two spherical stainless-
steel vessels at 1 bar. Both shock tube and mixing tanks
were heated to 80°C and 130°C, resp., and evacuated to
1 - 10~ "mbar before each series of experiments in order
to reduce the amount of water.
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Figure 1. Absorption cross section of NHsz at Do /La.

The initial ammonia concentration varies between
1.1% and 12ppm NHj3/Ar, depending on the detection
wavelength and -limit of the investigated species as listed
in table (1). The determination of the initial concentra-
tion of NH3 has been exercised intensively. These mea-
surements were performed using a standard procedure to
determine the initial NHs-concentration photometrically
at 672nm at a detection limit of 1ppm. Furthermore the
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absorption cross section of NHz at D, and L, at room
temperature was measured in order to determine the ini-
tial NHz-concentration in situ:

o, (206K) = (7.76 £ 0.31) - 10~ 8cm2.

The temperature dependence of the NH3 - absorption
cross section at D, and L, was evaluated from incident
and reflected shock wave absorption data up to 2600K
as shown in figure (1):

ONH; (T)/10*17cm2 =
(3.340.3) - 10~ - T/K + (0.65 % 0.06).

Atomic resonance absorption spectroscopy (ARAS)
has been used to monitor H-absorption profiles. Spectral
separation was enabled by means of an L,-inteference
filter with 10nm FWHM and molecular oxgygen as an
absorber. Calibration and spectral purity tests of the
microwave driven gas discharge emission (1%Hy/He)
were provided by the Hs/NyO - kinetic system, which
revealed an H-detection limit of 5 - 10''cm™3 and a
resonant absorption limit of (964+2)%. A time resolution
of less than 3us has been achieved by the use of 1mm
slits in front of emission and detection windows.

Non-resonant absorption of NH3z at D, has been de-
tected with the same experimental setup as the H-ARAS
measurements. Due to the natural abundance p of par-
tially deuterated ammonia NDHy (p=4.4987-10~%), res-
onant absorption of D radicals was measured simultane-
ously with the non-resonant absorption of NH3 at D,.
This provides an indirect control on the predicted H rad-
ical concentration for those experiments performed with
high initial concentrations of NH3 assuming that the ki-
netic behavior of H and D radicals is practically non-
distinguishable at high temperatures. The residual L,
intensity has been periodically determined to be (54+1)%
of the total intensity due to unavoidable Ho-impurities of
the 1%Dy/He lamp gas using H-atoms produced by the
Hs+0O - reaction as a spectral filter. Because this resid-
ual L,-emission is expected to be highly resonant and to
have a non-inverted line profile (Michael et al. (1985)),
resonant absorption of H-atoms in the NH3-pyrolysis sys-
tem removes the L,-intensity instantly. Therefore the
absorption at the isotope line D, is measurable and pro-
vides kinetic information on the NHjz-pyrolysis system.

It should be stressed that the reaction system used
for modelling calculations does not contain any reactions
involving deuterated species. The amount of D radicals
in the ammonia pyrolysis system has always been derived
from the calculated H-concentration multiplied with the
natural abundance p of partially deuterated ammonia
NDH,.

It should be remarked that background absorption of
reaction products like Ny and Hy at L, or D, is not
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Figure 2. Absorption cross section of Hy at Do /Lq.

significant because of their low absorption cross sections
which have been experimentally determined in separate
experiments to be

0N, (Do 1850K < T < 2600K) < 2 - 10~ 19¢m?,
calculated for S/N = 1, and

011, (Da; 1800K < T < 2650K) =
4.25 - 10718 ¢ =8980/ T2

as shown in figure (2). The second absorption cross sec-
tion for Hy at D, is considerably lower than the value
for o, at L, given by Natarajan et al. (1994).

Detection of the NHs-species was enabled by means
of resonant narrow-band laser absorption at the iso-
lated 7Q; n(7)-doublet transition in the A2A; ¢
X2B;(090 + 000)% sub-band at 597.375nm which
overlap in the pressure range of the present work.
The calculation of the absorption cross section of
NH; is based on the calibration experiments of
Kohse-Hoinghaus et al. (1989), who claimed £30% ac-
curacy in onpg,. Davidson et al. (1990) found that
the values for the absorption cross section are con-
sistent with the upper error limits of onp, given by
Kohse-Hoinghaus et al. (1989).

A Spectra-Physics 380D ring dye laser was used
with rhodamine 6G dye pumped with 3W all lines
from a Spectra-Physics 2020 ArT laser (see also
Braun-Unkhoff et al. (1993)). The output wavelength
was controlled by a Burleigh WA-20 wavemeter and
cross checked by NHa-cw-LIF in a 2%NH3/He plasma
at 2 to Smbar with emission detection by lock-in
amplification. Single mode quality was verified with
a Spectra-Physics model 450 2GHz spectrum analyser.
The laser output beam was guided to the shock tube
through a fiber. A multiple reflection setup has been
used to increase the absorption path length up to 4
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shock tube diameters. With a time resolution of at least
4us (FWHM of the laser Schlieren peak), a minimum
detection limit of ~ 1.6 - 10'* em =3 could be achieved.

Table 1. Experimental Conditions

H-detection at L

12ppm < [NHslo < 210ppm
1930K < Ts < 2500K
2.2bar < Ps <  8.6bar
NHs- and D-detection at D,

1402ppm < [NHs]o < 4100ppm
1930K < Ts < 2570K
2.4bar < Ps < 3.0bar

NHs-detection at A=597.375nm

3160ppm < [NHzlp < 1.13%
1880K < Ts < 2570K
2.4bar < Ps < 3.1bar

3. Results and Discussion

The measured H, NHy and D,-absorption profiles were
modelled by applying the reaction scheme of 21 reactions
and 10 species given by Davidson et al. (1990) as listed
in table (2). Sensitivity analysis was carried out for each
individual experiment in order to determine the domi-
nant reactions. Due to the low initial concentration of
NHj (see table (1)) used especially for the experiments
at Ly, only four reactions were found to be of signifi-
cant influence on the measured absorption profiles: for
T < 2150K, the decay of NH3 and the reaction of NHg
+ H are important. As the temperature increases, the
decay of NHy and the bimolecular reaction of H atoms
with NHy have to be taken into account as well, espe-
cially for T > 2150K (reactions Ry, Rg, and Rg, Rq1, see
table (2)). From modelling those absorption profiles at
very low initial concentrations of NHz (12ppm — 58ppm)
which were measured at L., an Arrhenius expression for
the decay of NHs was derived. By modelling the L,
absorption profiles as well as the measured NHy absorp-
tion profiles, it was concluded that secondary reactions
of the NHy radical formed in the initiation reaction R,
should be decreased in order to reproduce the experi-
mental absorption profiles for temperatures greater than
2150 K at the end of the observation period. Using the
measured D,-absorption profiles it was possible to deter-
mine the initial amount of ammonia in situ from absorp-
tion observed at Ty and p; (for [NHs]o > 1000ppm).
Furthermore, these experimental profiles were used for
validation of the reaction model.
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Figure 3. L,-absorption profile and model predictions: (a)
best fit by adjusting ki, (b) Davidson et al. (1990), (c) best
fit by variation of ko+ 0.5 and (d) by ka- 2.0.

3.1. Absorption profiles measured at L,

H atoms are produced directly via reaction R; during the
decay of ammonia leading also to the formation of NHo.
In order to derive an Arrhenius expression for the decay
of NHj3, only absorption profiles at very low initial con-
centrations of NH3 (27ppm — 58ppm) were modelled. As
may be seen in figure (3), the absorption profile, which
was observed at the lower end of the investigated T-
range at a total pressure of about 3bar, is very sensitive
towards variations of k;. Using the rate coefficient for kq
given by Davidson et al. (1990), the calculated profile is
much too high (fig. (3), curve (b)). Excellent agree-
ment between experimental and calculated absorption
profiles can be achieved if the k-value for the NHs-decay
is lowered by a factor of two (solid curve (a)). The
evaluation of k; could be performed without apprecia-
ble influence of subsequent reactions as the secondary
reaction of NH3+H becomes important only for reaction
times > 200us (fig. (3), curves (c¢) and (d)). For a pres-
sure range of 2.2bar < p < 3.2bar, the following rate
expression for the reaction Ry: NHs + M — NH,; + H
+ M was found:

k; = 1.5 - 106 exp(-46860K/T) cm®*mol ~1s1.

As may be seen in figure (6), the Arrhenius expression
derived in the present work is lower by about a factor
of 0.7 than the one given by Davidson et al. (1990) for
2200K < T < 2800K, the activation energy remains
nearly the same.

It should be remarked that in the case of those
experiments which have been carried out for total
pressures around 8.5bar, excellent agreement between
measured and calculated profiles is achieved with-
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Figure 4. L,-absorption profile at high pressure and model
predictions: (a) Davidson et al. (1990), (b) k; - 0.5 and (c)
ki - 2.

out any modification of the rate coefficients given by
Davidson et al. (1990) as shown in figure (4), curve
(a). Due to the very low initial concentrations of NHg
(12ppm), the observed absorption profile is very sensi-
tive to variations of the rate coefficients for the decay of
ammonia (see fig. (4), curve (b): k;- 0.5; curve (c): k;-
2).
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Figure 5. La-absorption  profile at  higher
NHs-concentrations and model  predictions: (a)
Davidson et al. (1990), (b) ki- 0.75, (¢) ks- 0.6 and

ki1- 04 .

Modelling the experiments involving higher initial con-
centrations of NHs and performed at higher tempera-
tures, subsequent reactions of the NHs radical have to be
considered as well, as sensitiviy analysis revealed. Again,
applying the Davidson model, the calculated profile is
much too high (see fig. 5, curve (a)). If the decay of
ammonia is decreased, the steep rise of the absorption

profile is reproduced much better (see fig. 5, curve (b)).
By lowering the rate coeflicients of Rg: NHy + M — NH
+ H + M and R112 NH2 + NH — N2H2 + H by a factor
of 0.6 and 0.4, resp., excellent agreement between mea-
sured and calculated absorption profile is achieved (see
fig. 5, curve (c)).
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Figure 6. Arrhenius plot for the ammonia decomposition
reaction R; as derived from the H-radical measurements
in the pressure range of 2.2 to 3.3bar in comparison to
Davidson et al. (1990).

3.2. NH;- and D,-absorption profiles

The decomposition of NH3 (R;) and its reaction with H
atoms (Rg) both lead to the formation of NHy-radicals.
Hence, by measuring the time history of the amidogen
species using laser absorption spectroscopy further in-
formation may be derived about the influence of sub-
sequent reactions in the NHs pyrolysis system on the
evaluated kinetic reaction model. Due to the multiple re-
flection setup, it was possible to simultaneously observe
the absorption of NHs and the absorption at D, which
- additionally - enables the determination of the initial
concentration of ammonia by measuring the absorption
at room temperature just before the shock is run (see
section (2.)). Again, sensitivity analysis was calculated
in order to determine the dominant reactions; the same
reactions as in the case of L,-absorption measurements
were identified.

Figure (7) shows a typical absorption profile for NHy
measured at 597.375 nm for initial concentration of NHg
of 3160ppm at T = 2283K. As can be seen from the ex-
perimental curve, the absorption profile increases very
fast without any noticable induction period. Applying
the reaction model given by Davidson et al. (1990), the
calculated absorption profile is increasing too fast at the
onset of the reaction, and - furthermore - lies much too
low for longer observation times (see fig. (7), curve (a)).
If the value of the rate coefficient for the decay of NHg
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Table 2. Ammonia pyrolysis mechanism. For rate coeffi-
cients refer to Davidson et al. (1990)

Reactions
* Ri NH; + M — NH; +H+ M
*  Ro NH; + H — NHs + Hs
Rs Hy + M - H+H+ M
R4 NH + M - N+ H+M
Rs NH + H — N+ H
Rs NH + N — N2+ H
R~ NH + NH — N2 +H+H
* Rsg NH: + M — NH+H+M
Ro NH: +H — NH+H; +M
Rio NHz + N — Ny +H+H
* R NHs + NH — NH; + H
R12 NHQ + NHQ — NH3 —+ NH
Riz  NH: 4+ NH» —  N2Hs + Ho
Ris NoH+ M - N +H+M
R15 NQH + H — N2 + H2
Rig N2H + NH — N2 + NHs
Ri7 N2H + NH> — N2 + NHj3
Ris NoHsy + M — NoH+H+ M
Ris NoHy + H —  NoH + H»
RQO NQHQ + NH — N2H —+ NHQ
Ro1 N2H> + NH» — N-oH + NH3

* important reactions in present work

is lowered according to the results of the modelled L,-
absorption profiles, good agreement is achieved between
calculated and experimental profiles with respect to the
maximum observed absorption A,;q,(NHz;t), which is
shifted by about 60us towards longer reaction times (see
fig. (7), curve (b)). In order to reproduce the experi-
mental profile for reaction times > 300us, reaction Rq1:
NH; + NH — NyH; + H was lowered by a factor of 0.4
compared to the value given by Davidson et al. (1990),
because reaction Ri; turns out to be the dominant reac-
tion on the absorption profile at longer observation times
as sensitivity analysis reveals.

Figure (8) shows a typical absorption profile taken at
D,, for the same experiment as in figure (7). This profile
also provides kinetic information (see section (2.)).
Again, applying the Davidson-model, the calculated
D, absorption profile decreases much too fast resulting
in absorption levels which are much too low compared
to the experimental ones (see fig. 8, curve (a)). The
total absorption consists of the (decreasing) absorption
due to the decay of ammonia (a) (see fig. (8), curve
(a1)) and of the (increasing) absorption due to the
production of D-atoms (see fig. 8, curve (ag)). The
contribution from Hs and Ns to the total absorption
at D, is very small (see section (2.)). Excellent
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Figure 7. NHs-absorption profile at 597.375nm and model
predictions: (a) Davidson et al. (1990), (b) k; adjusted to
[NH2]max(t), (c) same as (b), but with ky;- 0.4 .
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Figure 8. D,-absorption profile under same conditions as
in fig. (7) and model predictions: (a) Davidson et al. (1990)
resulting from (a;) non-resonant NHs-, (a2) resonant
D-absorption and small contribution from Ns- and Has-
absorption (not separately shown), (b) ki adjusted to
Aaz(NHa;t) and (c) same as (b), but with ki1- 0.4 .

agreement between measured and calculated profile is
achieved by employing the same modifications (reactions
and rate coefficients) as in Fig. (7) (see fig. 8, curve (c)).

These modelling studies suggest that the Arrhenius
expressions given by Davidson et al. (1990) should be
lowered for reaction

Rg: NHy + M — NH + H+ M
by a factor of ~0.5 and for reaction

Ri1: NHy; + NH — NoHy + H
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by a factor of ~0.4 .

It should be mentioned that — in principle — the mea-
sured NHy absorption profiles could also be reproduced
by modifying the rate coefficient of the reaction Ra:
NH; + H — NHs; + H,. However, in the case of
modelling NH, absorption profiles, this value should be
decreased (to about 0.2 - ko [Davidson et al. (1990)]),
whereas in the case of modelling L, absorption pro-
files, this value should be increased (up to about 2 -
ko [Davidson et al. (1990)]). For these reasons, the rate
coefficient for Ro was not modified in the present work.

It should be remarked that — in addition to the reac-
tions presented in the discussion of the absorption pro-
files up to now —, reaction R9: NHy +H — NH + H,
reveals a slight influence on the NHy profiles at longer
reaction times for high temperatures. Further informa-
tion on the chemical kinetic system may be derived if
the time history of the NH radical would be measured
as well. Plans for future experiments include narrow
line-width laser absorption spectroscopy of NH in con-
junction with multiple reflection setup.
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