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ARTICLE INFO ABSTRACT

Keywords: The present work deals with an experimental and modeling analysis of ammonia oxidation at high pressure (up
Ammonia to 40 bar), in the 600-1275 K temperature range using a quartz tubular reactor and argon as diluent. The impact
NH3

of temperature, pressure, oxygen stoichiometry and presence of NO has been analyzed on the concentrations of
Kinetic modeling NH3 and Ny obtained as main products of ammonia oxidation. The main results obtained indicate that increasing
Oxidation either pressure or stoichiometry results in a shift of NH3 conversion to lower temperatures. The effect of pressure
NO is particularly significant in the low range of pressures studied. The main product of ammonia oxidation is Ny,
while NO, NO, and N,O concentrations are below the detection limit for all the conditions considered. The
experimental results are simulated and interpreted in terms of a literature detailed chemical kinetic mechanism,

High pressure

which, in general, predicts satisfactorily the experimental results.

1. Introduction

Combating climate change by reducing greenhouse gas is one of the
biggest challenges in the XXI century, and reducing CO2 emissions plays
a determining role. For this reason, clean and renewable fuels are
important for future power systems. For this purpose, alternative fuels
such as hydrogen and ammonia are becoming more and more important.

Hydrogen has attracted attention as a carbon-free transportation fuel
with zero COy emissions [e.g. 1], but its storage capability problems
(very high pressures are required at room temperature), its high trans-
portation equipment cost because of the necessity of liquefaction at low
temperature (—252.9 °C, Table S1 of the supplementary material), and
its low volumetric energy density represent a barrier to its imple-
mentation [2,3]. For example, in fuel cell vehicles, a 700 atm hydrogen
storage tank is, at least, needed to obtain a similar range of operation to
that of vehicles using gasoline or diesel fuels for a similar volume of the
deposit [4].

According to the International Energy Association [5], focusing on
strategies for renewable energy utilization in the industrial sector,
ammonia is mentioned to be one of the most attractive energy carriers
with significant economic advantages [4].

Ammonia is a potential carbon-free energy carrier and a power
generation compound [6,7]. Its use as an energy vector has several ad-
vantages: low cost, easy storage and transport [e.g. 2-4] with a matured
infrastructure for its handling, besides being an efficient additive for
Selective Non-Catalytic Reduction (SNCR) of NO in combustion
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processes [e.g. 8-11]. Additionally, ammonia can, ideally, be burned in
an environmentally benign way producing N, and H,O.

However, ammonia has also some drawbacks, when compared to
common hydrocarbon fuels, such as its low combustion intensity and
flammability [4], a potentially high NOy emission, low radiation in-
tensity and high autoignition temperature [12]. The heat of combustion
of ammonia and the maximum laminar burning velocity of an NHs/air
flame are about 40% and 20%, respectively, of those for typical hy-
drocarbon fuels, as shown in Table S1 of the supplementary material.
The ammonia/air flame temperature and radiation heat transfer from
the flame are also lower than those of hydrocarbon flames [4].

Ammonia combustion at atmospheric pressure has been reported in
the literature, in particular in the very recent years. Among the different
studies published, we can mention works performed using laboratory
reactors, such as flow reactors [e.g. 13-19], perfect stirred reactors [e.g.
16,17,20], shock tubes [e.g. 21-23], and flames [e.g. 24-30]. Also, a
number of more applied studies dealing with ammonia combustion in
engines and turbines can be found in the recent literature [e.g. 7,31-33].
Those studies have contributed to determine the conversion regime of
ammonia under a variety of conditions, together with the contribution
to the formation of pollutant emissions, namely NO. The experimental
work made has been supported by different kinetic mechanisms devel-
oped for modelling the conversion of ammonia, as well as its mixtures
with other fuels [e.g. 11,12,17,21,28].

Despite the various laboratory studies dealing with NH3 conversion,
investigations at high pressures (above 5 bar) are still scarce, and mainly
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include mixtures of ammonia with different combustibles or different
reactors than the one used in the present study. Among the high pressure
studies, we can mention the high pressure flow reactor study by Song
et al. [15], and the high pressure studies carried out in a rapid
compression machine by Dai et al. [34-36], at pressures above 20 bar. In
general, the works carried out at high pressures have showed that
increasing pressure restricts the production of NO in flames [26], and
indicate that both the O, availability and the pressure have important
effects on the ignition delay time of ammonia [21]. The ignition delay
time was seen to decrease with increasing pressure, which in turn was
attributed to the increase in absolute concentration of reactants at high
pressures, which promotes the oxidation process [34-36].

To our knowledge, the only experimental results obtained at high
pressures and in a plug flow reactor are those of Song et al. [15], which
focused on ammonia oxidation at intermediate temperatures (up to 925
K) and at pressures of 30 and 100 bar, conditions relatively comparable
to the ones considered in the present work. Song et al. [15] reported that
the onset temperature of ammonia oxidation is approximately the same
for both pressures (30 and 100 bar), considerably lower than the tem-
perature at which conversion of ammonia occurs atmospheric pressure
[e.g. 18]. In this context, the present work aims to extend the range of
study of ammonia oxidation at intermediate pressures (from 10 to 40
bar). Filling the gap between atmospheric pressure and high pressures is
of interest in order to know the effect of the pressure in the ammonia
oxidation process in a wide pressure interval. The present work also
extends significantly the temperature interval in which NH3 conversion
is studied compared to the Song et al. [15] study, reaching in the present
experiments temperatures of up to 1275 K, which allow us to see the
complete conversion of ammonia, at least in some cases. Additionally,
the present experiments are performed using argon as bath gas, which
allows us to determine with precision the nitrogen balance, for the
different conditions considered.

Thus, apart from varying pressure in the 10 to 40 bar range, the
temperature has been changed between 600 and 1275 K, and different
stoichiometries, ranging from fuel-rich to fuel-lean, have been consid-
ered. Also, the presence of NO, that can be present simultaneously with
ammonia within the combustion chamber, has been considered. The
results have been simulated with a literature mechanism and the main
reaction pathways occurring under the various conditions studied have
been identified. Comparison of the results of the present work and re-
sults obtained under atmospheric pressure conditions and similar con-
ditions [18] has also been done.

2. Methodology

Conversion of reactants and formation of products during the
oxidation of NHj3 are studied under well-controlled laboratory-scale
conditions at high pressure. The laboratory setup, which has been used
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with success in previous works where it is described in detail [e.g.
37,38], is schematized in detail in Fig. 1.

The reactant gases are fed from gas cylinders (provider: Air Liquide,
Praxair or Messer) and premixed before entering the quartz flow reactor
(153.8 cm long, inner diameter of 6 mm), which is placed inside a 3 zone
electrically heated oven, allowing an isothermal zone inside the tube of
approximately 35 cm. This isothermal zone was determined experi-
mentally through the temperature profiles performed for different
temperatures and pressures. Fig. 2 shows, as an example, the tempera-
ture profiles measured for the pressure of 40 bar, using a gas flow rate of
1000 ml (STP)/min, as has been used in all the experiments. The tem-
perature profiles along the reactor were determined using a thermo-
couple positioned in the space between the quartz tube and the steel
shell used to keep the pressure constant. The temperature measurement
was taken each 5 cm in the central zone and each 10 cm at both sides of
the reactor.

In the present work, the effect of the main variables: oxygen excess
ratio (reducing A = 0.7, stoichiometric, A = 1, and oxidizing, A = 3,
conditions), pressure (10, 20, 30 and 40 bar) and temperature (from 600
to 1275 K) has been studied, using a nominal ammonia concentration of
1000 ppm. The oxygen excess ratio (A) is defined according to the NH3
oxidation reaction to Ny (i.e-NH3 + 0.75 O, — 0.5 Ny + 1.5 H50) ac-
cording to equation (1):
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Fig. 2. Temperature profiles as a function of the reactor length at 40 bar, for
different nominal temperatures.

Fig. 1. Laboratory-scale high pressure setup.
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In the experiments, the flow rate is 1000 ml (STP)/min, which gives a
temperature and pressure dependent gas residence time in the
isothermal reaction zone, as described in equation (2).

P (bar)

b (s) = 2316 ©

@

Concentrations of NH3, No, Hy, O3, NO, NO; and N»O are analyzed
and quantified with a gas micro-chromatograph (Agilent Technologies)
and a NH3/NO/NOy/N2O continuous analyzer (ABB, model Advance
Optima A02020). The estimated uncertainty of the measurements is
within + 5%, but not less than 5 ppm for the continuous analysers and
10 ppm for the gas micro-chromatograph, which are the detection limits.
Mixtures are diluted in argon because this allows to analyze the for-
mation of Ny and, thus, to perform nitrogen balances, as will be shown
later.

Table 1 summarizes the experimental initial conditions. The influ-
ence of pressure at different temperatures has been evaluated in the 10
to 40 bar range for stoichiometries of 1 and 3 (sets 1-6 and 8-9 in
Table 1). For the highest pressure studied, 40 bar, we have also
considered a fuel-rich stoichiometry of 0.7 (set 7 in Table 1), since the
experimental high pressure conditions allowed us to see reaction at
comparatively lower temperatures. Set 2R corresponds to a repetition
experiment. The experimental results of set 2 and 2R will be later
compared in order to evaluate the repetitiveness of experimental results.

3. Kinetic modeling

The experimental results of the present work are simulated using a
kinetic mechanism based on earlier work on nitrogen chemistry by
Glarborg et al. [11], updated with the recent work of Klippenstein et al.
[39], and drawing on more recent work on amine chemistry by Stagni
etal. [17], Marshall et al. [40], Alzueta et al. [19,41,42], Glarborg et al.
[43,44], Petty et al. [45]. Important changes include the reactions NHy
+ HO; (Klippenstein et al., [46]) and NHy + NO, (Glarborg [47]), as
well as steps involved in amine pyrolysis by Glarborg [44]. The ther-
modynamic data come from the same sources as the kinetic mechanisms
used. The full mechanism, which has been used earlier with success [e.g.
42,471, is available as supplementary material.

Calculations have been carried out using the plug-flow reactor (PFR)
model of the Chemkin Pro suite [48], using the initial conditions for
each experiment, as listed in Table 1, and a “fix gas temperature” type
problem, using the nominal reaction temperature at the flat temperature
zone. It has to be mentioned that similar results were obtained with and
without the measured temperature profiles.

4. Results and discussion
In order to evaluate the influence of oxygen excess ratio on NHj

Table 1

Matrix of experimental conditions. All experiments are performed in the
600-1275 K temperature interval with a total flow rate of 1000 ml (STP)/min
and using Ar as bath gas. The residence time is defined by equation (2).

Set NH; (ppm) O, (ppm) P (bar) A

1 1023 761 10 1.0
2 1019 2143 10 2.9
2R 983 2092 10 2.8
3 1053 745 20 1.0
4 1036 2230 20 3.0
5 1066 778 30 1.0
6 1068 2203 30 2.9
7 982 538 40 0.7
8 1070 765 40 1.0
9 1039 2265 40 3.0
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oxidation, experiments highly diluted in Ar at different pressures
(10-40 bar) and at different temperatures (600 K-1275 K) have been
conducted under reducing, stoichiometric and oxidizing conditions (A =
0.7, A = 1 and A = 3). The experimental results are compared with
modeling predictions using the kinetic mechanism previously described.
In the Figures, symbols denote the experimental data and lines denote
simulation results.

Fig. 3 shows the results for NH3 oxidation at the different pressures
studied for stoichiometric conditions (A = 1). It is seen that increasing
pressure, keeping the rest of conditions similar, results in a shift of the
conversion of ammonia to lower temperatures. Specifically, it can be
observed that while for a pressure of 10 bar, the onset of reaction occurs
at approximately 1250 K, for the highest pressure studied, 40 bar,
ammonia starts to convert at approximately 1165 K. For any pressure
studied, as the temperature increases, the NH3 concentration is sharply
reduced at a given temperature. We are not able to reach in our exper-
imental system the full conversion of ammonia due to limitations of the
experimental setup (maximum temperature 1275 K). The only nitrogen
products at the outlet of the reaction system are unreacted ammonia and
molecular nitrogen. No nitrogen oxides (NO, NO; and N,O) and
hydrogen in significant concentrations have been detected under the
conditions of Fig. 3.

The model generally reproduces well the trends of ammonia con-
sumption, for the different pressures at the stoichiometric conditions of
Fig. 3, and the best agreement between experimental and simulated
results is found for the higher pressures. Simulation results overpredict
slightly NH3 conversion as the pressure is decreased below 40 bar, but
still the agreement is quite good. Modeling calculations indicate that the
full conversion of ammonia is obtained for approximately a similar
temperature, of about 1275 K, independently of pressure.

Similar results of Fig. 3, but for an oxygen excess ratio of A = 3, are
shown in Fig. 4, where a comparison of experimental and simulated NH3
concentration as a function of temperature at 10, 20, 30 and 40 bar is
done. Again, even for the higher O, excess, no hydrogen or other ni-
trogen products different from unreacted ammonia or nitrogen are
detected in appreciable quantities. As can be observed, at A = 3, the
higher the pressure, the lower the temperature necessary for the NH3
oxidation onset and further complete conversion of NH3 to occur, which
agrees with the findings obtained at atmospheric pressure and similar
conditions (Abidn et al., [18]) and those obtained at pressures over 30
bar by Song et al. [15], also in a flow reactor. Conversion of ammonia
happens at 20-25 K less under oxidizing conditions compared to the
stoichiometric conditions of Fig. 3. Full conversion of NHj3 is only
attained, experimentally, at 40 bar for the most oxidizing conditions
considered.

The agreement between experimental and calculated results is
satisfactory as can be seen in Fig. 4, and calculations predict full con-
version of ammonia at approximately 1250 K for any pressure ana-
lyzed-NHj3 conversion is very well predicted at 40 bar, and it is slightly
over-predicted at lower pressures.

The effect of the oxygen excess ratio on NH3 conversion is slightly
different for the different pressures studied. The decrease in pressure
from 40 to 30 bar results in an increase of the ammonia conversion onset
temperature of approximately 40 K, and each further decrease of 10 bar
produces a shift of 20-25 K to higher temperatures of the onset of re-
action, in the case of A = 1, Fig. 3. In the A = 3 case, Fig. 4, each 10 bar
decrease in pressure produces a shift to higher temperature the onset of
ammonia conversion of 25-30 K.

Additionally, Fig. S1 in the supplementary material includes the
comparison of experimental and calculated results of Oy concentration
for the different pressures and stoichiometries considered in the present
work. The agreement between experimental and calculated O, concen-
trations is pretty good.

It should be taken into account that changing pressure in our
experimental system, and procedure, implies the change of the residence
time according to equation (2). This has been analysed in earlier works



P. Garcia-Ruiz et al.

P=10 bar A=3
1100 ~
1000 4 .
900
[ ]
800 +
~
g 700+
(="
600 -
= .
500
T 0]
p4
300
200 1 B Experimental
100 Simulation
0 T T T T T T T d
600 700 800 900 1000 1100 1200 1300 1400
T (K)
P=30 bar A=3
1100 ~ 2 =mm
1000 -
900 -
800 -
~
g 700
g 600 -
~— u
w500
m 400
Z
300 +
200 - ; u
B Experimental
100 4 Simulation
0

T T T T 1
1000 1100 1200 1300 1400

T (K)

T T T
700 800 900

Fuel 348 (2023) 128302

P=20 bar A=3
1100 -
—_— =
1000 -
900
800
~
g 700
& 600 -
N’
500
T 0]
v4
300
200 1 B Experimental
100 Simulation
0 T T T T T T T !
600 700 800 900 1000 1100 1200 1300 1400
T (K)
P=40 bar A=3
1100 ~
1000 4 w
900 -
800 -
~
g 700
g 600 -
-’
500
m 400
Z
300
200 B Experimental
100 Simulation

T T T T 1
1000 1100 1200 1300 1400

T(K)

0 T T T
600 700 800 900

Fig. 3. Comparison of experimental and simulated NH3 concentration profiles as a function of the reactor temperature at 10, 20, 30 and 40 bar, respectively, and an
oxygen excess ratio of A = 1 using Ar as bath gas. Experimental conditions correspond to sets 1, 3, 5 and 8 of Table 1.

by our group (see for instance Marrodan et al. [49,50]. Those works
indicated that, both, gas residence time and pressure, do have a similar
effect on the conversion of species, and that increasing any of them re-
sults in a major conversion of reactants at a given temperature. Also, the
effect of residence time alone was suggested to be slightly more
important than the effect of pressure [49].

Bearing in mind the limitations of the experimental system at high
pressure and temperature, we decided to extend the experimental data
set as much as possible, and we performed an additional experiment at
reducing conditions, A = 0.7 (set 7 in Table 1). To do that, we chose the
highest pressure studied, 40 bar, since this is the most favourable one in
order to reach, if possible, the full conversion of ammonia.

Figs. 5 and 6 compare, respectively, experimental and simulated
results of NHs and N3 obtained during the oxidation of NHj at different
oxygen excess ratio for each pressure studied. Only NH3 and Ny are
represented because, as mentioned above, those are the only nitrogen
products that appear in significant concentrations during the conversion
of ammonia under the present experimental conditions. As can be seen,
diminishing oxygen concentration shifts the onset of reaction to higher
temperatures. Modelling calculations also reflect a similar behaviour,
even though the simulated profiles are shifted about 20-40 K to lower
temperatures compared to the experimental data. The oxygen concen-
tration is, thus, a key factor in the process, under the high-pressure
conditions of the present study, and coinciding with the results of
Abién et al. [18] obtained in an atmospheric pressure study of ammonia
oxidation similar to the present work. It is worthwhile to mention that,
while Abian et al. [18], under similar experimental conditions and at-
mospheric pressure, obtained NO and NO; in small amounts, no for-
mation of these compounds is obtained at high pressure. Actually, no
hydrogen or nitrogen species other than Ny and unreacted NH3, when
present, were found in the different experiments of the present work.

This is a positive outcome of the present results, since emissions of
NO, NO; and N,O seem to be limited at high pressures, either because
oxidation of ammonia to these products is not favoured, or because in
the case of the formation of NO, interaction of it with ammonia through
SNCR would be more important at the high pressure conditions at the
present work.

Also, it is seen that for A = 0.7, the reaction onset of ammonia
oxidation is shifted to higher temperatures happening at 1205 K
approximately under the conditions of Fig. 5. At the temperature of
1275 K the unreacted NH3 concentration is 594 ppm at A = 0.7, 501 ppm
atA =1 and 58 ppm at A = 3, which indicates that the higher the oxygen
excess ratio, the lower the NH3 concentrations obtained at a given
temperature.

Independently of the stoichiometry, the present results indicate that
the increment above 10 bar of pressure (from 10 to 40 bar) does have an
effect in the onset of ammonia oxidation reaction. This is different to
what observed Song et al. [15] at pressures of 30 and 100 bar, where a
similar reaction onset temperature was found, accompanied by the
formation of N»O, which has not been seen in the present experiments.
The differences may be attributed to the significantly different stoichi-
ometries and residence time used in the Song et al. work.

Figs. 5 and 6 also show the repeatability of sets 2 and 2R, at 10 bar
under oxidizing conditions. As seen, reproducibility of the experiments
is very good in all the temperature range considered, which is an indi-
cation of the good performance of the experimental system and exper-
imental procedure.

The nitrogen balance for all the experiments made is shown in Fig. 7.
The N balance is calculated taking into account the nitrogen atoms of the
following species: NHg, No, NO, N,O, and NO,. As has been mentioned,
only NH3 and N, were detected in appreciable amounts at the reactor
outlet, while the different nitrogen oxides, i.e. NO, NO, and N0, formed
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Fig. 4. Comparison of experimental and simulated NH3 concentration profiles as a function of the reactor temperature at 10, 20, 30 and 40 bar, respectively, and an
oxygen excess ratio of A = 3 using Ar as bath gas. Experimental conditions correspond to sets 2, 4, 6 and 9 of Table 1.

show concentrations below 5 ppm in any case. Even though these spe-
cies have been accounted for in the nitrogen balance, their experiment
profiles have not been shown in the figures because the concentration of
these species is within the uncertainty of the equipment measurements.
The N balance (in percentage) calculated with the model of the species
mentioned (NHs, N3, NO, NO, and N5O) above is also shown in Fig. 7 as
a continuous line.

The experimental nitrogen balance closes between 85 and 105 %,
while the calculated one closes between 99.9 % and 100 % if all 5 ni-
trogen species (NHsz, N3, NO, NO, and N5O) are considered, while it
closes between 99 and 100 % if only NH3 and Ny are taken into account.
This is roughly a further confirmation of the absence of nitrogen prod-
ucts other than ammonia and molecular nitrogen, as experimentally
obtained under the conditions of the present work, and different to what
was obtained at atmospheric pressure (Abian et al., [18]), or at high
pressure (Song et al. [15]) under slightly different operating conditions.

In order to get some insight on the reaction pathway through which
the oxidation conversion of ammonia proceeds at high pressure and
different stoichiometries, we have made rate of production analyses for
the different conditions considered. Fig. 8 shows the results for 10 bar
and stoichiometric conditions as an example, even though the main
features are similar for all the conditions considered in the present work.
The conversion of NHj follows a similar evolution than what happens at
atmospheric pressure, and the main differences include the more rele-
vant role of the amine chemistry at high pressure, with the NH, con-
version into NoH4 by recombination of these radicals, which is recycled
back to NH; or reacts with the O/H radical pool.

Calculations indicate that ammonia conversion follows a main
pathway going through NH,. The initiation of the reaction mechanism is
described by reactions R(1) and R(2).

NH; + OH=NH, + H,0 R1

NH; + O=NH, + OH R2

NH, is subsequently converted into N3 and H,0 by reaction R(3), but
also through reactions R(4) to R(7) producing NNH and NyHy4, HoNO and
NH.

NH, + NO=N; + H,0 R3
NH, + NO=NNH + OH R4
2NH, (+M)=N,H, (+M) R5
NH, + HO,=H,NO + OH R6
NH, + M=NH +H +M R7

Finally, the main reactions of Ny formation are R3 and R8, which also
produces hydrogen radicals,

NNH=N, +H R8

As has been mentioned, no appreciable concentration of NO at the
outlet of the reactor has been detected in the present experiments, with
only NH3 and N as the nitrogen containing products detected in
appreciable concentration. Calculations indicate that the small amount
of NO, formed via HNO, quickly reacts through reactions R(3) and R(4),
and in a minor extent through reactions (R9) and (R10):

NO +HO,=NO, + OH R9

NO+HO,=HNO+ 0, R10
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sets 1-9.

RO is responsible of the presence of negligible amounts of NO; (less
than 5 ppm) at the outlet of the reaction system. This is consistent with
the general knowledge of NOy chemistry, since at the highest tempera-
tures considered, presence of NO; is not feasible since NO is the ther-
modynamic stable form at the high temperatures of this work.

N20 has not been detected in significant amounts in experiments, but
neither in calculations. The model simulations indicated that the N,O
concentration is very low under the studied conditions, and it is pro-
duced from the interaction of NH, radicals with the formed NO,, which
is very low, through reaction R11, and effectively decomposed through
reaction R12.

NH, +NO,=N,0 + H,O R11

N0 (+M)=N, + 0 (+M) R12

It is clear that under the conditions of the present work the dominant
path for ammonia conversion leads to N5 in any case. Calculations show
two main reaction pathways: NHs — NHz — NNH/H;NN — Ny, and NHg
— NH5 - HoNO/NH — HNO — NO — N, in a minor extent, in line with
results of previous works [18,19].

While the interaction of ammonia and NO has been considered in the
past [e.g. 12,19-21,26], to our knowledge, no study so far has dealt with
the interaction of NH3 and NO occurring at high pressure.

Therefore, experiments of ammonia conversion in the presence of
NO were performed in order to evaluate the possible contribution of NO

to the oxidation of ammonia at high pressures, since NO can be formed
during NH3 oxidation. Also, ammonia may interact with NO and reduce
it through SNCR reactions. Table 2 summarizes the conditions of the
experiments performed in the presence of approximately 500 ppm of
NO.

As seen, the temperature interval in which the experiments were run
is different, and the main reason is that operational problems occurred
in those experiments. Thus, the temperatures ranged reported corre-
spond to the interval in which the experiment was run. While running
the experiments of Table 2, NH3 and NO were found to disappear and no
formation of N products (i.e. NOy, N2O) was observed. Also, the nitrogen
balance did not close. The decrease in both NH3 and NO was accom-
panied, in all cases, by the sudden formation of a white powder which
was found to deposit on the reactor walls and pipes. We analysed this
white powder using an elemental analysis equipment (LECO TruSpec®
Micro Elemental Analyser) and its composition resulted to be compat-
ible with the formula of ammonium nitrate. Formation of the above
mentioned solid was found in all four experiments of Table 2, and was
more significant as pressure increased.

We had to stop the present experiments because of operational rea-
sons, but further study of the specific conditions that lead to the for-
mation of NH4NOs at high pressure would be of interest. The formation
of solid deposits may imply operational problems in real practical ap-
plications. Additionally, ammonium nitrate is a significantly reactive
compound, which may also imply undesired operational issues.
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Fig. 6. Comparison of experimental and simulated N, concentration profiles during ammonia oxidation as a function of the temperature and for different oxygen
excess ratios: A = 0.7, 1 and 3, and different pressures: 10, 20, 30 and 40 bar, using Ar as bath gas. Inlet composition is summarized in Table 1, sets 1-9.
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5. Conclusions

An experimental and simulation study of the main features of
ammonia oxidation at high pressure (from 10 to 40 bar), under reducing,
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Table 2

Matrix of experimental conditions of NH3 oxidation in the presence of NO. All
experiments are performed with a total flow rate of 1000 ml (STP)/min and
using Ar as bath gas. The residence time is defined by equation (2).

Set NH; (ppm) NO (ppm) 0O, (ppm) P (bar) A T (K)

10 1037 507 2227 10 2.9 308-1223
11 1037 507 2227 20 29 308

12 1004 520 2306 30 3.1 288

13 1004 520 2306 40 3.1 288-1223

stoichiometric and oxidizing conditions in the 600-1275 K temperature
interval, in a quartz tubular flow reactor with, roughly, 1000 ppm of
inlet ammonia and using argon as diluent, has been performed.

The main product of ammonia conversion is Ny, while Hp, NO, NOy
and N0 concentrations are negligible under all conditions studied. The
use of high pressure acts to favour the formation of N, from ammonia
oxidation compared to what happens at atmospheric pressure, for a
given temperature. This is a positive outcome for the use of ammonia as
a fuel in pressure applications, such as turbines.

The onset of ammonia oxidation occurs at higher temperatures for
reducing and stoichiometric conditions than under oxidizing conditions,
for all the pressures considered, indicating the importance of oxygen
stoichiometry for ammonia conversion. Pressure is seen to have an
important influence on the ammonia oxidation regime, shifting it to
lower temperatures as pressure increases. However, the influence of
pressure is found to be significantly more important at low pressures,
compared to the high ones, and the shift to lower temperatures observed
for ammonia conversion is higher when changing pressure from 10 to
20 bar than from 30 to 40 bar.

Presence of NO during the conversion of ammonia at high pressure
results in the decrease of both NH; and NO accompanied by the for-
mation of a white crystalline powder which elemental composition is
compatible with the formula of ammonium nitrate.

The mechanism used to carry out the simulations is able to describe
the main trends of NH3 conversion under the conditions of the present
work, with a quite satisfactory agreement between experimental and
modelling results, even though it overpredicts slightly NH3 conversion
at higher temperatures. The agreement is better for oxidizing conditions.
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