Highlights (for review)

HIGHLIGHTS

e The cyclonic burner permits to operate with ammonia in MILD Combustion
e Low NOx emissions for stoichiometric and fuel-rich conditions were obtained.
e Stabilization of pure ammonia combustion was obtained in MILD Combustion conditions

¢ A unique extinction temperature range of the burner was identified for ammonia/air
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Abstract

Chemical storage in suitable energy carriers is a requirements of any
renewable sources based energy supply systems. Among the others
ammonia seems to be a very promising carrier due to its very high hydrogen
density and long established production processes. In addition, ammonia can
be directly used as a fuel for combustion systems without requiring a
hydrogen extraction process. Despite that, a considerable gap exists between
the growing interest in ammonia-based power applications and actually
available knowledge and wunderstanding of physical and chemical
underpinnings of its oxidation process. In particular, the viability of
ammonia as an energy carrier rests on the overall conversion efficiency of
the process, including the ability to convert it at the necessary power levels
at the point of consumption with minimal environmental impact. Hence, the
research work behind this paper aims to bridge the gap between the
fundamental research and the development and implementation of ammonia
combustion technologies useful for cleaner, safe and sustainable energy
production systems.

Combining reactants dilution and preheating, realized by means of a strong
internal recirculation, a very peculiar combustion regime (MILD
Combustion) emerges. Potentialities of this regime, realized in a cyclonic
flow burner, to achieve stable ammonia combustion are explored accounting
for the influence of operative parameters. Dependence of process
stabilization and NOyx emissions on equivalence ratio, preheating
temperature and nominal thermal power of the inlet mixture is studied by
monitoring temperature and exhaust gases composition, with the aim of
identifying burner optimal operating conditions.

Results evidenced that for ammonia/air mixtures stable MILD combustion is
ensured. The burner has to operate under slightly rich conditions to
minimize NOy emissions.

Keywords: Ammonia; Cyclonic Flow; Long residence times; MILD
Combustion; Stability
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1. Introduction

The accomplishment of world energy demand has to deal with several
constrains that are rapidly and frequently changing near future energy
market possible scenarios. If global warming hastens the request of
renewable, green energy systems, on the other hand, geo-political and
economic equilibria anchor the energy production chain to well-established,
traditional energy production systems. This in turn hinders the drastic
reduction of greenhouse gas emissions to be achieved according to the strict
goals fixed over the years [1].

A point in common to most renewable energy sources (RES) is that their
location is resource dependent and effective distribution systems need to be
adapted and/or developed to accommodate this constraint. Another feature
of primary RES, like solar and wind, is their inherent intermittency and
variability both along the year (seasonality). With the expected expansion of
solar and wind based power generation, the major challenge will therefore
be to develop the national and regional grid structures and back-up systems
to ensure that security of supply remains high in spite of increased
variability of part of the supply sources. For this reason RES are often
identified as a major threat to the need of an energy uninterrupted supply
service [2]. There is a broad agreement that effective and affordable
methods for energy storage will be crucial in overcoming the inherent
intermittency of renewable resources and increasing their share of
generation capacity [3]. While efficient transmission and demand response
can offer a partial solution, a large number of mechanical, electrical,
thermal, and chemical methods have been developed for storing electrical
energy [4].

Among these methods, chemicals-based storage technologies offer the
advantage of being able to store large amounts of energy for long periods of
time. They also enjoy substantial design flexibility [5] and the
demonstration of the practical feasibility of synthetic fuels production and
utilization cycles on a global scale is a key enabling element in
decarbonizing also other sectors besides the power and district heating
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sectors. A prominent role among those energy carriers is quite often
foreseen for use of hydrogen as an energy vector. However, issues
associated with storage and distribution are still barriers to its wide diffusion
[6].

On the other hand, following industrial interests, ammonia has been
recognized as a hydrogen carrier fuel [7] (hydrogen-density) and it burns
without carbon oxides emissions, being a carbon-free molecule, thus it
offers great potentialities to mitigate greenhouse gas emission [8].

Ammonia is the simplest representative of the nitrogen economy [9-10], and
also the second-largest synthetic commodity produced worldwide [11]. It
can be produced from renewable intermittent energy sources using available
technologies and plants [12]. A recent review article by Valera-Medina et al.
[13] showed that ammonia could provide for a practical next generation
system for energy transportation, storage and use for power generation, in
virtue of its established transportation network and high flexibility.

The International Energy Agency (IEA) has recently become a promoter of
ammonia for a carbon-free future. The Renewable Energy Division [14] has
observed that ammonia can be produced from renewable sources (wind,
solar, tidal, etc.), and in addition to redistribute hydrogen product from
electrolyzers connected to these systems. Ammonia is less costly to store for
a long time compared to hydrogen, and at least three times cheaper than this
one to ship on sea or land. Therefore, countries and international agencies
have started raising the awareness of the potential of ammonia for storage of
hydrogen, a rationale that has served to boost research in the area of its use
as energy vector and potential fuel.

However, earlier applications and studies of ammonia as a fuel reported
challenges associated with ammonia combustion [15].

However, straightforward ammonia utilization as a fuel, using a
conventional combustion process or technology does present much more
and greater issues and drawbacks than traditional hydrocarbon fuels do.
Ammonia has a burning velocity that is about five times lower than that of
methane, a narrow flammable range, a high minimum ignition energy and a
nitrogen atom in its molecule. In addition, ammonia/air flame temperature
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(due to the lower LHV of ammonia) is lower and radiation heat transfer
from the flame is also lower than that of hydrocarbon flames because of the
absence of massive amounts of CO, in the exhaust. These drawbacks may
eventually result in a low heat release rate and low rate heat transfer that can
compromise the flame stabilization process, leading to low combustion
efficiency [16].

In order to overcome the limitations imposed by ammonia chemical
properties, the common strategy is to stabilize the process using a “fuel
enhancer”, but particular care has to be devoted to NOy emissions.

Meyer et al. [17] stabilized the oxidation process of ammonia in a 40 kW
burner using hydrogen and methane. They showed that the use of a flame
holder increased the combustion efficiency, with an appreciable reduction in
NOy emissions. Species recombination (NOy and unburned ammonia) has
been suggested as a possible explanation of the evidence.

The Fukushima Renewable Energy Institute (FREA) has developed fuel
flexible platforms to burn liquid NH; produced from renewable sources, in
combination with kerosene in a 50 kW micro-gas turbine. A selective
catalytic converter (SCR) was used to reduce the NOy emissions down to an
acceptable value [18].

The work made at Tohoku University burned a mixture of ammonia and
kerosene. demonstrated that as the mixture equivalence ratio for different
methane-ammonia blends increases towards stoichiometry, unburnt species
such as NH3, CO and total hydrocarbons decrease in contrast to NOx. Due to
the difficulties to attain a satisfying efficiency together with an acceptable
level of emission (mainly NOy) using a single-stage combustor, a two-stage
combustion system, with a better mixing between recirculating gases from
reaction regions and fresh gases, has been designed and tested. Preliminary
results suggest that higher emissions performance can be attained with this
configuration (lower NOy and unburnt gas species emissions) while
maintaining high combustion efficiencies [19].

Valera-Medina et al. [20] presented a series of studies burning mixture of
ammonia and hydrogen/methane at different concentrations in as swirl
burner. Results showed the complexity of stabilizing premixed ammonia
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blends. NOx and CO were considerably lower at equivalence ratios higher
than 1.10. Authors hypothesised the onset of a region of chemically reactive
balance between methane/hydrogen and ammonia combustion, with
recombination of NOy with unburned ammonia, increasing OH radicals.
Unfortunately the degree of knowledge is not yet sufficient to give a
definitive explanation to the observed phenomenology.

Similar studies on combustion characteristics of mixtures of ammonia and
other fuels (hydrogen and diesel) in an internal combustion engines were
made by Reiter and Kong [21].

It is worthwhile concluding here that, in spite of the several efforts made in
few past years and of the growing interest in ammonia-based power
applications, the scientific literature on the topic is still scarce, and the
current degree of knowledge still needs significant research efforts to enable
optimal design procedures.

The required technology to deliver this so-called ‘‘green NHj; fuel” vision
(https://nh3fuelassociation.org) has been only demonstrated at rather small

scales. Further studies at a larger scale, including the integration of
technology within the complete energy cycle, are still needed.

According to the general picture, features and potential
advantages/drawbacks of using ammonia as fuel in advanced combustion
technologies for stationary power generation, such as MILD [22], Colorless
Distributed Combustion (CDC) [23-25] or High Temperature Air
Combustion [26], are also largely unknown. As matter of facts, to the best of
the authors’ knowledge, there are no studies in the literature that has shown
the feasibility and stability of such combustion processes when pure
ammonia is used as fuel.

Hence, the aim of this paper is to provide an insight into these practical
issues, utilizing a cyclonic flow burner operated in MILD Combustion
conditions, investigating ammonia-firing conditions.

The stabilization of the reactive process was investigated and the influence
of operative parameters (preheating temperature, equivalence ratio and
thermal power) on the system performance is also explored for stationary
applications. Thus, this paper helps to bridge the gap between research,
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development and implementation for an innovative technology which has
the potential to provide a sustainable energy system.

2. Experimental setup and methodology

The experimental campaign was carried out in the Laboratory Unit
CYclonic (LUCY) burner [27, 28] reported in the sketch of Figure 1. It
consists of an alumina prismatic chamber (20x20x5 cm’) externally covered
with a heat-insulating material. It is located inside an AISI 310s stainless
flanged case that can be easily opened for inspection operations. The
stainless-steel top is provided of a rectangular opening, hosting a quartz
window for visual observation and other diagnostics. Several shielded
thermocouples (type N) are used to monitor the combustion process. One
thermocouple is placed at the exit of the burner and five thermocouples at
the mid-plane of the chamber. Two central thermocouples (TC; and TC,),
one intermediate (TC,) and two lateral ones (TC; and TCs) are located at
10cm, 5cm and 2.5 cm from the lateral wall, with a protrusion length of
5cm, 7.5 cm and 10 cm respectively.

Fig. 1 shows a sketch of the top-view of the combustion chamber with a
picture of the typical operational behavior under flameless combustion
mode, monitored through the quartz window.

The cyclonic flow-field within the chamber is obtained through two couples
of anti-symmetrically injectors, used for fuel and oxidizer streams, with ID
of 1.5 mm and 8 mm, respectively. The flow injection configurations and
the position of the exit (in the center of the bottom face of the chamber)
induce a toroidal flow-field. Flow rates can be easily changed in a wide
range, resulting in a nominal thermal power (P) from 0.1 up to 10 kW.

The oxidizer flows are preheated by means of two heat exchangers (see Fig.
2 of Ref. 27) to the desired inlet temperature (up to 1200 K) (Ti,) before
entering the reactor. Fuel is fed into the combustion chamber at
environmental temperature. The burner is located within electrical ceramic
fiber heaters to minimize heat exchange towards the surroundings.
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The mixture inlet equivalence ratio can be easily changed (from ultra-lean to
very rich conditions) to investigate the effect of mixture composition on the
oxidation behavior.

10 cm

«—» 2.5cm

TCy TCs

Air
(pre-heated) Fuel H H

20cm

Air
(pre-heated)

l l l Fuel |

TC, TC; TC;

Figure I Picture of the burner operating under Ammonia Flameless
combustion superimposed to a sketch of the cyclonic
combustion chamber with some geometrical features.

The exhaust gases are sampled from the central outlet by a cooled probe and
are analyzed through a portable Agilent micro-GC analyzer that allows to
measure volumetric concentrations of O,, H,, N».

NO and NO; are measured by means of both a flue gas analyzer (TESTO
350) and a dedicated ABB analyzer.

In addition, also ammonia slip was monitored by measuring the
concentration of NHj; at the exit, separately with respect to NOy. Gastec
detection tubes (Gastec Corporation) was used to measure NH; emissions in
exhaust gas. During the experiments, measurements were repeated at least
three times for each condition to ensure good repeatability of the
experimental data obtained. Every single test was conducted for about 20
min.
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NOy, NH; and H, concentrations are normalized to 15% O,.
Further details of the experimental apparatus are reported in previous
publications of the same research group [27, 29].

3. Results and discussions

The experimental campaign was carried out by operating LUCY burner with
ammonia/air mixtures at atmospheric pressure. The performance of the
cyclonic burner has been characterized in terms of system working
temperatures (T) and pollutant emissions (NOy) for several values of the
mixture equivalence ratio (®), in accordance with previous works [27]. Both
the inlet preheating temperature and thermal power were parametrically
changed.

In particular, ® was varied from fuel very lean (® = 0.4) to very rich (® =
1.8) values in order to investigate the performance in a wide range of
working conditions.

Finally, emissions of trace components (NHj3, H,) at the stack were also
reported for some operative conditions.

3.1 Influence of the inlet preheating level (Tj,)

First, experimental tests were realized for three values of the inlet preheating
level (300 K, 600 and 900 K) and for a fixed value of the nominal thermal
power P=5 kW, as a reference value for efficient working conditions
identified in previous works with several hydrocarbon fuels [25, 30]. The
analysis was extended to three values of the thermal power (4, 5 and 7 kW)
for a fixed inlet temperature.

Results suggested that MILD conditions are ensured also for low load
values due to the strong internal recirculation of burned products that
stabilizes locally a distributed ignition. The uniformity of the temperature
field was verified for each experimental test and the maximum difference
between thermocouples was 30 K. The working temperature reported in the
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following sections was evaluated as the mean value between TC;, TC,4 and
TCs.

Figure 2 shows the mean system working temperature (T) and the
characteristic residence times of the mixture (t) by varying the equivalence
ratio.

The characteristic average residence times (t) was obtained for each
condition by scaling the mean residence time computed in non-reactive
conditions with the average temperature in the chamber.

As it is possible to note from Figure 2, the sustainability of the combustion
process is ensured at 5 kW when the working temperature is higher than
about 1250 K in the whole range of inlet preheating temperature and
equivalence ratio here investigated. Working temperatures lower than
1300 K (dashed lines) should be avoided because of the occurrence of
extinction phenomena with high emissions of unburned products (namely
H»).

The dashed lines and the grey area identify feeding conditions where global
extinction behaviors were observed. The extinction strongly depends on the
equivalence ratio and slightly varies as a function of both the inlet
preheating level and thermal power.

Thus, a unique reactor extinction range was identified as indicated by the
grey area in Fig. 2.

Such an extinction behavior was recognized in the same burner in previous
works of the same group for methane and propane mixtures [31] where the
oxidation process was found to be stable when the temperature inside the
reactor was above 1050 K. Thus, it was possible to identify a unique cross-
over temperature for the ignition/extinction phenomena that is mainly
related to the kinetic stabilization of the reactive structure. In case of
gaseous hydrocarbon paraffinic fuels, this temperature corresponds to the
activation temperature of the high temperature branching mechanism. As
found from a spectrum of observations in various flame configurations and
from several descriptions of hydrocarbon combustion, this transition toward
stabilized reactive conditions may be related to the dominance of chain-
branching reactions at high temperatures [32].

10
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Noticeably, such threshold is higher in the case of ammonia-air MILD
combustion and therefore it could be stated that this behavior is related to
the switch on high temperature kinetic branching of ammonia chemistry.
The maximum burner working temperature is reached around the mixture
stoichiometric value (® = 1) for all the inlet preheating temperatures here
investigated. In particular, it reaches the highest values for Tj,= 900 K. The
maximum working temperature is around 1320 K without preheating the
inlet flows (Ti, = 300 K), while it is 1470 K for an inlet temperature of 900
K.

Thus, Figure 2 shows that the range of stable operating conditions in terms
of equivalence ratio is widened by increasing the preheating level of the
inlet air-flow. In particular, at environmental conditions (Ti, = 300 K) a
stable oxidation process has been obtained in the range 0.6 < @ < 1.3,
whereas by preheating the inlet oxidizer flow up to Tj, = 900 K the system
allows to achieve stable conditions in a wider @ interval (0.4 < ® < 1.7).

1600 2
1500
L5
1400 |-
N> ")
= 1300 | 1 &
1200 |
0.5
1100
1000 | | | | | | | | | 0
0 02 04 06 08 1 1.2 14 16 18 2

Figure 2 Working temperature (T) and characteristic residence time (t)
for ammonia-air mixtures as a function of @ for several Tin
values at P = 5 kW.

On the other hand, the characteristic residence time (t) reported in Figure 2

ranges from = 0.1 s to t = 0.55 by increasing the mixture equivalence ratio

11
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from 0.4 to 1.7. The same values have been obtained for all the preheating
inlet temperature here investigated.

Figure 3 reports NOy emissions for the same condition (P = 5 kW) by
varying the equivalence ratio of the mixture, parametrically in the inlet
preheating temperature.

In particular NOy emissions under lean conditions for @ = 0.6, ranged from
250 ppm without preheating the oxidizers, to 1000 ppm for T;, = 900 K.

As expected, it is possible to observe that NOy emissions significantly
decrease moving toward fuel rich conditions for all cases here investigated.
In particular, they decrease of about one order of magnitude (NOx < 100
ppm) when passing from fuel-lean to stoichiometric mixtures. The
horizontal dashed line in Fig. 3 is related to the 100 ppm value.

10000

~
S
S
S

NOx, ppm@15%0»
s s

)i I 1 1 | 1
0 02 04 06 08 g

Figure 3 NO, emissions for ammonia-air mixtures as a function of @ for
several T;, values at P = 5 kW.

Figure 3 shows that levels of NOy in lean ammonia-air MILD Combustion
is slightly dependent on the preheating level. Thus, the stoichiometry is seen
to have a major impact on the NOy formation. Based on information present
in literature, oxidation of NH; by O, H and OH radicals leads to NO
production through the HNO intermediate under lean conditions [33].

12
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As qualitative behavior, such results are in agreement with literature on
ammonia-air combustion in model reactors or gas-turbine combustors [34-
37]. It is worth to note that the strong relevance of results reported in this
paper relies on the absolute concentration of NOy which is very low with
respect to the NOy concentration generally produced in other systems during
ammonia oxidation. Indeed, it is the first time that the pure ammonia
oxidation has been stabilized in stoichiometric condition (vertical dashed
line in Fig. 3) corresponding to a NOy concentration of 70 ppm.

As expected, the minimum NOy emission levels are obtained when the
burner is operated with rich mixture compositions. Indeed, the system
reaches single-digit values for slightly-rich mixtures (® > 1.1). In this
conditions, reactions involving NH, and N,H, have a key role in the NOy
reduction.  Specifically, the reactions of NH;+NO—N,+HO0,
NH+NO—NNH+OH were shown to have a great effect on the
decomposition of NOy at all preheating temperatures of the reactants, which
results in an extremely low NO formation rate, indicating the potential to
reduce NOy formation in NH; combustion [38].

Finally, it is also worth to note that the NOy reduction equivalence ratio
range is compatible with the temperature window for the Thermal DeNOy
process (1250 K<T<1400 K) [39, 40].

The consideration pointed out for lean conditions applies also for the fuel-
rich conditions. It is the first time that the pure ammonia combustion has
been stabilized in slightly rich-conditions with a NOx emission in 1-digit
range.

The results reported in Figure 3 show that high values of the inlet preheating
temperature of the air flow allows to lowering NOy emissions at 3 ppm
when the system is operated with rich mixtures, while the opposite effect is
obtained if the burner works under lean conditions (©<0.9), obtaining NOy
levels of about 1000 ppm. This suggests that the best performance in terms
of NOy emissions can be obtained in the operational window from
stoichiometric to slightly-rich conditions (1<®<1.2).

13
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3.2 Influence of the nominal thermal power (P)

Further experimental campaigns have been carried out in order to evaluate
the performance of the cyclonic burner by varying the nominal thermal
power of the system for a fixed value of the preheating temperature of the
air-flow.

Experimental tests were realized for three values of nominal thermal power
by keeping the inlet temperature of the air-flow at the highest level (T;,=900
K). In fact, this value of Tj, permits to ensure the lowest NOy levels.

Figure 4 shows the results in terms of working temperatures and
characteristic residence time at Tj, = 900 K by varying the equivalence ratio
of the ammonia-air mixture, for three values of the nominal thermal power P
(4,5 and 7 kW).

As reported in Figure 4, the maximum working temperature is reached
around the stoichiometric point for all the values of the nominal thermal
power here considered, as expected. In particular, the working temperature
ranged from T =1300 K to T = 1400 K at P = 4 kW in the operational
window of the equivalence ratio from ® = 0.45 to ® = 1.5 until the
extinction behavior occurs.

When the system is operated at P = 5 kW the working temperature ranged
from T =1300 K to T = 1450 K for 0.4 < ® < 1.7. A further increase of the
thermal power up to P = 7 kW allows to obtain working temperatures
ranging from T =1300 K to T = 1520 K in the operational window of the
equivalence ration from ® = 0.5 to @ = 1.8. It is worth to note that for each
thermal power here considered the extinction phenomena was obtained
when the system temperature falls in the narrow interval with 1300 K < T <
1400 K.

14
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Figure 4 Working temperature (T) and characteristic residence time (t)
for ammonia-air mixtures as a function of @ for several P
values at T;,, = 900 K.

On the other hand, characteristic residence times (t) rise with the
equivalence ratio according to the lowering of the mixture inlet flows.
Moreover, characteristic residence times are the highest for the minimum
value of the thermal power, ranging from t =0.3 tot =0.7s at P =4 kW
and fromt =0.2 tot =0.45satP=7kW.

The prolongation of residence times at lower thermal power influences the
NOx reduction efficiency [41].

In fact, Figure 5 shows NOy emissions at fixed Ti, = 900 K by varying the
equivalence ratio of the mixture ® for the three values of the nominal
thermal power here considered.

As shown in Figure 5, NOy emissions are very high, up to 1000 ppm
independently from the thermal power, when the system is operated with
very lean mixtures (0.4< ©<0.8).

In accordance with the results reported before, minimum NOy emissions
have been obtained when the cyclonic burner is operated with slightly-rich
mixtures and the trends are the same independently from the thermal power.

15
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Figure 5 NO, emissions for ammonia-air mixtures as a function of @ for
several P values at T;, = 900 K.

Specifically, when the equivalence ratio is higher than 1.1 and the
preheating temperature is 900 K it is possible to operate the system in single
digit for the case at P=4 kW. They are in the range 10<NOx<100 ppm for
higher thermal power levels.

Minimum NOy emissions are 9 ppm at @ = 1.5 when the cyclonic burner is
operated at P = 7 kW and they are increased at 80 ppm at ® = 1. The lowest
NOy emissions of 3 ppm at Ti,= 900 K have been obtained at P =4 kW with
a mixture equivalence ratio of ® = 1.3. Thus, the minimum NOy shifts
toward lower equivalence ratio values by decreasing the nominal thermal
power of the system.

It is worth to note that, also in this case the burner exhibits NO, emissions
that are equal or lower than 100 ppm (horizontal dashed line in Fig. 5) at the
stoichiometric point (vertical dashed line). Furthermore, low thermal powers
(4 kW) with high preheating levels permits to perform the cyclonic burner
close to the single digit level and such emissions are increased for higher
thermal power.

16
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33 NH; and H; emission characteristics

In order to thoroughly characterize the performance of the system, NH; and
H, concentrations at the exit of the cyclonic burner were also reported,
normalized at 15% O,.

Figure 6 shows the experimental value of NHj slip and produced H, for a
fixed thermal power of 5 kW and for two values of the inlet preheating level
(300 and 900 K). For lean conditions, NH3 (Fig. 6a) emissions were almost
zero. In particular, at ®=0.9 they are 6 ppm for T;;=900 K whereas they
reach 29 ppm when the inlet temperature is decreased at 300 K. For
stoichiometric conditions (®=1), the measured NHj concentration is around
100 ppm at Tj;=900 K while it is increased at 168 ppm at ambient inlet

temperature.

8000 - - 10000 — -

a) NH;3 (ppm) @15%0,, P=5 kW b) H; (ppm) @15%0,, P=5 kW

7000 -
Q m7,=900K 8000 w7, =900K
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~ )
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< 4000 §
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3000 1 4000
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0 —F—= = = L 0 —= & < L L
0.6 08 o 1 12 1.4 0.6 08 ® 1 1.2 1.4

Figure 6 NH; (a) and H, (b) volumetric emissions (ppm@15%0Q0;) for
ammonia-air mixtures as a function of ®@ for P= 5 kW and two values of T},
(300 K, 900 K).

For fuel-rich conditions, the NH3 concentration is rapidly increased by about
one order of magnitude (1070 ppm) at ®=1.1 for T;,;=900 K and it reaches
1320 ppm when Ti, is 300 K. When the equivalence ratio was larger than
1.1, the NH3 concentration steeply increases with ®@ and reached 3000 ppm

17
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at ®=1.3 for T;,=900 K, whereas it is 6600 ppm for T;,=300 K.

On the other hand H, emissions are not negligible for slightly fuel-lean
conditions (®=0.9), reaching 114 and 210 ppm for T;,=900 K and 300 K,
respectively.

At the stoichiometric equivalence ratio H; is around 1500 ppm for the two
values of Tj, and it increases up to 6000 ppm when ®=1.3 at T;,=900 K. H,
increases at 8000 ppm at ®=1.3 when the inlet preheating level is decrease
at the ambient temperature.

Thus, NOx and NH; concentrations were almost of the same order of
magnitude (around 100 ppm) at ®=1 and very low in comparison with
concentrations obtained in other combustion systems. Of course, further
improvement can be obtained with a simultaneous reduction of NOy and
NH; coupling the use of stoichiometric mixtures in a practical NH;-fueled
combustor with selective catalytic reduction (SCR) systems.

4. Conclusions

In this paper, the stabilization of ammonia MILD Combustion in a wide
range of parameters was demonstrated and discussed for the first time. It
was shown that very interesting NOy concentration and NHj; characterize the
ammonia oxidation in the condition considered.

The main operational characteristics of ammonia/air combustion in a
cyclonic burner were investigated through temperature and exhaust gas
emission measurements. Results of the influence of main external operating
parameters, such as equivalence ratio, inlet preheating level and nominal
thermal power on system performance were presented. The appearance of
flameless combustion conditions and the temperature values were used to
investigate the stability characteristics.

In particular, MILD Combustion regime was achieved for a wide range of
external parameters with reduced combustion peak temperatures and very
low NOx emissions in a wide operational window.

The internal recirculation induced by cyclonic flow-field allows for the
establishment of MILD combustion also with ammonia as fuel with very
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good performance in terms of pollutant emissions, confirming the very high
fuel flexibility of the system. This gives new insight into the technological
applications of such combustor; in fact, in the author’s knowledge there are
no studies in the literature that has shown the feasibility of MILD
Combustion when pure ammonia is used as fuel for small-scale burners.
Remarkable performance in terms of stabilization of the oxidation process
and low pollutants has been verified in a wide range of operating conditions.
The sustainability of the combustion process with ammonia is ensured when
the working temperature is higher than about 1250 K for each condition
investigated in this manuscript. Working temperatures lower than 1300 K
should be avoided because of the occurrence of extinction phenomena with
high emissions of unburned products.

In particular, the present work permits to identify a narrow reactor
extinction range (1250 < T < 1350 K) also recognized in previous works for
hydrocarbons combustion. The threshold is higher in the case of ammonia-
air MILD combustion since it is related to the switch on high temperature
kinetic branching of ammonia chemistry.

It is noteworthy that NO, are significantly lower than the typical
concentrations measured in standard combustion processes in the whole
range of experimental parameters considered. More specifically, the
measured NOx levels lover than 100 ppm open a clear opportunity to use
ammonia as fuel in MILD Combustion conditions. In this sense the best
operational window in order to minimize NOy emissions spans from slightly
fuel-lean to fuel-rich conditions.

The preheating the inlet air-flow allows to reach very low NOy emissions
also for stoichiometric mixtures, while for lean mixtures lower emissions
have been obtained without external preheating.

Despite that, when NOy emissions are minimized some unburned
components are obtained in fuel-rich conditions, especially with respect to
NH3; and Hy. In particular, when the inlet equivalence ratio is higher than 1.1
the NH3 concentrations are higher than 1000 ppm. SCR techniques could be
used to further decrease both the NOy and NHj emissions with equivalence
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ratios in the interval between 1 and 1.1. Inlet preheating level play an
important role also with respect to unburned ammonia emissions.

Finally, the system performance was investigated also in terms of load
following and in particular for higher thermal powers the minimum NOy
shifts toward higher equivalence ratios, according to the lowering of the
maximum working temperatures.
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