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Introduction
As a promising zero-carbon fuel, ammonia (NH3) has attracted great attentions in combustion research. Among
all the investigations, the laminar flame propagation investigations of NH 3 which can be used to determine its
laminar burning velocities (LBVs) and understand the nature of its flame stability are of special interest. In
practical combustors, the operation pressures can be ranged from atmospheric pressure in boilers and industrial
furnaces to high pressure in gas turbines and internal combustion engines. Therefore, the understanding of the
pressure effects on the laminar flame propagation of NH3 is crucial for the practical applications of NH3 in energy
and power devices.
In previous studies, only three studies on the laminar flame propagation of NH3 covered atmospheric to elevated
pressures. However, there is no previous work focusing on the mechanistic explanation of the pressure effects in
the laminar flame propagation of NH3. Different from hydrogen (H2) and methane (CH4), the laminar flame
propagation of NH3 is short of H and CH3 respectively, which leads to potential differences in the controlling
mechanism of the pressure effects. Furthermore, co-firing NH3 with H2 is a feasible way to enhance the
combustion intensity and laminar flame propagation of NH 3. In our previous work, it was found that the pressure
effects in laminar flame propagation of NH3/H2 are much stronger than those of NH3, which raises another
interesting question to be answered. Thus, the comparison of pressure effects in the laminar flame propagation of
NH3 with those of H2, CH4 and NH3/H2 will help understand the different controlling mechanisms in these reaction
systems and promote the better regulation of NH3 combustion in practical applications.

Conclusions
This works reports an experimental and kinetic modelling investigation on the pressure effects in the laminar
flame propagation of NH3/O2/N2 and NH3/O2/He mixtures using a high-pressure constant-volume cylindrical
combustion vessel, while those of H2/O2/He, CH4/O2/N2 and CH4/O2/He mixtures were also investigated for
comparison. Together with both this work and the literature investigations on NH 3, H2, CH4 and NH3/H2, the
pressure dependent coefficients of their LBVs are found with the general order of H 2 < NH3 < CH4 ~ NH3/H2. A
kinetic model of NH3, H2 and CH4 combustion was developed to simulate the LBVs of these fuels and reproduce
the pressure effects in laminar flame propagation. Modelling analysis was performed to provide mechanistic
explanations to the order of observed pressure effects.
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Introduction
Low reactivity of ammonia is one of the main barriers to retrofitting combustion devices to this carbon-free fuel.
Currently, preheating and blending ammonia with highly reactive fuels, e.g., hydrogen, are considered as the main
approaches to increase the ammonia reactivity. However, using these approaches on an industrial scale is very

expensive. A novel alternative method would be to improve ammonia reactivity by discharging plasma arcs.
Recent investigations have shown that nanosecond plasma discharges can noticeably reduce the ignition delay
time of NH3/O2/He. Besides, it has been shown that high energy plasma discharges can improve the flammability
limits and NOx emissions of NH3/O2/N2 flame. These investigations were carried out for limited ranges of plasma
properties. The question posed here concerns the effects of plasma discharge settings on ammonia combustion.
To address this, here, ignition delay time and flame characteristics of ammonia/air assisted by nanosecond plasma
discharges are calculated for a wide range of pulse energy density and reduced electric field values.

Conclusions
The effects of plasma settings, namely; reduced electric field and pulse energy density, on ammonia/air
combustion were studied by performing numerical simulations. Investigations showed that the pulse energy
density has considerably higher effects on combustion characteristics than those of the reduced electric field. The
improvements in the combustion characteristics by using plasma discharges are non-monotonic functions of the
reduced electric field, being the most pronounced at medium reduced electric field values. The results showed
that using plasma discharges is more effective in improving the ammonia/air ignition delay time than the flame
speed.
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Introduction
For lab-scale and practical combustion devices, there is a need to develop sensors capable of monitoring important
combustion characteristics such, for example, heat release rate, equivalence ratio, fuel composition, and
pollutants. Sampling probes can be used to achieve such measurements, but they are intrusive and can perturb the
flow/flame and thus potentially increase uncertainties. Consequently, the development of non-intrusive, optical
sensors is desired. These optical techniques include, for example, laser-induced fluorescence, Raman
spectroscopy, laser absorption, and chemiluminescence.
Thanks to relatively small optical access requirements and inexpensive hardware, chemiluminescence-based
sensors are of practical interest for many combustion applications. However, if only conventional optics are used,
the line-of-sight nature of this technique makes it difficult to achieve a sufficient spatial resolution. One approach
to overcome this disadvantage is to use a Cassegrain optical system.
This paper shows how using a Cassegrain optical system allows to record spatial profiles of OH*
chemiluminescence in counterflow diffusion flames of NH3/H2 blends. Specifically, the objectives of this paper

are to (i) assess the performance of a Cassegrain optical system in comparison to that of an iCCD camera after
Abel deconvolution and (ii) to validate an available chemical kinetic mechanism for the prediction of OH*.

Conclusions
This study showed that spatially resolved measurements of OH* chemiluminescence with a Cassegrain optical
system can be achieved in atmospheric NH3-H2 diffusion flames, with a resolution of around 100 m. It was also
showed that the chemical kinetic mechanism due to [20] predicts well the thickness of the OH* profile for a wide
range of ammonia fractions if the spatial resolution of measurements is accounted for.
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Introduction
Adaptation of existing infrastructure is key for meeting the green-house gas emission targets of the Paris Climate
Accords. Using plasma-assisted reforming, ammonia can be modified to be compatible with current engine
technology with only minor alterations. Based on our initial modeling work[1], [2], plasma chemical processes
initiated by high-frequency nanosecond-duration pulsed energy deposition can dissociate ammonia efficiently and
selectively produce hydrogen and amino radicals, and when used in conjunction with oxidizer, can also produce
nitrous oxide, among other combustion enhancing species. In this study, we present progress on evaluation and
validation of the chemical kinetic mechanism for ammonia and air in a dielectric barrier discharge reactor.

Materials and Methods
A constant pressure, optically accessible well-stirred
reactor with a homogeneous plasma discharge is devised
(Fig. 1). The reactor body is a fused silica tube with 4 cm
outer diameter. An electrode configuration of an inner rod
surrounded by an alumina dielectric tube, and outer mesh
electrode wrapped around the outside of the fused silica
tubular reactor creates a homogenous double dielectric
barrier discharge. The inlet streams are arranged to create
an environment with fast mixing of the reactants with the
gases present in the reactor. In this way, the fresh mixture
encounters electrons, excited species, and radicals
immediately upon entry into the reactor, maximizing the
conversion rate according to stirred-reactor theory [3].
The discharge is created by nanosecond duration pulsed Fig. 1. Schematic of the well-stirred plasma reactor
power. The benefit of this discharge type is that the plasma experimental setup.
is maintained in a non-equilibrium state despite high
electric fields in the gas, allowing a significant portion of
the energy to be transferred to excitation of electronic
states and dissociation of molecules [4]. Hydrogen yield
measurements are performed using a GC, and temperature
is measured using optical emission spectroscopy on the
N2(C→B) transition (Fig. 2). NOx and N2O outputs are
evaluated using an FITR.

Results and Discussions
These experimental results are used to construct and
evaluate a chemical kinetic model, with which we
simulate and replicate the plasma conditions in a 0D
modeling framework [2]. For a reformed stoichiometric Fig. 2. Measured spectra by OES of N2(C→B).
mixture, it is possible to achieve a reduction of two orders

of magnitude in ignition delay time. This reduction, however,
comes at the cost of lost enthalpy, as ammonia reacts with oxygen
to create water. Performing a sensitivity analysis on the influence
of reformate composition on ignition delay time, the two most
important species in the reformate were H2 and NH2 (Fig. 3). The
presence of NH2 in high concentration also resulted in lower
concentrations of NO after ignition, compared to the unreformed
mixture. When reforming pure ammonia, the same number of
pulses and energy as in the stoichiometric reforming case reduce
ignition by one order of magnitude (compared to the unreformed
mixture). This is less efficient than the stoichiometric reforming
case. A higher reduction is possible for the pure ammonia case
with more pulses (unlike the stoichiometric reforming case in
which ignition is reached during the reforming process, limiting
total energy deposition) and with no loss of enthalpy due to
oxidation. At 200 kHz, a reduction of two orders of magnitude is Fig. 3. Sensitivity analysis of different
possible after 1500 pulses.
components of the reformate. on the final
ignition delay time.

Conclusions

While improvement in ignition characteristics and stability using plasma discharges is well-documented for other
fuels, it is not clear yet that plasma discharges can reliably reduce NOx emissions. A validated model can inform
combustion system design, by demonstrating what improvements are possible to ammonia combustion using
plasma chemistry, and enabling ammonia as a renewable and carbon free energy carrier.
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Introduction
In this work, we take a radically different approach and demonstrate that in NH 3-N2-H2 counterflow non-premixed
and premixed flames at atmospheric pressure. The LIF signal is not a nuisance; instead, it provides quantitative
measurements of NH2, with no additional experimental complexity. The NH2 LIF is excited by three Nd:YAG
lasers, temporally stretched to 500 ns using a pulse stretcher, resulting in total energy of ~1J at 532 nm. The NH 2LIF signal is sampled in the 620-630 nm, together with the Raman signal, using the same collection hardware.
The weak absorption cross-section at 532 nm is compensated by the high laser energy available, and the long
pulse allows repeated excitation and emission from the same molecule, leading to the partial saturation region.
We propose a simple model and a calibration procedure based on a single counterflow flame, and we validate the
results over twenty-three laminar flames. The precision and accuracy of the measurements and limitations of the
calibration procedure are then discussed.

Conclusions
We reported the first 1D measurements of NH2 concentration in non-premixed and premixed NH3/H2/N2-air
counterflow flames with an unusual excitation scheme at 532 nm. The measurements are obtained with no
modifications to an existing Raman instrument, providing this key diagnostic capability without any additional
complexity. The NH2-LIF works at a partially saturated region and a simplified model was proposed, and
calibration is based on Chemkin simulations of one NH3-H2-air opposed diffusion flames. The COV is below 15%
for the peak NH2 over 23 flames with different fuel compositions, varying fuel ratios, strain rates, and nonpremixed and premixed modes, with a 5% accuracy achieved in the predicted value in a wide range of flames.
The accuracy is independent of the model selected for calibration, further confirming the capability of this
technique for model validation for turbulent flames. To our knowledge, the results presented here are the most
accurate and precise available in the open literature, despite the simple model employed.
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Introduction
The use of pure ammonia as alternative no-carbon fuel is nowadays a challenging topic, due to ammonia poor
oxidation properties which hinder its successful application in conventional combustion systems. Blending
ammonia with hydrogen or carbonaceous fuels represents a feasible solution to improve process stability,
exploiting the higher reactivity of such “fuel-enhancers”, while reducing at the same time the CO2 emissions.
Fundamental studies on the combustion features of such fuels mixtures, such as investigation on laminar flame
speed, ignition delay time, speciation and pollutant emissions, are required to provide a deep understating on
NH3-fuel interaction and a robust database for kinetic mechanism validation.
Recently, several steps have been taken towards the characterization of the interaction between ammonia and
methane. In this framework, the present work aims at providing new insights into CH4-NH3 interaction by means
of a detailed experimental campaign in a Jet Stirred Flow Reactor (JSFR). The oxidation of a diluted CH4/O2/N2
mixture was considered as reference case, then increasing concentrations of NH3 were added in the fuel mixture
to explore its effect on the main oxidation features of methane, in particular on CH4 oscillation regimes. Beside

the unstable nature of such oscillating behaviors than can undermine the efficiency of the combustion process,
these phenomena are also crucial constraints for kinetic mechanisms validation, due to their thermo-kinetic nature.
Therefore, a deep characterization of such behaviors has both practical and theoretical implications. Finally,
numerical simulation were carried out in order to test the performance of available kinetic mechanisms against
the new dataset and identify the main reactions controlling CH4-NH3 oxidation.

Conclusions
The oxidation behavior of lean CH4-NH3 mixtures has been fully characterized through experimental tests in a
JSFR and numerical and kinetic analyses. The results showed that low concentrations of NH3 in the fuel blend
can promote the mixture oxidation, due to the catalytic effect of NO-NO2 loop, which is also responsible of
increased NO emissions compared with pure methane and pure ammonia. NH3 addition also influences the
occurrence of periodic oscillations, since for low NH3 concentrations they occur at lower temperatures with
respect to pure methane, while they are damped for NH3 concentration higher than 70%.

CF10 - Comparative study on the laminar flame speed
enhancement of Ammonia with Hydrogen and Methane addition
Zitouni Sa*, Brequigny Pa, Mounaim-Rousselle, Ca
a

Université Orléans, INSA-CVL, EA 4229 – PRISME, F-45072, France

Introduction
To strengthen fundamental analysis of multi-component ammonia-based blends, an outwardly
propagating spherical flame was employed to measure the flame speeds and Markstein lengths of pure NH 3, H2
and CH4, alongside precisely mixed blends of NH3/H2 and NH3/CH4. Theoretical relationships between the
Markstein length and Lewis number were explored alongside effective Lewis number formulations. Across all
conditions, an exponential and linear increase in laminar burning velocity upon H2 and CH4 addition, respectively,
was measured; in good agreement with appraised chemical reaction mechanisms. The Stagni et al. [1] mechanism
yielded best agreement for NH3/H2 mixtures, whilst the Okafor et al. [2] reaction mechanism produced best
agreement with NH3/CH4 mixtures. For NH3/H2 blends under lean and stoichiometric conditions, a diffusional
based Lewis number formulation best captured the non-linear stretch-related behaviour measured, whilst a heatrelease model resulted in better agreement for richer conditions. On the other hand, for NH 3/CH4 blends, a volumebased Lewis number displayed best agreement across all tested conditions. Furthermore, a systematic analysis of
the flame speed enhancement effects (thermal, kinetic, diffusive) of H 2 and CH4 addition to NH3 was undertaken.
Augmented flame propagation was demonstrated to be principally an Arrhenius effect, predominantly through the
reduction of associated activation temperature. Finally, flame temperature had a stronger effect than the diffusive
pathway, both for H2 and CH4 addition to NH3 flames.

Materials and Methods
Laminar flame speed measurements were performed using a constant-volume spherical vessel. Details
of the apparatus and post-processing techniques can be found in [3], updated for NH3 specifications in [4]
Measurements were performed at initial conditions of 298 K (± 3 K) and 0.1 MPa (± 1 x 10 -3 MPa), employing
high-purity fuel components of NH3 (99.95%), CH4 (>99.995%) and H2 (99.999%) and dry-zero compressed air
(AirLiquide, 20.9% O2). To investigate the influence of CH4 and H2 on NH3 flame speed and stretch-related
behaviour, molar ratios were varied (0 – 100% CH4; 0 – 100% H2), in incremental steps across a wide range of
equivalence ratios (Φ = 0.7 – 1.2 CH4; 0.6 – 1.4 H2). Limits were set on the range of radii utilised to minimise
the influence of spark energy, buoyancy or cellularity, and confinement during flame growth, ensuring
measurements were restricted within the quasi-steady regime. Due to flame motion and its intrinsic curvature, the
outwardly propagating flame is subjected to a temporal change of the flame surface element, known as stretch at
a given rate. For this work, unstretched flames speeds were extrapolated employing the recommendations of Chen
[5]. The adiabatic expansion ratio at constant pressure (defined as σ = ρb/ ρu, where ρu and ρb are the unburnt and
burnt gas densities, respectively), was accounted in order to obtain representative values of laminar flame speed.
Theoretical relationships linking the Markstein length as proposed by Chen [5], [6], Law and Sung [7],
and Matalon and Bechtold [8] were explored. These theoretical correlations require the calculations of various
fundamental flame parametes, namely the Zel’dovich number (Ze), the laminar flame thickness (δ), the expansion
ratio (σ), with in depth detail of methodology employed available in [9]. Whilst the calculation and definition of
the Lewis Number (Le) for single-fuel mixtures is relatively straightforward, no clear consensus on the correct
formulation of Le for multi-fuel mixtures seems to exist [10]; the challenge arising from the fact that the diffusivity
of each fuel must be considered. This is particularly applicable to mixtures of H 2, NH3, and n-alkanes which
exhibit different transport diffusion mechanisms and flame characteristics. Bouvet et al. [10] identified three
‘effective’ Le formulations (Leeff); a heat release formulation, a diffusion weighted formulation, and a volume
weighted formulation, defined respectively in this work as LeH, LeD and LeV, which were appraised.

Results and Discussions

Fig. 1 Comparison of measured Lb with numerical Lb evaluated
using the Chen model and LeD formulation for NH3/H2 blends

Fig. 2 Sensitivity Analysis of laminar burning
velocity for NH3/H2 and NH3/CH4 blends, Φ = 0.80

The laminar burning velocity and stretch-related behaviour of NH3/H2 and NH3/CH4 was measured
experimentally as well as evaluated numerically. With respect to the laminar burning velocity, a linear increase
was measured upon CH4 addition whilst an exponential increase was observed upon H2 addition, with the Okafor
and Stagni reaction mechanisms yielded best agreement with recorded results. With respect to the Markstein
length behaviour, a decrease in Markstein length was measured upon CH 4 addition, with the magnitude of
reduction decreasing as the equivalence ratio decreased, with nominal changes observed at leanest conditions
(Φ=0.7 – 0.8). The Chen formulation coupled with a volume-based Lewis number formulation (LeV) demonstrated
good quantitative and qualitative agreement. The flame stretch sensitivity varies non-monotonically with the H2
ratio, see Fig. 1, with an initial substantial decrease in L b with increasing H2, prior to a minor increase in Lb upon
further H2 addition, with minimal variation in recorded L b of NH3 flames upon H2 enrichment. Data illustrated in
Fig. 1 fulfils the scarce Lb data available in peer-published literature ([11], Φ = 1.0). Furthermore, it was observed
that a diffusion-based Lewis number (LeD) best captured this non-linear behaviour, under lean and stoichiometric
conditions. Given that the LeD formulation was derived from modelling of lean turbulent CH 4/H2 flames, using
the assumption that flame curvature is dominant, hence local enrichment of the most diffusive fuel at the flames
leading edge is predicted. Since for ultra-lean conditions H2 and NH3 have higher mass diffusivities than O2, this
concept appears valid. Under rich conditions, a heat release based-formulation (LeH) appears better suited as
pictured in Fig. 1. Once a suitable Le was appraised, a sensitivity analysis related to the contribution of the major
flame enhancing pathways (thermal, diffusive, kinetic) was undertaken, for an Φ = 0.80, 1.0, 1.20). Fig. 2
illustrates the sensitivity analysis of the laminar burning velocity for NH 3/H2 and NH3/CH4 under lean conditions
(Φ = 0.80). For all evaluated blends, under lean and stoichiometric conditions, enhanced flame propagation is
principally an Arrenhius effect (kinetic), predominantly through the reduction in activation temperature and thus
activation energy. The thermal pathway is comparable for both CH 4 and H2 addition, and much greater than the
diffusive pathway, which is negligible in comparison to the other evaluated pathways.

Conclusions
Addition of CH4 and H2 addition results in a linear and exponential increase in laminar burning velocity
of NH3 based fuels, respectively. Reaction mechanisms show good agreement with experimental results. NH3
displays very different stretch related behaviour to that of pure CH4 and H2, with a non-linear relationship
measured upon H2 addition. With respect to effective Lewis number formulations, Le V displayed best agreement
with NH3/CH4 blends, whilst LeD resulted in best agreement for lean and stoichiometric NH 3/H2 blends, with a
LeH to be preferred under rich conditions. Finally, enhanced flame propagation of NH 3/H2 and NH3/CH4 blends
was principally demonstrated to be a kinetic effect, predominantly through the reduction of the activation energy.
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Introduction
Ammonia is an effective hydrogen carrier as it offers the same benefits of hydrogen concerning CO2 reduction
while it also has the additional advantage of well-developed knowledge and infrastructures in terms of storage
and transport [1]. NH3 also looks appealing for use as a potential hydrogen carrier for onboard storage [2]. There
are challenges in using ammonia as fuel alone as the maximum laminar burning velocity (LBV) of premixed
NH3/air flames at ambient pressure and 298 K is only 6-8 cm/s [3]. The LBV of H2/air is about 230 cm/s [4] and
for a given NH3/H2/air mixture the LBV depends exponentially from the amount of H2 as the amount of OH, H
and O radicals significantly influences the combustion process [5,6]. Hence, blending of NH3 with H2 gives
therefore a promising alternative fuel as the on-board dissociation, or cracking, of hydrogen from ammonia may
offer a more efficient combustion process [7,8].
It is well know that the laminar burning velocity correlates with the reciprocal of the minimum ignition energy
(MIE) [9]. Hence, the MIE of NH3 in air is with 14 mJ much higher than those of H2 in air (17 µJ) [10]. While the
ignition of H2/air mixtures is very well studied [11], it is necessary to investigate the chemical and physical
processes for the ignition of NH3/air and NH3/H2/air mixtures by electrical discharges in detail experimentally and
numerically. This is motivated by the fact that in the literature, especially for NH 3/air mixtures, very large
differences can be found with regard to the MIE up to values of 680 mJ [3]. This large variance is easy to
understand, as different values result depending on the type of discharge, spark distance and duration [12]. For an
experimental determination of the dependence of the MIE on the H 2 content in NH3/H2/air mixtures, it is therefore
necessary to carefully verify the results. This can be done by numerical simulations, which can also be used to
obtain further information about the processes occurring during the ignition of NH 3/H2/air mixtures. For the
numerical investigation of the ignition processes, it is important to use a suitable reaction mechanism. Various
mechanisms can be found in the literature, but they are often optimised for ignition delay times, species
concentration in PSR and laminar burning velocity, respectively [3,13]. Therefore, the mechanism used should be
carefully evaluated for its applicability.
The objective of the present study is to examine the ignition of NH3/air and NH3/H2/air mixtures by electrical
discharges in the range of the respective minimum ignition energy using capacitive sparks. In addition to the
numerical simulation of the ignition process and the subsequent flame propagation, this also includes an evaluation
of the reaction mechanism and the identification of the important elementary reactions over the entire mixture
range through sensitivity analyses.

Materials and Methods
The in-house code INSFLA code was used to examine the ignition of NH3/H2/ air mixtures and subsequent flame
propagation considering a cylindrical configuration assuming uniform pressure. The spark energy used in the
simulations was derived from the experimentally determined MIE for NH3/air of 14 mJ with a spark gap of
3 mm [10]. The spark duration was 1 ms and spark radius rS was varied in the range of 250 µm to 750 µm. Further
details concerning the numerical simulations can be found in [14]. A detailed reaction mechanism developed by
Li and co-workers consisting of 28 species and 421 elementary reactions was used [15]. The mechanism was
adjusted after validation of ignition delay times and laminar burning velocity as suggested by [16]. An extended
version of the Li mechanism was already used to numerically investigate premixed laminar flames of CH4/NH3/H2
ternary blends in air in counterflow configuration [17].

Results and Discussions
Figure 1a) shows the flame front position as a function of time for four different NH3/H2/air mixtures ( = 1.0)
determined from the maximum amount of H radical (pure H 2/air mixture) or NH2 radical (all NH3 containing
mixtures) using a spark radius of 250 µm. Here, the NH2 is selected as representative for the flame front position,
because it is an important radical in the ammonia reaction paths. Even though the ignition delay time was in a
comparable range (29 µs for the pure H2/air mixture, 48 µs for the pure NH3/air mixture) the propagation velocity
of the stretched flames depends strongly on the amount of H 2.

In Fig. 1b) the maximum amount of the mass fraction of the H radical wh,max is plotted as a function of time for
several NH3/H2/air mixtures. Here, the spark radius was 750 µm in all simulations. It can be clearly seen how the
ignition delay time increases more and more with the increase in NH3 content. Investigations of the auto-ignition
of NH3/H2/air mixtures in shock tubes have shown that the ignition delay time increases exponentially with an
increase in the NH3 content [18]. This cannot be seen in Fig. 1b). Instead, there is an almost linear dependence of
the ignition delay time on the NH3 content. The mechanism used in this work was therefore used to recalculate
the results from [18], whereby no significant deviations were found. The different influence of the NH3 content
on the ignition delay time when comparing auto-ignition with ignition by electrical discharges is at first glance
surprising. However, if ignition is induced by an external energy source, not only chemical kinetics governs the
ignition process, but also the interaction with molecular transport. In addition NH 3 has a heat capacity different
from H2, which causes a different temperature in the ignition kernel after energy deposition. Using the detailed
simulations it is possible to investigate the interaction of these different effects.
a)

4

b) 7.0x10-3

cm

6.0x10-3

3

5.0x10-3

% H2 / % NH3
100 / 0
70 / 30
50 / 50
30 / 70
20 / 80
10 / 90
0 / 100

wH,max

rF

4.0x10-3
2

% H2 / % NH3
100 / 0
50 / 50
20 / 80
0 / 100

1

3.0x10-3
2.0x10-3
1.0x10-3
0.0

0
0.000

0.025

0.050

t

s

0.075

200

250

300

350

µs

400

t

Fig. 1. a) Flame front position as a function of time (rS = 250 µm,  = 1.0); b) maximum amount of H radical
wh,max as a function of time (rS = 750 µm,  = 1.0).

Conclusions
The numerical investigation of the ignition of NH3/H2/air mixtures by electrical discharges near the minimum
ignition energy requires a proper reaction mechanism. The 1D simulation of the ignition provides an additional
in-depth insight into the physical and chemical processes. The presented numerical setup to represent a spark
ignition in a cylindrical geometry will be used to support experimental investigations of the dependency of the
MIE from the share of H2 in the NH3/H2/air mixtures in order to obtain a comprehensive understanding of the
ignition processes in these mixtures. The experimentally determined MIEs of H2/air and NH3/air differ by almost
three orders of magnitude. The aim of further investigations will be to find out how these values, determined from
the electrical quantities, are influenced by loss processes - especially at the high ignition energies of NH3 in air.
In addition, the influence of the NH3 content on the MIE must be determined in order to obtain sound knowledge
about the ignition processes when using the possible new energy carrier NH3.
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Introduction
Electro-fuels are expected to play a major role in the decarbonization of the energy and the transition towards a
cleaner and more efficient energy management system, and more economic and politic stability though energy
independence. The list of potential electro-fuels regroups a variety of compounds, amongst which is ammonia
(NH3) that can be produced from hydrogen and nitrogen through existing catalytic processes (e.g., Haber-Bosch).
One advantage of ammonia, compared to hydrogen, is that it is liquid under standard conditions, which facilitates
its storage, a key point in intermittent renewable energy system management, and enables less storage energy
penalty. Ammonia can be used as a fuel in gas turbines and engines. This is challenging as it relies on the fine
understanding of the specific oxidation chemistry of this species. This kinetic knowledge is required for
developing efficient and clean technologies: one of the key points is the control of NO x emissions due to the
presence of nitrogen atom in the fuel. Co-firing with more reactive fuels like methane and/or hydrogen could help
to overcome the poor combustion properties of ammonia (e.g., slow laminar burning velocities). It is thus of
importance to understand the mutual interactions of ammonia with co-fuels in order to develop reliable predictive
detailed kinetic models. Another key point is the characterization of the influence of co-fuels on emissions, such
NOx. While the literature has become more abundant in data about ammonia oxidation in recent years due to the
potential use of ammonia as an electro-fuel, it is scarcer for studies about ammonia combustion with additives,
and particularly for ternary mixtures. Very recently Mashruk et al. investigated the combustion features of
CH4/NH3/H2 ternary blends in a tangential combustor and focused on nitric oxides formation. They observed that
some low carbon blends were suitable in term of operability and emissions. The use of ternary mixtures is a
promising route, however the development of efficient processes will require a good understanding of the mutual
interaction between the three species.
In this context, the present study focuses on the mutual interactions of ammonia with hydrogen and methane
(ternary mixture) during combustion process to highlight their effect on the overall reactivity of the system and
on the mole fractions of reaction products. Experiments were performed in a heated tubular reactor enabling
temperatures up to 2073 K. Experimental data have been compared with data computed using a literature detailed
kinetic model recently validated on neat ammonia and ammonia methane experimental data.

Conclusions
This study provides a new set of data for a CH4/NH3/H2 ternary mixture. The comparison of these data with data
previously obtained for neat species and binary mixtures [8,9] highlight complex mutual interactions between
co-fuels that needs to be better understood for the development of optimized energy conversion technologies.
Comparison between experimental and computed mole fractions highlighted some discrepancies that need to be
resolved. This is the case of the conversion of CO to CO2 and for the branching ratio of N2 and NO. This will be
performed in a further kinetic analysis of the system and hydrodynamic improvement of the reactor model that
could be needed to better account for potential species diffusion effect.
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Introduction
Laminar flame speed (LFS) is popularly used to develop and validate the chemical mechanism of fuels [1]. Given
the spherically propagating flame (SPF) experiments are the only method capable of measuring the LFS at engine
relevant conditions [2], the majority of studies, have used this method to determine the LFS (S0u) of Ammonia
and its blends [3-11]. It is noted that due to the low sensitivity of LFS to chemical kinetics [12], accurate
measurement of S0u is essential. One of the main sources of uncertainty in SPF is radiation which is noticeable
when the LFS of the mixture is lower than 10 cm/s [13]. Due to the low LFS of NH3-air and NH3/CH4-air mixtures,
the importance of radiation induced uncertainty seems to be considerable. However, relatively few studies have
been performed to investigate radiation effect in ammonia blends. Nakamura and Shindo [14] used optically thin
model (OTM) and PREMIX package to study the radiation effect in steady freely propagating NH3-air flames.
They concluded for NH3/air mixtures initially at normal temperatures and pressures (NTP), the radiation induced
uncertainty exceeds 15% when  ≤ 0.8 or  ≥1.4. Recently, Zheng et al. [15], used Statistical Narrow-Band
(SNB) model in PREMIX package to study the effect of radiation reabsorption in steady freely propagating
NH3/H2-air flame in different pressures and equivalence ratios. They concluded that the maximum reabsorption
effect reached 15.6% comparing to OTM model. Although these studies provide valuable insight on the
importance of radiation in ammonia blends, they are not able to predict the radiation effect in SPF experiments.
To the best of the authors’ knowledge, the radiation induced uncertainty in spherically propagating NH3-air and
NH3-CH4/air flames have never been studied before. Based on the above-mentioned considerations, objective of
this study is to quantify the effects of radiation on spherically propagating NH3-air and NH3- CH4/air flames at
NTP conditions.

Numerical Models
Both 1-D steady planar and positively-stretched unsteady spherical propagating flame configurations are
considered in this study. Similar to [14] and [16], the PREMIX code [17] was used to simulate the planar steady
flame and to get the flame structure and unstretched LFS. The propagating spherical flame was simulated using
the in-house code A-SURF [18, 19]. A-SURF solves the conservation equations for compressible,
multicomponent, reactive flow in a spherical coordinate by the finite volume method. A-SURF was successfully
used in previous studies on flame and detonation propagation [18, 20, 21]. Dynamic adaptive mesh was used to
accurately resolve the propagating spherical flame front, which were always fully covered by the finest mesh with
the size of 8 μm. To avoid the confinement effect [22], outer diameter of 100 cm was used in all simulations. In
all of the simulation the reduced mechanism developed by Okafor et al. [11] is used. This mechanism consists of
42 species and 130 reactions.

Results and Discussions
The results are presented for pure NH3-air and NH3/CH4-air at NTP and equivalence ratios ranging from 0.8 to
1.3 for NH3-air and 0.8, 1, and 1.2 for NH3/CH4-air. The concentration of ammonia in NH3/CH4 mixture, is
expressed in terms of ammonia heat fraction in the binary fuel, ranging from 0 to 0.30 [10, 11]. The Optical Thin
Model (OTM) [23, 24] was used to include the radiation in unsteady simulations. In SPF, Linear stretch (LS)
model [25] was used to extract unstretched laminar flame speed. Figure 1 shows the distribution of flow speed
and temperature at consecutive equivalent time. For the adiabatic simulation, the burned gas velocity is zero and
the temperature after the flame front keeps constant. These are in accordance with the assumptions made in SPF
𝜌
to determine the unstretched flame velocity with respect to unburned gas; 𝑆0𝑢 = 𝑏 (𝑆0𝑏 − 𝑈𝑏 ), where 𝑈𝑏 is zero
𝜌𝑢

and density ratio is calculated assuming equivalent condition. However, including the radiation effect induces
strong negative burned gas velocity and burned gas temperature continuously decrease as the flame propagates
outwardly. These two effects invalidate the zero burned gas velocity and equilibrium density ratio assumptions
made in the SPF experiments.

Figure 1. Distributions of flow speed (left) and temperature (right) for propagating spherical stoichiometric NH3/air at NTP.
The distributions are at consecutive equidistant instants of time: t = 10, 30, 50, 70, 90 and 110 ms.

Figure 2 depicts the relative LFS with respect to the one calculated by the PREMIX (adiabatic 1-D steady planar).
Left figure shows the results for pure NH3-air at NTP and different equivalence ratios. It is observed that by
considering radiation in the PREMIX as was done in [14] (black solid lines with circle), the maximum deviation
between ADI and OTM reaches around 15% in lean mixtures. However, using OTM model in SPF (blue lines
with triangles) significantly decreases the LFS compared to the PREMIX results both with and without radiation.
This is mainly due to the inaccuracy of the assumptions made to measure LFS in SPF. Figure 2b, shows the
laminar flame speed for NH3/CH4-air mixtures. Although the radiation effect is not as significant as for pure
ammonia, it is still considerable especially for lean and rich mixtures at high ammonia concentrations, (ENH3=0.3).

Figure 2. Left figure (a): Relative LFS of NH3-air flames obtained in this work and [14]. Right figure (b): LFS of NH3/ CH4-air
with different ENH3. The solid lines with square symbols show ADI simulations and the dashed lines with triangle show
simulations using OTM model.

Conclusions
The radiation effect in spherical propagating NH3-air and NH3/CH4-air flame have been investigated for the first
time. It was observed that the radiation induced negative inward flow velocity in SPF significantly increases the
effect of radiation comparing to steady planar simulation. The maximum discrepancy between the LFS determined
by adiabatic planar simulation and the OTM in SPF for NH3-air exceeds 40% when >1.2. Adding methane to
NH3/air mixture increases the LFS and the radiation induced uncertainty decreases but it is still more than 8%
when ENH3=0.3. The study suggests that the conventional assumptions of zero burned gas velocity and equilibrium
density ratio are not accurate here and an alternative approach is necessary to compensate for this discrepancy.
One approach could be to use the radiation corrected method proposed in [26] which will be studied in future
work.
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Introduction
Ammonia (NH3) has potential as a hydrogen carrier and can in this context also be utilized a fuel itself [1-6],
however, its combustion process is not studied well enough to develop a sufficiently accurate and comprehensive
kinetic mechanisms. While efforts in model developments have been made, see, e.g. [7-11], there is still need for
experimental studies under well-defined conditions to retrieve data for further understanding, model development
and validation. In the present work, authors employ non-intrusive, laser-based Raman spectroscopy to study a
lean premixed NH3 flame. This technique has advantages of allowing for simultaneous detection of a variety of
chemical species with straightforward quantification of results as well as temperature measurements [12].
However, its weak signal paired with strong background from laser-induced fluorescence at the flame front in
NH3 flames when using the conventional wavelength 532 nm of a Nd:YAG laser for Raman spectroscopy, makes
it challenging to employ it in studies of NH3 combustion. There is less fluorescence background in the flame
product zone, which allowed for measurements of nitric oxide (NO) with a multipass signal enhancement method.
Using a different excitation wavelength (355 nm) reduced the fluorescence background, allowing for study of
major species and temperature across the flame. The evaluated data was compared with the results from chemical
kinetic simulations [7-10] and determined to be precise enough to be employed for model validation.

Materials and Methods
Figure 1 (left) presents a schematic of the experimental setup with a high-power, high-repetition-rate Nd:YAG
laser, a multipass configuration for the 532 nm laser beam, and a detector system consisting of spectrometer and
CCD camera. The multipass signal enhancement technique works as follows: two mirrors are placed 40 cm apart,
one of them has a hole for the laser beam to pass through. After that, the beam gets trapped in the cavity with
consecutive reflections forming two focal spots in the middle where the burner is placed. This method can provide
an up to 50 times signal enhancement.

Fig. 1. (left) A schematic of the experimental setup. M: mirror, WP: half-wave plate, SL: spherical lens, SM:
spherical mirror, AL: achromatic lens, BM: broadband mirror, F: notch filter/broadband filter. (right) An
example image of the two-point focus.
Changing the excitation wavelength to avoid fluorescence is a well-known approach for Raman spectroscopy,
however, this particular shift from 532 nm to 355 nm has not been, to the authors knowledge, documented
before, while the fluorescence has been a well-known challenge for NH3 flame studies [13, 14].

Results and Discussions
Figure 2 shows experimental major species concentrations plotted against the height above burner (HAB),
compared with predictions of the mechanism [7]. During the quantification process the following sources of error
were considered: cross-section values, integration limits, species crosstalk, background subtraction, spatial &
temporal resolution, beam steering, flowrate, resulting in a 12% error bars. Most of these contributions were
studied more in-depth and possible ways to minimize their input were suggested. In general, the model predictions

coincide with experimental results within the error bars. For the major species, all four kinetic mechanisms
predicted similar mole fraction values, the main difference between corresponding profiles of different models
was seen in the position and steepness of the slope, arising from varying estimations of the flame speed.

Fig. 2. Experimental major species
concentrations (points), compared with the [3]
simulation mechanism (solid line).

Fig. 3. Experimental NO mole fraction change
with height as compared with four simulation
mechanisms.

Figure 3 illustrates the results of the NO mole fraction study. The signal-to-noise ratio is 11:1 and the reported
detection limit is 700 ppm. To further improve the quantification process, additional measurements of the NO
Raman cross-section required for data evaluation were performed in a lean methane (CH4) flame doped with NO
mixture. The obtained cross section value was (0.19 ± 0.02) × 10-30 cm2/sr. The results for the temperature
measurements can be seen in Fig. 4. The N2 signal was fitted to a simulated spectrum and validated with the data
from [15]. Additional oven measurements were performed up to 1200 K to test the method accuracy and resulted
in a 12% difference, which is the error bar in the Fig. 4. However, experimental temperatures for the NH3 flame
are close to or exceed the adiabatic value (1968 K) suggesting a tendency to overestimation in the evaluation.

Fig. 4. Experimental flame temperature change with height
as compared with the four simulation mechanisms.

Conclusions
Raman spectroscopy was employed for a study of a laminar premixed lean NH3/air flame with two experimental
setups. The first setup (multipass arrangement at laser wavelength 532 nm) allowed for measurements of NO,
which is present in the product zone on a sub-percent level, illustrating that Raman diagnostics can be employed
to study species of lower concentrations in this flame. Meanwhile, the second setup at 355 nm allowed for the
fluorescence-free measurements and further quantification of the major species across the entire flame. The
margins of error were estimated to be around 12%. The differences between predictions of four kinetic
mechanisms exceed the estimated uncertainty indicating that data can be used for model validation. For NO, the
prediction by the Okafor and Glarborg mechanisms shows best agreement with experimental data.
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Introduction
Assessing the increase in global energy consumption and the rebound of emissions, deploying renewable fuels (efuels, low-carbon fuels) are envisaged to meet the emission targets and energy demand. For the immediate
decarbonization of existing systems running on carbon-based fuels, ammonia (NH3), a carbon-free fuel, is a
prospective candidate. But the combustion shortcomings of ammonia as a direct fuel make it a less feasible
alternative. The use of NH3 blends proves to be more compatible and flexible for application in practical
combustion systems. Valera-Medina et al. reported a detailed review on ammonia encompassing the blends,
fundamentals (engine-relevant parameters), synthesis and applications.
However, fundamental studies on blending NH3 with oxygenated fuels such as methanol (CH3OH) remain scarce.
Earlier, Wang et al. studied ammonia’s laminar burning velocity (LBV) blended with methanol at atmospheric
pressure and unburnt temperature between 298 K and 448 K using the heat flux method. Recently, Li et al. reported
a more robust approach on a rapid compression machine (RCM) at intermediate temperature and elevated
pressure. The study establishes a detailed kinetic model for NH3/CH3OH blend, including an NH3/CH3OH subset
and ignition delay time (IDT) measurement. Notably, a distinct ignition mode with pre-ignition heat release is
analyzed and the model is capable of predicting the ignition behavior with reasonable accuracy.
Despite the recent developments, more work is still essential to further validate the existing models against a wide
range of conditions. It is worth mentioning that the regime for higher temperatures and lower pressure domain is
relatively unexplored. In addition, it is of research interest to understand the behavior of a primary alcohol,
methanol, when blended with ammonia (oxy-combustion conditions, reaction pathways). Also, due to the high
propensity of ammonia to produce NOx, strategies are adopted to monitor the time-history of NO species using a
fixed wavelength laser absorption spectroscopy. Experiments were performed in a shock-tube for NH3/CH3OH
mixture diluted in 70-90% argon at equivalence ratios of 0.5, 1.0, and 2.0, respectively. The IDT measurements
are conducted behind the reflected shock waves over a wide range of temperatures (1100- 2200K) and a lower
pressure regime (near 1- 3 bar). OH- chemiluminescence and a NO tunable diode laser absorption spectroscopy
at a central wavelength of 1915.76 cm-1 are coupled with the shock-tube to measure IDT and NO species
concentration. The experimental data (NO profiles, IDTs) are further validated against the recently available
reaction mechanisms (RMG based mechanism and Glarborg mechanism) understand the detailed chemistry and
performance of the selected mechanisms.

Conclusions
A shock tube experiment with ammonia blended with methanol is successfully out for wide range of ɸ and
temperature at a pressure near 1 bar. The ignition delay times along with the time-resolved laser absorption
spectroscopy for understanding the NOx formation is achieved in this study. However, this work is a work in
progress which need further detailed analysis. To add on ignition delay times have been successfully validated for
different ɸ regime with varying methanol content in the mixture using the in-house developed reaction mechanism
generator (RMG) and Glarborg mechanism. The more details on the observation will be shown in the full-length
manuscript.
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Introduction
Ammonia, mainly produced from the Haber-Bosh process [1], is considered one potential carbon-free fuel for
internal combustion engines, gas turbines, or industrial burners. Ammonia has a high auto-ignition temperature
and research octane number, narrow flammability range, and low laminar flame speed [2] which are unfavorable
combustion properties. However, these properties can be improved by mixing with a more reactive fuel to improve
ignition/combustion properties, as reviewed in Mounaïm-Rousselle and Brequigny [3] and Dimitriou and Javaid
[4]. Hayakawa et al. [5] performed measurements for different initial pressures (0.1, 0.3, and 0.5 MPa) and 0.7 ≤
𝛷 ≤ 1.3, at an initial temperature of 298 K using a constant pressure combustion chamber. Lhuillier et al. [6]
measured NH3/air laminar flame speeds for temperatures ranging from 298 to 473 K, at 1 atm. All results
confirmed the extremely low values, around 8 cm.s-1 at 298 K and 1 bar [14, 15]. Therefore, blending ammonia
with another fuel is one solution to boost its laminar flame speed. Lhuillier et al. [2] confirmed that
ammonia/hydrogen is a suitable fuel for current spark-ignition engines with no design modifications. Other blends
with methane [7,8], syngas [9], or DMM [10] were also explored. Mixtures of ammonia and methanol have
received less attention [1], while the maximum laminar flame speed of methanol is 42 cm.s-1 in identical
conditions. Moreover, methanol is promised to be one of the most important synthetic fuels shortly produced by
H2 electrolysis and CO2 captured or by biomass in gasification processes [11].
The present work aims to provide laminar flame speed data for NH3/methanol blend at different levels of
temperature and pressures as usual in an internal combustion engine. A kinetic analysis is done to investigate the
performances of the kinetic mechanism available compared to experimental data.

Materials and Methods
The constant volume spherical flame method is employed in this study to determine the laminar flame speed of
blends of ammonia and methanol. This method allows the measurement of the laminar flame speed of expanding
spherical flames by using both pressure and flame radius growth. This method relies on the hypothesis of an
isentropic compression of the unburned gases following the ignition: thus, resulting in a simultaneous increase of
both pressure and temperature within the vessel. Therefore, each flame propagation is submitted to pressure, and
temperature simultaneous increase thus giving flame speed values as a function of the couple (P, T). A pressure
transducer records the change in pressure, whereas the temperature change is calculated for each pressure using
Laplace’s law. Flame chemiluminescence visualization was adopted to obtain the radius evolution by means of a
CMOS camera (PHANTOM V1611). Images were captured at an adapted rate of 5 000 fps for ammonia only and
up to 15 000 fps for methanol only due to the laminar flame speed difference. Then, the laminar flame speed is
calculated using the radius and pressure evolution by Equation (1).
𝑑𝑅𝑓 (𝑅0 3 − 𝑅𝑓 3 ) 𝑑𝑃
𝑆𝑢 =
−
(1)
𝑑𝑡
3𝛾𝑢 𝑅𝑓 2 𝑃 𝑑𝑡
Where Rf and Ro are the radius of the flame and the spherical chamber respectively, P, the pressure, and γu, the
heat capacity ratio of the unburnt gases at the corresponding radius Rf.
The initial pressure P0 is set at 1 and 2 bar and the initial temperature T 0 is fixed at 423.15 K for each blend,
enabling to process data up to 650 K and 10 bar (for P 0=2bar). The fuel/air ratio is set at the stoichiometric ratio
with the equation of combustion:
𝑋𝑁𝐻3 𝑁𝐻3 + (1 − 𝑋𝑁𝐻3 )𝐶2 𝐻5 𝑂𝐻 +
With :

3(1 − 0.75𝑋𝑁𝐻3 )
(0.21𝑂2 + 0.79𝑁2 ) = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠
0.21

(1)

𝑋𝑁𝐻3 =

𝑛𝑁𝐻3
𝑛𝐶2𝐻5𝑂𝐻 + 𝑛𝑁𝐻3

Results and Discussions
Figure 1 illustrates the isentropic evolution of the laminar flame speed as a function of (P,T) simultaneously from
an initial unburned condition (T0, P0). The laminar flame speed, y-axis, is plotted for the couples (P,T) with a split
x-axis, on the left: the temperature trace and, on the right: the pressure trace. The simultaneous increase of both
pressure and temperature within the vessel due to the isentropic compression increase the laminar flame speed. A
horizontal line on the y-axis determines (P,T) conditions of the measurement of the laminar flame speed. The
thick traces represent the laminar flame speed including the experimental uncertainty of 5%. The increase of
methanol content in the blend increases proportionally the laminar flame speed. The experimental values of
coefficient of temperature and pressure dependences were also determined. The coefficient of temperature
dependence is equal to 1.9 for ammonia and increases to 2.6 for methanol with a polynomial form. On the contrary,
the coefficient of the pressure dependence decreases from -0.13 for pure ammonia to -0.32 for pure methanol.

Figure 1. Comparison of predicted laminar flame speed with one kinetic mechanism with experimental values
for ammonia/methanol blends; experimental values: Thickened line colored with greyscale and the continuous
line correspond to the laminar flame speed simulated with the mechanism (green for methanol and red for
ammonia) for P0=1 and T0=423.15 K.
The mechanism available for NH3/methanol, CEU-mechanism from Wang et al. [1] is optimized for a blend of
ammonia with hydrogen, methane, methanol, and ethanol and validated with data obtained with the heat flux
method for an initial temperature between 298-448 K at 1 atm. The PREMIX module from the ANSYS
CHEMKIN-PRO package [12] was used for numerical simulations with a 10 cm grid, curvature and gradient
criteria of 0.1 and 0.05 respectively, multicomponent transport, and Soret effect. The kinetic reproduces correctly
the pure ammonia condition and the X75 condition but fails for blends with high content of methanol.

Conclusions
This work proposes new laminar flame speed data for ammonia/methanol blends for 2-6 bars and 500 to 650 K
range by using the isochoric methodology. The results indicate a linear dependency of the laminar flame speed
with ammonia mole fraction. The coefficients of temperature and pressure have been determined. They follow a
polynomial dependence on the ammonia ratio in the blend. The laminar flame speed sensitivity to the temperature
and the pressure is higher for the methanol than pure ammonia. A correlation based on this behaviour is suggested
and a good agreement is found with the isochoric data. The CEU kinetics mechanism agrees well with the
experimental date of this study for a low ratio of methanol (X100 and X75). In future work, improvement of the
kinetics mechanism is still required to better capture the laminar flame speed evolution for any methanol content.
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Introduction
The zero-carbon power technologies have attracted global concerns due to the great environmental impacts of
CO2 emissions. In recent years, ammonia (NH3) is of special interest in the energy and power sector due to the
zero-carbon nature and well-established production, transportation and storage infrastructure of NH3, and has been
tested in internal combustion engines and gas turbines. However, there are two major limiting factors for direct
use of NH3 in practical energy and power devices, i.e. low combustion intensity and high emissions of NO x. Cofiring NH3 with hydrogen (H2) is a feasible way to enhance the combustion intensity and laminar burning velocity
(LBV) of NH3. However, a large amount of nitric oxide (NO) is produced in the flame region of NH3/H2. In order
to develop the co-firing methods of NH3 and H2 with low nitrogen, the interaction between NH3/H2 and NO under
flame conditions needs to thoroughly investigate. To the best of our knowledge, there is no previous study on the
interaction between NH3/H2 and NO.
In this work, LBVs of NH3/H2/NO mixtures were measured at 1 atm, 298 K and ϕ = 0.4-2.2 in a constant-volume
cylindrical combustion vessel. Based on our previous work, a kinetic model for NH3/H2/NO combustion was
developed. Modeling analyses including the sensitivity analysis and rate of production (ROP) analysis were
performed to reveal the key pathways and reactions for the interaction of NH 3/H2 and NO. This provides a new
idea for understanding the interaction mechanism between NH 3/H2 and NO.

Conclusions
The LBVs of NH3/H2/NO mixtures were measured in a high-pressure constant-volume cylindrical combustion
vessel at 298 K, 1 atm and ϕ = 0.4-2.2. The peak LBV position of 50%NH3/50%H2/NO flames is around ϕ = 1.3.
The measured peak LBV value is 49.8 cm/s. Compared to previous models, the present model can reasonably
reproduce the LBV data in this work. Based on the model analyses, its laminar flame propagation is most sensitive
to NO+H=N+OH and NH2+NO=NNH+OH. The measured LBVs using the oxygen-free outwardly propagating
spherical flame method can provide very sensitive validation targets for the kinetics in NH3/H2 and NO interaction.
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Introduction
As an abundant carbon-free fuel that is easier to store and transport than H 2, NH3 can be used as an effective
substitute for fossil fuels. But due to high ignition energy and low reactivity, it is considered for co-combustion
with other hydrocarbon fuels. On the other hand, as a special burner, when the fuel is combusted in the tubular
swirl flame burner, the hot and cold gases are stratified due to the difference in centrifugal force. Besides the good
aerodynamic stability, the flame can also keep the excellent thermal stability with the nearly adiabatic flame
surface. And thus the wall of the burner is well protected and NOx emissions are controlled effectively less. In
this paper, the combustion experiments of NH3/CH4 mixtures were carried out firstly in a well-designed tubular
swirl burner. The flame temperature distribution and the emissions of NO, NO 2, CO and CO2 were detected under
different inlet air velocities, excess air coefficients and NH 3 contents. The experimental results were discussed
and explained by NH3 reaction mechanism.
Keywords: NH3, CH4, NOx emissions, tubular swirl flame

Materials and Methods
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Tab. 1 Parameter table of the experimental conditions
Influencing factors

Parameter range

1

Intake speed

15-39 m/s

2

Excess air coefficient

0.8-1.2

3
Ammonia concentration
5-20%
Fig. 1 Geometric model of the burner
The geometric model of the burner is shown in Fig. 1. The combustion chamber is a cylindrical cavity. When the
burner is in operation, the fuel and oxidant enter the chamber from the tangential slit inlet and spirally flow along
the wall of the combustion chamber toward the central axis to form a stable cylindrical flame in the combustion
chamber. The flame surface is stable at the position where the flame propagation speed and the radial velocity of
the air flow are equal. The unburned gas is outside of the flame surface. Since the outside of the flame is wrapped
by the unburned mixture, the flame cannot contact the burner wall. This effect greatly reduces the heat loss from
the flame to the burner wall and can effectively protect the inner wall of the burner. Compared with traditional
swirling combustion technology, in the tubular flame burner, the centrifugal acceleration generated by the highspeed rotation of the gas in the tube is far greater than the gravity acceleration. Therefore, the turbulent pulsation
caused by the large Reynolds number is greatly suppressed, and a clear layered flame structure can be obtained
[1,2]. The flame front is stably maintained at the position where the velocity of the unburned mixture in the normal
direction is equal to the velocity of flame propagation [3]. An increase in the intake flow rate does not cause the
flame to blow out and can effectively expand the adjustable range of the stable combustion load.
In this study, different intake speeds, excess air coefficients and NH3 concentrations were studied, and the
experimental conditions are shown in Tab. 1.
Quartz glass tube

Front cover

Slit
Copper gasket

Results and Discussions
Following the above analysis of the intake speed, the next experiments were carried out at an inlet speed of 30
m·s-1. Fig. 2 and Fig. 3 show the temperature distributions in the radial direction under different excess air
coefficients, in which NH3 accounts for 5% of the total fuel. Fig. 2 shows the distributions at 15 mm from the
outlet of the reactor and Fig. 3 at 5 mm. In the reactor, the temperatures are distributed in the shape of a saddle in
the radial direction. The temperature reaches the highest value at the flame surface. The heat loss in the center of
the flame is small, so the temperature decreases slightly. But the outside of the flame surface is mainly unburned
gas, and the flame temperature drops rapidly. The temperature near the burner wall is the lowest, indicating that
the unburned mixed gas between the flame surface and the reactor has a good protection effect on the wall.
When the excess air ratio is increased from 0.8 to 1.2, the flame temperature increases, and the temperature of the
inner wall also increases. This is mainly because when the excess air ratio is small, the fuel is not burned

sufficiently, and the flame temperature is low. As the excess air ratio increases, the reaction changes from lean
oxygen combustion to oxygen-enriched combustion, and the flame temperature increases. A comparison of Fig. 2
and Fig. 3 shows that the radial temperatures at 5 mm from the outlet are slightly lower than the radial temperatures
at 15 mm as a whole. This is mainly due to the formation of the recirculation zone at the exit of the tubular burner
when the tubular flame is formed. The heat transmission in the recirculation zone causes an heat loss at the flame
face, and the heat loss is greater in the region closer to the outlet.

Fig. 2 Temperature radial distributions at 15 mm
from the outlet with 5% NH3 content in the fuel

Fig. 3 Temperature radial distributions at 5 mm from
the outlet with 5% NH3 content in the fuel

3.2. Pollutant control

(a). NO

(b). NO2
(c). CO
(d). CO2
Fig. 4 Emissions of NO, NO2, CO and CO2 under different conditions

Fig. 4(a) shows the emissions of NO at different NH3 (5%, 10%, 15%, 20%) concentrations and different excess
air ratios. As the NH3 concentration increases, NO emissions increase obviously. The main reaction paths of
NH3 combustion can explain this increase by reactions (1-6) as follows:
NH3 + OH = NH2 + H2O
(1)
NH3 + H = NH2 + H2
(2)
NH3 + O = NH2 + OH
(3)
NH2 + H = NH + H2
(4)
NH + O = NO + OH
(5)
NH + O2 = NO + OH
(6)
As the concentration of NH3 increases, reactions (1-4) are enhanced [4,5], and more NH is produced. NH is
oxidized to form NO by reactions (5, 6) [6].
Additionally, when the NH3 content is constant, as the excess air coefficient increases from 0.8 to 1.2, the amount
of NO emissions first decreases and then increases. This is mainly because NO can also be reduced by NH or NH2
via reactions (7, 8) as follows:
NO + NH2 = N2 + H2O
(7)
NO + NH = N2 + OH
(8)
The final NO concentration is determined by the competing reactions (5, 6) and (7, 8) [7,8], which play dominant
roles in the selective noncatalytic reduction (SNCR) process. The temperature window for NO reduction by NH 3
in SNCR is 1023-1373 K. When the reaction temperature is relatively low (approximately 1023 K), reactions (7,
8) are strengthened as the temperature increases, and the concentration of NO decreases. Analyzing Fig. 2 shows
that when the excess air coefficient is 0.8-1.0, the reaction gas’ temperatures at the flame surface are within the
range of the SNCR temperature window. Therefore, as the excess air coefficient increases, the temperature of the
gas increases and the amount of NO emissions decreases. When the excess air coefficient is 1.1-1.2, the
temperature of the gas at the flame surface exceeds the range of the SNCR temperature window. So as the excess
air coefficient increases, the amount of NO emissions increases. In addition, more NO is oxidized, so the amount
of NO2 emissions also increases, as shown in Fig. 4(b). Additionally, it can be concluded from the above NO and
NO2 results that at the same NH3 concentration, compared with other combustion equipment [9-12], due to good

aerodynamic and thermal stability, the temperature distribution is more uniform, and there is no local overheating
area, resulting in the tubular swirl flame burner producing less NOx.
Fig. 4(c) shows the CO emissions for different NH3 concentrations in the fuel and different excess air ratios. When
the concentration of NH3 is increased, the CO emissions greatly increase. The main reason for the increase in CO
emissions is that an increase in the concentration of NH 3 may consume free radicals H and OH via reactions (1,
2, 4). The reaction of CO with OH is the main route of CO consumption as follows:
H + O2 = O + OH
(9)
CO + OH = H + CO2
(10)
A decrease in the concentration of H will cause a decrease in OH via the branching reaction (9). Then, the total
amount of OH is reduced, which will inhibit the propagation reaction (10). Therefore, the concentration of CO
will increase. Additionally, as the excess air coefficient increases from 0.8 to 1.2, the CO concentration decreases
significantly. This mainly occurs because the temperature of the reaction gas increases when the excess air
coefficient increases. When the temperature is increased, reactions (1-9) will be enhanced, and a large amount of
OH will be generated. Because reaction (5) may play the most important role in CO oxidation, the CO emissions
decrease.

Conclusions
In this paper, the design of a tubular swirl flame burner was first performed. Then, combustion experiments of
NH3/CH4 mixtures were carried out in the burner. The flame temperature distribution and the emissions of NO,
NO2, CO and CO2 were explored under different intake air speeds, excess air coefficients, and NH3 contents. The
following conclusions can be obtained:
1. In the reactor, the temperatures are distributed in a saddle shape in the radial direction. When the excess air
ratio is increased, the flame temperature increases. However, the temperatures are lower in the region closer to
the reactor exit. This is mainly because the heat exchange in the recirculation zone at the burner exit causes heat
loss, and the heat loss is greater in the region closer to the outlet.
2. As the NH3 concentration increases, NO and NO2 emissions increase obviously. This effect occurs because
more NH is produced and oxidized to form NO. As the excess air coefficient increases, NO emissions first
decrease and then increase. The reason for the decrease in NO emissions is that NO can be reduced by NH or NH2
through the SNCR process. Due to good aerodynamic and thermal stability, NOx emissions are effectively
controlled in this burner.
3. When the NH3 concentration increases, CO emissions greatly increase. The main reason for this increase is that
NH3 consumes free radicals H and OH, which inhibit CO oxidation. Therefore, the CO 2 emissions decrease. As
the excess air coefficient increases, the temperature increases, and CO emissions decrease because reaction (20)
is enhanced.
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CF23 - Flame characteristics study of preheated ammonia
combustion
Abstract Ammonia (NH3) is an ideal fuel to achieve decarbonisation for energy production and industrial
combustion, whilst problems of low flammability and high nitrogen oxides (NOx) emissions in combustion exist.
In this study, the special combustion characteristics of fuel preheated flame were investigated. The flame images
were captured and the distribution of the flame temperature was reconstructed by experiment. The temperature
field in the longitudinal profile at the centre of the flame was divided into 11 temperature areas. The chemical
reaction network (CRN) with 10 perfectly stirred reactors (PSR) was constructed based on the temperature field
reconstructed by experiment. Experimental results suggested that differently coloured areas appeared upstream of
the pure NH3 flame and the high-temperature region was widely distributed in the temperature field. CRN
simulation results showed that the formation of special flame characteristics was associated with the generation
of large amounts of hydrogen (H2) and water (H2O).
Keywords: ammonia combustion, flame characteristics, chemical reaction network
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Introduction
The development and utilisation of clean fuels to decarbonise energy production and industrial combustion for
achieving the goal of reducing greenhouse gas emissions have become important research tasks in the world in
recent years. NH3 is an excellent H2 carrier and carbon-free fuel, and it has important advantages and great
potential to be applied to energy and power systems [1-4]. Although NH3 has great advantages in terms of
production and transport and combustion emissions, low flammability and high NOx emissions still need to be
resolved in practical industrial applications [5, 6-8].
Researchers have done a lot of work to solve the problems in ammonia combustion. Numerous studies have
shown that the combustion stability and the flammability of NH 3 can be improved by blending highly flammable
fuels [9-11], preheating air or NH3 [12-14], premixing and cyclone combustion [12,14,15]. The fuel-rich, highpressure combustion, preheating air or NH3 and the addition of H2O to the reactants are used to reduce the high
NOx emissions of NH3 combustion [12,13,16-18]. The study of the NH3 reaction mechanism plays an important
role in revealing the combustion and emission characteristics of NH 3. On the basis of the mechanisms of Miller
[19] and GRI3.0 [20], NH3 oxidation mechanisms for multi-fuel blending and complex combustion conditions
have been developed. In recent years, CRN has been applied to the simulation of NH3 combustion reaction kinetics
under complex combustion conditions [21].
The current study proposed a method to construct CRN by using the flame of NH3 jet combustion as a constant
temperature burner to conduct a reaction kinetic study on the combustion characteristics of preheated NH 3.
Deflection tomography technology was applied to reconstruct the flame temperature field for constructing the
CRN. The chemical reactions in different flame areas were analysed to investigate the cause of flame colour
change.
Methods
The experimental system consists of a combustion system and temperature measurement system [13,22]. The
chemical reaction network is composed of multiple PSR and the plunger flow reactor (PFR). CRN can predict
NOx emissions and perform chemical reaction kinetic analysis. The results of the CRN simulations are judged to
have converged provided that the difference between the results of two consecutive temperature iterations for all
reactors is 1% [23].
Results and Discussions
The flame colour of NH3 preheated at 713 K is significantly different from that of pure NH 3 burning at ambient
temperature [24]. The distinct blue [RGB (44, 91, 181)] area appears at the nozzle, and purplish-red [RGB (117,
105, 119)] appears upstream of the flame adjacent to the blue [RGB (44, 91, 181)] area. The yellow [RGB (234,
184, 113)] area appears downstream in the flame and a light-blue [RGB (44, 55, 70)] ‘shell’ appears in the
peripheral area of the flame, as shown in Fig.1. The temperature of the flame displays a distribution of high
temperatures in the middle of the flame and low temperatures upstream and downstream of the flame, as shown
in Fig. 2(a). The temperature field of the flame is divided into 11 regions according to flame temperature regions
with similar temperatures, as shown in Fig. 2(b).

Fig. 1 Comparison of flames with different flow rates
at initial temperature of 713 K: (a) 200 ml/min; (b)
250 ml/min; (c) 300 ml/min; (d) 350 ml/min.

(a)

(b)

Fig. 2 Longitudinal profiles of the temperature fields
reconstructed by deflection tomography for NH3 preheating
temperature of 713 K with a flow rate of 250 ml/min: (a)
comparison of flame and temperature field; (b) divided
temperature field.

The CRN was constructed using Chemkin-Pro based on the temperature field reconstructed by experiment. The
serial number of the PSR in Fig. 3 corresponds to the serial number of the divided flame area in Fig. 2(b). The
CRN simulation condition was the same as that of the experimental flow rate of 250 mL/min condition. The CRN
reaction kinetic was analysed using the Konnov [25] mechanism with high accuracy in NOx emission prediction.

Fig. 3 CRN of NH3 jet flame at the preheating temperature of 713 K
Fig. 3 shows the distributions of reactants and products in the axial region. The mole fraction of H2 and H2O is
high in PSR2 and PSR3. The visible light studies of H2 combustion show that the flame colour of H2 combustion
should be colourless whilst the presence of large amounts of H2O causes a purplish-red colour in the H2 flame
[26,27]. The mole fractions of H2 and H2O are extremely high at PSR2 and PSR3, and the oxidation of H 2 in the
H2O-rich environment causes a purplish-red [RGB (117, 105, 119)] colour in the flame in Fig. 2. The appearance
of blue colour in the flame is associated with OH* chemiluminescence, and the reaction OH + OH = H 2O2 + hv
results in blue light from the H2-containing flame [26]. Fig. 5 shows the distributions of the H2O2 mole fraction
in different regions. The mole fraction of H2O2 in each region corresponds exactly to the light-blue [RGB (44, 55,
70)] colour region of the flame of Fig. 2.

Fig. 4 The distributions of reactants and products
in the axial region.

Fig. 5 Distributions of H2O2 mole fraction in
different regions.

Conclusions
The experimental indicate that the flame upstream had blue and purplish-red colours and a light-blue ‘shell’
occurred on the outside of the flame in a pure NH 3 flame. The high-temperature region occupied the largest area
of the flame temperature distribution. CRN simulation results showed that preheated NH3 combustion produces
large amounts of H2. The appearance of the special combustion characteristics of preheated NH3 flame is related
to the production of large amounts of H2 and H2O from the combustion of preheated NH3
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Introduction
The application of Ammonia (NH3) combustion in the industrial field has made substantial progress, with
successful demonstrations in both gas turbines [1, 2] internal combustion engines [3, 4] at high temperature and
pressure. However, there remains several practical challenges, notably control of NO x emissions and combustion
stability. To improve NH3’s combustion properties, blending NH3 with Hydrogen (H2) and/or Methane (CH4)
has been proposed, reviewed in [5, 6]. Studies remain limited, as such there seems to be a practical necessity to
develop and strengthen an understanding of fundamental combustion characteristics of multi-fuel blends
containing NH3 ultimately leading to the development of combustors offering greater flame stability and
reduced pollutant emissions. Hence, an outwardly propagating spherical flame was employed to measure the
laminar burning velocity of pure CH4, H2, and NH3, alongside precisely mixed blends of NH3/H2, NH3/CH4 and
NH3/H2/CH4, and NH3/CH4/H2. Blend selection was achieved using an augmented simplex lattice mixture
design. The aim of the work was thus to validate a novel design of experiment approach, with experimental
results compared to regression models derived from a response surface methodology (RSM) [7] as well as
various reaction model mechanisms for binary and tertiary NH 3/H2/CH4 mixtures. An initial Schéffe special
cubic regression model did not yield comprehensive agreement with experimental laminar flame speed results,
particularly for blends containing highest H2 content. This was potentially due to the exponential increase of
laminar flame speed with increasing H2 vol. %. Addition of extra terms to the model was conducted, resulting in
better agreement with the experimental results. Furthermore, several tertiary blends investigated exhibited both
ostensibly similar laminar burning velocities and stretch-related behaviour to that of pure methane, which can
potentially be deemed promising from a retro-fitting perspective particularly for gas turbine applications.

Materials and Methods
Laminar flame speed measurements were performed using a constant-volume spherical vessel. Details of the
apparatus and post-processing techniques can be found in [8],
CH4
updated for NH3 specifications in [9]. Measurements for the
1
mixtures were performed at initial conditions of 298 K (± 3K)
and 0.1 MPa (± 1x10-3 MPa) at three difference equivalence
ratios (Φ = 0.8, 1.0 ,1.2). Due to flame motion and its intrinsic
8
curvature, the outwardly propagating flame is subjected to a
temporal change of the flame surface element, known as
5
4
stretch at a given rate. For this work, unstretched flames
speeds were extrapolated employing the recommendations of
10
Chen [10]. The adiabatic expansion ratio at constant pressure
7
9
(defined as σ = ρb/ ρu, where ρu and ρb are the unburnt and
burnt gas densities, respectively), was accounted in order to
3
2
6
obtain representative values of laminar flame speed. Design
of experiment (DoE) was achieved using an augmented
Figure 3 Simplex centroid mixture design of
simplex centroid to study the effect of 3 components namely
experiment. Red circles represent investigated
NH3, H2 and CH4 on laminar flame speed. In this work,
experimental points
simplex centroid lattice design (for p=3 components)
comprises experimental runs defined by the coordinate
settings as shown in Figure 3. Runs no. 1, 2 and 3 represent experiments of pure CH4, H2 and NH3, respectively.
Runs no. 4, 5 and 6 represent binary blends experiments of 50/50 vol% namely NH3/CH4, CH4/H2 and NH3/H2,
respectively. Runs no. 7, 8 and 9 represent tertiary blends experiments of 66.67-16.67-16.7 vol% of
NH3/CH4/H2; CH4/NH3/H2 and H2/NH3/CH4, respectively. The central point no. 10 represents the tertiary blend
experiment of 33.33/33.33/33.33 vol.% of CH4/NH3/H2. Each experiment has been repeated at least 5 times.

Results and Discussions
Response surface methodology (RSM) was developed by Box and Wilson [11] and describes mathematically
the relation between operating factors of a process and one or more responses variables. RSM can be applied to
fuel mixture design for internal combustion engines. Initially, special cubic Scheffé polynomial [12] was applied
to describe the model over the entire mixture domain (Eq. 1). Since the higher H2 vol. % in the mixture led to an
exponential increase of the laminar flame speed, the domain was divided into 2 sub-domains based on the H2
vol.% namely [0-50] and [50-100] and two special cubic Scheffé polynomials applied.
𝑓(𝑥1 , 𝑥2 , 𝑥3 ) = 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝛽12 𝑥1 𝑥2 + 𝛽13 𝑥1 𝑥3 + 𝛽23 𝑥2 𝑥3 + 𝛽123 𝑥1 𝑥2 𝑥3

Eq. 1

The response surface of laminar flame speed results for all investigated mixtures and conditions are illustrated in
Figure 4. For the binary blends, a linear and exponential increase in flame speed was measured upon CH4 and
H2, addition to NH3, respectively, in good agreement with literature, for all tested Φ. These trends are well
captured by various reaction mechanisms, with the best agreement displayed with Stagni [13] and Okafor [14]
for H2 and CH4, respectively. The regression model was able to well capture changes in flame speed due to CH 4
addition, less so for H2.
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Figure 4 Ternary contour plot of laminar flame speed of all experimental conditions evaluated at Φ =0.8, 1.0 and 1.2

The addition of extra terms to better capture the influence of H 2 was required, with the modified model
exhibiting very good agreement with the experimental data, see Fig. 3. With respect to stretch behaviour, a
linear and non-linear behaviour was observed for CH4 and H2, addition to NH3, respectively. For the tertiary
blends, a NH3/H2/CH4 (33.33/33.33/33.33 vol.%) blend exhibited nominally identical laminar flame speeds and
stretch-related behaviour (Markstein Length) to that of pure CH4.

Figure 5 Experimental laminar flame speed of binary mixtures compared to results of Stagni, Gotoma and present work

Conclusions
The laminar flame speed of NH3/H2/CH4 mixture experiments were designed via augmented simplex centroid
lattice and response surface methodology and experiments were carried out in a constant-volume spherical
vessel. A mathematical regression model was derived and showed a fine agreement with the experimental
results and reaction mechanisms results. The derived model can be used to predict the flame speed at any
desired mixture composition of NH3/H2/CH4 which can be used for several application such as coupling with

CFD models, primary stage of designing IC engines and/or designing a fuel mixture to meet specific
requirement for a retrofitted engine.
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Introduction
Hydrogen is considered to be a prospective carbon-free fuel and its potential application can help to achieve zeroemission target. However, due to its specific properties such as wide flammability limits and high burning velocity
of hydrogen/air flames practical utilization as well as the storage and distribution of hydrogen inevitably faces the
problems associated with fire- and explosion safety. One possible solution is to use chemical carries of hydrogen,
for example, ammonia [1]. Ammonia has a well-established infrastructure of its production and distribution with
many years of experience. However, ammonia has high ignition energy compared to hydrocarbons and
ammonia/air flames show low burning velocity, which make pure ammonia unsuitable for practical application.
To improve ammonia combustion properties hydrogen can be added. Moreover, hydrogen can be produced from
ammonia using catalysts. The works on ammonia/hydrogen blends combustion and oxidation are discussed within
the present review. The effect of hydrogen addition on laminar burning velocity of ammonia flames was studied
in several works [2-7]. It was shown that hydrogen addition results into the noticeable increase of the burning
velocity of ammonia flames and this effect in nonlinear. The works [8-10] revealed that hydrogen addition to
ammonia decreases the value of ignition delay time as well as the autoignition temperature. The effect of hydrogen
addition on the processes of ammonia oxidation was examined in the jet-stirred flow reactor [11] and in the jetstirred reactors [12,13]. In general, hydrogen presence in the fuel blend resulted into the shift of the onset
temperature of the intensive ammonia oxidation towards the lower temperature region. The experimental data on
flame structure of ammonia/hydrogen flames are reported in two papers [14,15]. However, in the work [14]
experiments were performed at subatmospheric pressure. According to this work, hydrogen presence does not
result into a change of combustion products. Experimental results on the flame structure at atmospheric pressure
are presented in the paper [15]. Based on this data it was shown that rich conditions are more effective in terms
of NOx concentration reduction. Potential ammonia application requires reliable chemical-kinetic mechanisms,
which are able to predict combustion parameters with an acceptable accuracy in wide range of conditions. The
reactions of ammonia and its radicals were determined in the work [16]. This mechanism showed good agreement
with the low-pressure experimental data [17]. The mechanism from the work [18] was also tested against
experimental results obtained at low pressures. The pressure effect was considered in the mechanism developed
in the paper [19]. This mechanism was validated on the high-pressure experiments. The authors of the work [20]
also developed the chemical-kinetic mechanism of ammonia oxidation. For model validation, experimental data
for free- and burner-stabilized flames, as well as for shock tubes, flow reactors and jet-stirred reactors were used.
The authors of the paper [21] refined the rate constants of the reactions involving important nitrogen-containing
species. The detailed mechanism of ammonia combustion was developed in the work [22] and was tested against
low-pressure data on flame structure. Mechanisms of ammonia combustion and oxidation are also presented in
the papers [23-25], This models were validated mainly on the experiments on flame structure at atmospheric
pressure. The work [12] also presents the detailed chemical-kinetic mechanism on ammonia oxidation and
combustion. The experimental data on laminar flame speed, oxidation in flow and jet-stirred reactors, shock tubes,
and burner-stabilized flames were used for the mechanism validation.
The above review indicates that currently there are no available data on the chemical structure of premixed
NH3/H2/O2 flames at high pressures, which are important for comprehensive mechanisms validation. Therefore,
the aim of the present work was to obtain new experimental data in the flame structure of NH3/H2/O2/Ar flames
at 4 and 6 atm and to examine the effect of equivalence ratio and pressure on NOx formation.

Materials and Methods
Flame structure of NH3/H2/O2/Ar flames (ϕ=0.8, 1.0 and 1.2, NH3/H2=1/1, Ar≈0.7) was measured with molecular
beam mass- spectrometric setup with soft electron impact ionization. The detailed description of the experimental
procedure is given in the works [25-28]. Flames were stabilized on the flat Botha-Spalding type burner [29]. In
the present experiments the burner temperature was 368K. For high-pressure experiments, the burner was placed
at the special high-pressure chamber. Nitrogen was used to maintain the pressure inside the chamber. Mass flow

controllers (Bronkhorst) were used to set the gas flows. Flames were sampled with a conical quartz probe. In this
work the concentration profiles of H2, NH3, O2, N2, H2O, NO, N2O, NO2, Н, ОН, О, NH2 were measured.
Temperature profiles were measured with thin (30 µm in diameter) S-type thermocouples (Pt/Pt + 10%Rh) coated
with SiO2. To consider the effect of the probe presence experimentally measured temperature profiles were used
as an input data for numerical simulations.
For numerical simulations code PREMIX from CHEMKIN package was used. Four published detailed chemicalkinetic mechanisms were applied. Further they will be denoted as Model 1 [20], Model 2 [30], Model 3 [22,25]
and Model 4 [12], respectively.

Results and Discussions
In the case of 4 atm experimental and numerical data for NH3, H2, O2, N2 and H2O show the agreement within the
experimental uncertainty. Moreover, all the mechanism used in this work agree well with each other. For radicals
acceptable qualitative agreement of experimental and numerical data is observed. For NO the agreement between
experiments and modeling is acceptable, however, there is some scatter of numerical data for NO concentration
in the post-flame zone. As for peak NO concentration there is also some scatter in numerical values. In the case
of N2O all mechanisms adequately predict the profiles’ shape as well as the position of N 2O maximum
concentration. However, for N2O there are larger discrepancies between experimental and numerical data and
larger scatter for modeling values of N2O peak concentration. For NO2 the same trend is observed: all the models
adequately reproduce the shape of mole fraction profile and the position of NO 2 maximum concentration.
However, there are also larger quantitative discrepancies as well as larger scatter for modeling values of NO2 peak
mole fraction. The best agreement of experimental and numerical data was achieved using Model 4. In the case
of 6 atm there is the same trend of agreement between experimental and modeling results as well as for the
mechanisms applied.
Since ammonia molecule has fuel-nitrogen, which is an additional source of NOx formation, potential ammonia
application inevitably faces the problems associated with the search of optimal combustion regime providing
lower NOx emissions. Therefore, in this work the analysis of the fuel blend composition (equivalence ratio) and
conditions (pressure) on the NO concentration in the post-flame zone as well as on the peak NO, N2O and NO2
concentrations was performed. According to the experimental and numerical data obtained in the present work
the increase of equivalence ratio results into the reduction of NO concentration in the post-flame zone and peak
concentrations of NO, N2O and NO2. As for the pressure effect, NO concentration (both peak and in the postflame zone) shows the same trend as in the case of the equivalence ratio. The same is observed for N 2O. In the
case of NO2, the pressure increase, in contrast, results into the increase of NO 2 peak concentration. However, the
absolute value of NO2 maximum concentration is relatively low; thus, it is not expected to play a significant role
in the determination of the optimal combustion mode.
All the mechanisms adequately reproduce the dependence of NO concentration vs equivalence ratio and pressure.
For N2O there are larger discrepancies. The largest discrepancies are observed for NO 2. Thus, the pathways of
N2O and NO2 from NH3 were analyzed. This species form via NO, meanwhile, N 2O formation takes not more
than 30% of NO and NO2 formation – not more than 5%. The series of test simulations with the modified Model
4 was performed. In the modified Model 4 rate constants of the main reactions responsible for N 2O and NO2
formation were changed according to the recommended limits [31]. For N2O mechanism modification resulted
into the better agreement of experiment and modeling. However, rate constants of reactions involving NO 2 require
further refinement.

Conclusions
1) New experimental data on the flame structure of ammonia/hydrogen/oxygen/argon flames at 4 and 6 atm
were obtained. Model 4 showed the best agreement with the experiments.
2) The effect of equivalence ratio and pressure values on NOx concertation was studied. The transition to
rich conditions enables to reduce NO concentration in the post-flame zone and NO, N2O and NO2 peak
concentrations. The pressure increase has the same effect on NO and N 2O, however, pressure increase
also increases the peak concentration of NO2.
3) Numerical analysis showed that N2O and NO2 form from NH3 via NO.
4) The numerical analysis indicated that NO2 chemistry set needs further refinement.
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