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Introduction
Ammonia (NH3) has emerged as a promising carbon-free fuel for future energy systems. For it to be considered
as a potential candidate for gas turbine engines, a good understanding of the response of ammonia flames to
acoustic perturbations is needed. A literature review, reveals that although there have been plenty of studies
performed on the estimation of flame transfer functions (FTF) for hydrocarbon-based fuels, there has been no
attempt till date to estimate the FTF of ammonia-based fuels. To address this lacuna, the present study focuses on
determining the FTF of perfectly premixed NH3-air swirl-stabilized turbulent flames at atmospheric pressure.

Conclusions
•
•
•

The effect of swirl number on the flame structure was investigated.
Premixed ammonia flames were not very sensitive to acoustic perturbations of the flow.
Further investigation is needed to explain this result.
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Introduction
There are many reasons that provide an incentive for a transition to a low-carbon economy: pollutant emissions,
climate change, depletion of fossil fuels, and increase in security of energy supply or in energy efficiency, among
others [1]. Ammonia is a carbon-free fuel that can be suitable alternative for stationary power, transportation, and
energy storage applications [2]. However, this fuel may emit nitrogen oxides and has low combustion and
radiation intensity [3,4]. Hence, the use of additives that enhance combustion such as H2, CO or carbon-based
fuels such as CH4 have been encouraged. In the present work, impact of stoichiometry in the conversion of
NH3/CO mixtures, both in the absence and presence of NO are studied. Experimental literature results and novel
experiments are simulated with a chemical kinetic model in order to interpret the experimental observations.

Materials and Methods
Literature experiments on both the NH3/CO system from the works of Wargadalam et al. [5] and Kasaoka et al.
[6], and the NH3/CO/NO system from Alzueta et al. [7], and Suhlmann and Rotzoll [8] have been considered in
the present work. Additionally, novel experiments have been performed in a flow reactor experimental installation
that has been used with success in a number of works dealing with ammonia conversion under combustion
conditions [e.g. 9,10]. Experiments are carried out at atmospheric pressure. Reactants (approximately 1000 ppm
NH3, 1000 ppm CO, 0 or 1000 ppm NO and O2, variable as a function of stoichiometry) are diluted in argon and
fed to a quartz tubular flow reactor through mass flow controllers. Then, they are mixed at the entrance to the
tubular reaction zone (20 cm length and 0.87 cm inside diameter) which is heated up electrically from 850 K to
1475 K. Finally, outlet gases are analyzed using a gas chromatograph and continuous analyzers. Table 1 shows
the conditions of the experiments specifically made in the present work.
Results are simulated in terms of a detailed chemical kinetic mechanism, based on the kinetic mechanism by
Glarborg et al. [3], drawing on more recent work on amine chemistry by Stagni et al. [11] and by the authors [1218] Simulations are made using the software Ansys Chemkin Pro [19].

Results and Discussions
Figures 1 and 2 show selected comparisons between experimental results and modeling predictions, with CO as
additive. During its oxidation, ammonia is converted to the amino radical (NH2) by reaction with the radical pool.
The fate of the NH2 radical controls the ignition delay and the oxidation rate. The combustion properties of
ammonia can be explained in terms of the low reactivity of the amino radical towards O2. At high temperatures,
NH2 reacts mainly with the O/H radical pool, either through the sequence NH2+OH/H→ NH+OH/H→ N, or the
NHi radicals may react with O, OH, or O2, forming eventually NO.
Once NO is formed, the production of chain carriers is typically controlled by the fast NH 2 + NO reaction, with
NH2 + O2 being too slow to play a role. The NH2 + NO reaction has two product channels,
NH2 + NO → NNH + OH
NH2 + NO → N2 + H2O

(R1a)
(R1b)

Reaction R1a is chain branching while reaction R1b is chain terminating. The radical pool is thus very sensitive
to the branching fraction for the reaction, defined as α = k1a/(k1a + k1b). Our knowledge of the interaction of
ammonia oxidation with nitrogen oxides comes from work on selective, non-catalytic reduction of NO using NH3.
Characteristic of the process is that nitric oxide removal is possible only in a narrow temperature range centered
at 1250 K and only in the presence of oxygen [3]. At temperatures above 1400 K, reactions of NH2 with the radical
pool becomes dominating and NH3 is oxidized to NO rather than to N2.
Presence of combustibles such CO shifts the window for NO removal towards lower temperatures by replenishing
the radical pool. Furthermore, it leads to a narrowing of the process window, because the enhanced radical levels

cause oxidation of NH3 to NO to compete more efficiently with the NO removal reactions. The shift in onset
temperature as well as the narrowing of the temperature window are captured quite well by the model.
The key reactions in the reaction mechanism are identified and the ability of the kinetic model to describe the
impact CO on the NH3/NO/O2 chemistry is discussed.
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Figure 1. NH3 concentrations as a function of
temperature for different inlet CO concentrations.
300 NH3 300 NO. 4 % O2, 4,5 % H2O, balance N2.

Figure 2. NO concentrations as a function of
temperature for different inlet CO concentrations.
Same conditions as Figure 1.

Figures 3 and 4 shown the results of NH3 conversion as a function of temperature in the absence and presence of
NO. In all cases, except for λ = 0, the NH3 is completely consumed. It is observed that increasing stoichiometry
shifts conversion to lower temperatures. The presence of NO produces more sharp ammonia conversion profiles,
Figure 4, as found both experimentally and through simulations. The reason for that is that the presence of NO
increases significantly the radical pool, and boosts the conversion of ammonia, which is also seen to occur at
lower temperatures compared to the results in the absence of NO. Additionally to the results shown in Figures 3
and 4, formation of other products such as CO2, N2O and NO2 has been evaluated.
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Figure 4. NH3 concentrations as a function of
temperature for different stoichiometries in the
presence of ~1000 ppm NO. Rest of conditions same
as in Figure 3.

Conclusions
Literature data for very lean conditions are supplemented in the present work with novel flow reactor data on CO/NH3
and CO/NH3/NO oxidation at comparatively low O2 levels, varying temperature (850-1475 K), reactant level (2008000 ppm CO), and excess air ratio (0.34- 5.6). The agreement between prediction and experiment is good, except at
reducing conditions in the absence of NO where reaction is underpredicted. Both the presence of increasing amounts
of CO or the presence of NO act to shift the conversion of ammonia to lower temperatures, because of their effect on
the radical pool composition.
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Introduction
The global energy demand will continue growing in the next years and fossil fuels are today the major source
of energy. At the same time, global warming motivates the use of carbon-free fuels. These facts make ammonia (NH3)
an interesting free-carbon fuel. Other reasons to use NH3 are that it can be burn directly [1] producing nitrogen and
water, but NOx can also be produced from NH3 oxidation which would be a disadvantage [2]. Furthermore, its mixtures
with methane (CH4) may be of interest, both to facilitate the transition to a lower or free-carbon economy and to
enhance ammonia combustion [3]. It is also postulated that NH3-CH4 mixtures emit less NOx than NH3-air mixtures
[4].
The present work pursues extending the knowledge of high-pressure oxidation of NH3 mixtures with CH4 and
the development of a detailed reaction kinetic model mechanism in order to describe the conversion of ammonia, its
mixtures and to understand NOx and N2O formation.
A detailed kinetic model [5] has been used for simulation of the present experimental results.

Materials and Methods
The experiments have been carried out using 1000 ppm of NH3 and mixtures of 1000 ppm of NH3 with 500,
1000 and 2000 ppm of CH4 respectively and with an oxygen excess ratio (lambda, ) from 1 to 3, experimental
conditions are summarized in Table 1. Pressure varies from 20 to 40 bar and temperature from 300 to 1173 K. The
last parameters affect the resident time whose increase is directly proportional to pressure and inversely proportional
to temperature.
Conversion of reactants and products during the combustion of NH3 is studied under well-controlled laboratory-scale
conditions at high pressure. The laboratory setup, which has been used in success in previous works [e.g., 6], is
schematized in detail in Fig. 1. The present work is performed considering the effect of the main variables: oxygen
excess ratio (stoichiometric, =1, and oxidizing, =3, conditions), pressure (20 and 40 bar) and temperature (from 300
to 1175 K), with an ammonia diluted concentration (nominal concentration of 1000 ppm) and an ammonia-methane
mixture (nominal methane concentrations of 500, 1000 and 2000 ppm). The oxygen excess ratio () was defined on
the basis of the NH3 oxidation reaction to N2 (4NH3 + 3O2 → 2N2 + 6H2O) and the CH4 oxidation reaction to CO2
(CH4 + 2O2 → CO2 + 2H2O) according to equation (1):
𝜆=

[𝑂2 ]𝑓𝑒𝑒𝑑
0.75 · [𝑁𝐻3 ] + 2 · [𝐶𝐻4 ]

Equation (1)

The reactant gases are fed from gas cylinders (provider: Air Liquide, Praxair or Messer) and premixed before entering
the quartz flow reactor (153.8 cm long, inner diameter of 6 mm), which is placed inside a 3 zone electrically heated
oven, allowing an isothermal zone inside the tube of approximately 35 cm, which was extracted from the experimental
made temperature profiles. The temperature profiles along the reactor were determined using a thermocouple
positioned in the space between the quartz tube and the steel shell used to keep the pressure constant. The temperature
measurement was taken every 5 cm in the central zone and every 10 cm at the end of the tube.
The flow rate is 1 L(STP)/min, which gives a temperature and pressure dependent gas residence time in the isothermal
reaction zone as described in equation (2).

𝑡𝑟 (𝑠) = 231.6 ·

𝑃 (𝑏𝑎𝑟)
𝑇 (𝐾)

Equation (2)

In the experiments, concentrations of NH3, N2, H2, O2, NO, NO2 and N2O are analysed and quantified with a gas
micro-chromatograph (Agilent Technologies) and an NH3/NO/NO2/N2O continuous analyser (ABB, model: Advance
Optima AO2020). Estimated uncertainty of the measurements within ± 5 %, but not less than 5 ppm for the continuous
analysers and 10 ppm for the gas micro-chromatograph. Mixtures are diluted in argon because this allows to analyse
the formation of N2.

Figure 1. Laboratory-scale high pressure setup.
Table 1. Matrix of experimental conditions. All experiments are performed at 300-1275 K temperature interval with
a total flow rate of 1 L(STP)/min and using Ar as bath gas. The resident time is defined by equation 2.
Set
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

NH3 (ppm)
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

CH4 (ppm)
0
0
0
0
500
500
500
500
1000
1000
1000
1000
2000
2000
2000
2000

O2 (ppm)
750
750
2250
2250
1750
1750
5250
5250
2750
2750
8250
8250
4750
4750
14250
14250

P (bar)
20
40
20
40
20
40
20
40
20
40
20
40
20
40
20
40



T (K)

1
300 – 1273 K
3
1
3
1
300 – 1173 K
3
1
3

Results and Discussions
Experimental results show that the onset of NH3 oxidation reaction is shifted to lower temperature when NH 3
is mixed with CH4. As an example, at 20 bar of pressure and λ=1, the temperature at which 5% of NH3 is consumed
is about 150, 270 and 320 K lower for 500, 1000 and 2000 ppm of CH4 respectively than during combustion of pure
NH3. In the same way, the temperature at which NH3 is consumed is lower in the mixtures than during conversion of
net NH3. On the other hand, increasing the concentration of CH4 from 500 ppm to 1000 ppm, in the mixtures shifts
the start of the combustion reaction to lower temperature, while increasing it from 1000 ppm to 2000 ppm does not
produce any additional change.

The results show that the higher the oxygen excess ratio, the more NH3 conversion is obtained at high
temperatures for a given pressure. Similarly, for the same oxygen excess ratio and a given temperature, higher
conversions have been obtained by increasing the pressure.
Regarding emissions of NH3 combustion, only NH3 and N2 were detected in appreciable amounts at the outlet
of the reactor, while the different nitrogen oxides, i.e., NO, NO2 and N2O, formed show concentration below 5 ppm
in any case and are not shown because they are around the uncertainty of the measurement equipment. Only N2O is
produced in significant quantities for NH3/CH4 mixtures. Also, significant amounts of CO and CO2 are found in the
combustion of NH3/CH4 mixtures.
The model used for simulations provide a reasonably good prediction of the experimental results.

Conclusions
The results in this experimental and simulation study can be summarised as follows:
1.

The main nitrogen containing product formed in pure NH3 oxidation reaction is N2, no significant amounts of
N2O were formed while this specie it produced in significant amount in NH3/CH4 mixtures combustion in addition
to CO and CO2.

2.

At λ=1 and 3, NH3 oxidation reaction starts at lower temperatures in the ammonia/methane mixtures compared
to the net ammonia case.

3.

At a given temperature and composition, the NH3 conversion is larger at higher pressure. This effect of pressure
is slightly more important for λ =1 compared to λ =3.

4.

NH3 conversion is higher at λ=3 than λ=1 at the same conditions of temperature, pressure and composition, i.e.
increasing oxygen availability results in a shift of ammonia conversion to lower temperatures

5.

The kinetic model reproduces well the experimental trends obtained.
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Introduction
The generation of renewable energy through carbon-neutral fuels has been initiated by several international
institutions. Hydrogen, ammonia and bio-methane are considered the available and most potential solutions for this
transfer. However, the technologies for its reliable storage and optimized combustion are still under development or
in the prototype status. The blending of hydrogen and ammonia with methane/ natural gas is considered a short- and
medium-term solution [1,2]. In binary mixtures, hydrogen has been shown to increase the reactivity of the mixture
and ammonia to diminish it. In the majority of cases so far, the admixture of hydrogen to pure methane has been
considered, limiting the positive effects on the environment. The use of biologically produced methane could help to
extend these positive aspects. However, the effects of the initial composition on chemical and thermal aspects are not
yet well understood. In this respect, the characterization of the overall reactivity and severity in the case of accidental
release in terms of laminar burning velocity is an attractive solution. Ammonia is rather unsuitable for grid systems
as an admixture in the gaseous state, but it can be stored and mixed locally in industrial plants. Thus, it can serve as a
carrier substance for renewable hydrogen and can be used for decarbonization of large-scale industrial applications.
Currently, only a very restricted number of studies are available on mixtures of all three components. Therefore, in
this work, a detailed analysis and numerical investigations will be presented in order to understand more completely
the phenomena involved in tertiary mixtures of hydrogen, ammonia and methane. For this purpose, the total reactivity
for gas mixtures is evaluated. Here, nineteen possible mixing scenarios are considered. Subsequently, the validity of
a theoretically based mechanism was tested against experimental data, which allowed further characterization of the
species studied. The main effects of the operating conditions on the flammability phenomena were numerically
determined and discussed. The results collected in this work provide a robust basis for the detailed evaluation of
normal operation as well as accidental release of hydrogen, ammonia, and methane-containing fuels.

Materials and Methods
Hertzberg [3] firstly proposed the limiting laminar burning velocity (SL,lim) theory to determine the lower (LFL) and
upper flammability limits (UFL), as a function of the laminar burning velocity. According to the theory, the SL,lim is
determined by thermodynamic and transport properties of the unburned mixtures. In this work, a detailed kinetic
mechanism [4] was used for the estimation of the properties as well as for the evaluation of the SL. The zerodimensional reactor of the open-source software Cantera [5], was used for the adiabatic conditions and transient mode
at an initial temperature of 300 K and initial pressure of 1 bar. Single, binary and ternary mixtures of NH3:CH4:H2
were investigated, as reported in Table 1.
Table 1. Summary of the fuel composition investigated in this work expressed as a volumetric percentage.
Mixture
Nr.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

100

0

0

50

0

50

33.33

90

5

5

80

10

10

50

25

25

37.5

25

37.5

H2 [%]

0

100

0

50

50

0

33.33

5

90

5

10

80

10

25

50

25

25

37.5

37.5

NH3 [%]

0

0

100

0

50

50

33.34

5

5

90

10

10

80

25

25

50

37.5

37.5

25

CH4 [%]

Results will be also expressed in terms of equivalence ratio (ϕ) at LFL and UFL:
𝜑 = ∑𝑖

(

𝐹𝑖
)
𝑂2
𝑓𝑖

( )
𝑜𝑥

(1)

where F and O2 respectively represent the volumetric fraction of the i-th fuel species and oxygen in the unburned
mixture, whereas f and ox stand for the stoichiometric coefficients of the i-th fuel and oxygen in the reaction of
complete oxidation. CH4, NH3 and H2 were considered as fuels species.
The variations in terms of flammability limits mixture were calculated as defined in Equation 2.
𝛥𝑗 = (∑𝑖 𝐹𝑖,𝐿𝐹𝐿,𝑀𝑖𝑥 𝑗 ) − 𝐹𝐿𝐹𝐿,𝑀𝑖𝑥 1

𝛥𝑗 = −(∑𝑖 𝐹𝑖,𝑈𝐹𝐿,𝑀𝑖𝑥 𝑗 ) + 𝐹𝑈𝐹𝐿,𝑀𝑖𝑥 1

(2)

Results and Discussions
Error! Reference source not found.a-d) and 2 report the flammability limits numerically estimated in this work for
the fuel compositions considered in Error! Reference source not found., expressed in terms of a ternary plot. For
the sake of clarity, binary mixtures were colored in the two colors of the pure substances and ternary mixtures were
colored orange independently of the mixture.

a)
b)
c)
d)
Fig. 1. Estimation of the flammability limits of CH4:NH3:H2 mixtures defined in Table 1
The described approach led to the LFL and UFL respectively equal to 3.75%v/v and 21.51%v/v for pure CH4.
Compared to experimental data available in the current literature [6,7] these estimations are slightly conservative. This
could be attributable to the assumption of perfectly adiabatic conditions posed for the numerical analysis. If compared
with the results for hydrogen, the LFL differs significantly from the known [8] literature values, whereas the UFL can
be predicted with sufficient accuracy. For ammonia, the lower limit is found to be closer to the [9] actual literature
value, whereas the upper limit is significantly overpredicted. Furthermore, it can be seen that LFL of all mixtures only
varies by a maximum of ten percent, which is mainly due to the proportion of NH3. Whereas UFL also clearly depends
on the H2 content in the mixtures. These trends will be considered in detail in the long version of the paper as in our
previous work [10].

Fig. 2. Comparison of the effects of initial composition on flammability limits

Conclusions
This work presents a numerical study of the reactivity of hydrogen ammonia and methane-containing gas mixtures
that are potentially representative of future fuel streams. A detailed kinetic mechanism was employed to evaluate the
laminar burning velocity for extremely lean and rich compositions, with the objective of quantifying the lower and
upper flammability limits at atmospheric conditions through the theory of limited laminar burning velocity. Single,
binary as well as ternary mixtures were investigated for this purpose. The effects of the initial fuel composition on the
flammability limits in air were discussed. This analysis was intended to provide support for accurate characterization
of accidental releases of gas mixtures containing various fuels.
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