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ABSTRACT

The imperative to adopt environmentally sustainable energy sources has propelled the exploration of zero-carbon
alternatives, such as hydrogen and ammonia for energy supply. Integrating these species with methane is
recognized as a viable short-term solution. However, a complete understanding of their chemical behaviour in a
wide range of conditions remains elusive, especially in terms of safety parameters, limiting the applicability of
this solution. To this aim, this work presents a detailed analysis of the overall reactivity, expressed either in terms
of laminar burning velocity or flammability limits, of hydrogen-ammonia-containing fuels. Additional consid-
erations were obtained by the analysis of the maximum pressure rise and maximum pressure obtained in
adiabatic conditions. A spectrum of nitrogen/oxygen mixtures was scrutinized, and the influence of initial
temperature within the range of 300-500 K was systematically investigated. The estimation quality of the
adopted mechanism was evaluated by comparing numerical predictions with experimental measurements ob-
tained by different systems, when available. A tendency in slightly more conservative results on the safe side was
detected for the assessment of flammability limits and minimum oxygen concentration. This trend was attributed
to the assumption of perfectly adiabatic conditions posed for the numerical analysis, which does not perfectly
match the experimental conditions. Conversely, an excellent agreement between numerical and experimental
laminar burning velocity was observed. Therefore, the collected data were used for the quantification of input
parameters required by well-established correlations suitable for synthetic fuels.

1. Introduction

In the framework of energy transition and innovation in critical
phases of the energy supply chain, the last decades have been charac-
terized by increased attention on environmental aspects towards cleaner
fuels and technological solutions [1]. The abovementioned trend has
been additionally promoted by global economic and socio-political
factors. Indeed, the well-known fluctuations in traditional fuel prices
have pushed toward the utilization of alternative solutions in several
industrial fields. A clear example of this tendency is the integration of
clean and clean-up technologies in industrial processes devoted to the
production of innovative energy sources, leading to the introduction of a
large set of alternative substances or mixtures [2]. Among the others,
hydrogen-containing mixtures and ammonia-containing mixtures are
worth specific mention. The blending of hydrogen and ammonia with
methane/natural gas is considered a short- and medium-term solution
for the energy sector [3]. In addition, methane can be also considered as
the main component of synthetic natural gas, making mixtures based on
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ammonia-methane-hydrogen a potential synthetic fuel.

Once focusing on the energy production phase, considering the
chemical properties of each species composing these mixtures, an in-
crease in ammonia may lead to insufficient overall reactivity [4],
conversely, the addition of hydrogen in methane has a limited impact
until elevated content of hydrogen is reached [5,6]. In this sense, the use
of oxygen-enriched air can compensate for the abovementioned drop in
overall reactivity caused by the addition of ammonia [7]. Hence, the
oxygen-to-nitrogen ratio within the oxidant mixture can be intended as
an additional operative condition to be optimized together with the
initial composition of the adopted fuel mixture. From this perspective, it
is worth mentioning that several alternatives for air separation processes
exist [8]. Although the techno-economic feasibility of air separation
plants is strongly affected by the size of the plant, oxygen-enriched air
having an oxygen content of up to 40 %v can be conveniently produced
as a by-product of high-pure nitrogen processes based on the use of
membranes, suggesting its utilization on an industrial scale for energy
production [8].
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The unique chemical structure and potential initial composition
variations necessitate dedicated studies to assess the adequacy of current
models and infrastructure either in terms of normal operations or safety
considerations. However, to the best of our knowledge, either experi-
mental or numerical investigations on the kinetic aspects and safety
parameters of hydrogen-ammonia-methane mixtures are missing. In this
view, modelling physical and chemical aspects of gaseous mixtures from
a fundamental-oriented perspective is essential to fully reproduce the
occurring phenomena in a wide range of conditions. Indeed, previous
studies have reported that the commonly adopted correlations and
estimation strategies bring elevated levels of uncertainties and inaccu-
racy when hydrogen is introduced in a gaseous mixture [9,10], because
of the possible interactions between decomposition pathways and small
radicals [11]. For these reasons, the use of detailed kinetic mechanisms
has been largely promoted for the investigation of the additivity effects
on the overall reactivity of light species. Kinetic mechanisms consist of a
list of thermodynamic and kinetic parameters governing radical-level
elemental steps. Data collection methods encompass experimental,
theoretical (e.g., quantum mechanical calculations), or empirical ap-
proaches. Typically, the need for the quantification of short-living spe-
cies, such as radicals, imposes the use of demanding experimental
techniques [12]. In the absence of experimental data, theoretical cal-
culations are favoured, albeit being a time-intensive undertaking [13].
Additional information on the theoretical background related to this
numerical approach can be found in the dedicated literature [14].
Correlations, like Benson’s group additivity method, inferential
methods, or machine learning, can provide the missing data based on
chemical structure similarities [15,16]. Once the databases are consid-
ered, kinetic mechanisms can be distinguished in terms of strategies,
such as manual updates or automated generation algorithms [17,18],
adopted for their realization of in terms sizes, being classified as
detailed, reduced, or skeletal. Taking into account the numerical nature
of the kinetic mechanisms, sound validation of kinetic mechanisms is
essential against extended and reliable experimental sets of data. To this
aim, particular emphasis on the laminar burning velocity has been given
as a pivotal parameter [19], as it encompasses crucial information
pertaining to reactivity, thermal properties, flame morphology, and
geometric characteristics [20-22]. Several experimental systems can be
adopted for the quantification of the laminar burning velocity, including
the Bunsen burner [23], counter-flow flame [24], spherical bomb [25],
annular stepwise diverging tube [26,27], and heat flux burner [28,29],
as described in detail elsewhere [30-33].

Once focusing on the safety aspects of these fuels, it is worth noting
that the low density of these substances imposes a high level of
compression or the implementation of cryogenic conditions for a
convenient transportation system [34], resulting in a substantial surge
of interest in the characterization of the low-temperature behaviour of
light compounds [35]. The acquired knowledge in the field of chemical
kinetics can be adopted for the evaluation of safety aspects involving
synthetic fuels under consideration in this work. To this aim, the limiting
laminar burning velocity theory [36] and the calculated adiabatic flame
temperature theory [37] are eminent examples of possible strategies for
the numerical estimation of flammability limits [38]. Considering the
current status of the available technologies, a compressed gas solution
can be assumed as a possible storage and transportation system for the
investigated mixtures [39]. Therefore, in the case of a continuous acci-
dental release, a chocked flow potentially results in jet fires or flash fires,
contingent upon the presence of an ignition source [40]. In both sce-
narios, the proximity of the release is characterized by heightened tur-
bulence and sudden variations in flow properties, making the
description and modelling of the main phenomena challenging. To cope
with this, an under-expanded jet can be represented by a Mach disk,
aiding in the assessment of the boundary conditions to be considered for
the consequence analysis [41]. In this sense, a single value for initial
pressure can be considered for the evaluation of the most relevant pa-
rameters necessary to quantify the consequences of these scenarios. In
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addition, the evaluation of safety parameters is essential for the char-
acterization of possible scenarios resulting from delayed ignition as well
as the definition of optimized operative conditions in industrial pro-
cesses [42]. It is well established that flammability limits exhibit sig-
nificant variation, primarily with initial temperature. Bearing in mind
the storage conditions and physical properties of the substances under
investigation, a low initial temperature can be expected [43]. However,
the presence of possible hot surfaces can be often considered as a
possible source of ignition, leading — even locally — to increases in
temperatures. The specific temperature of hot surfaces is significantly
affected by the investigated facility. Nevertheless, a maximum initial
temperature of 500 K for gaseous mixtures can be considered to be
representative of the low-temperature range on the safe side [44].

For these reasons, this work was focused on the characterization of
the effects of initial composition on the laminar burning velocity and
flammability limits of hydrogen-ammonia-methane mixtures in air.
Further insights were acquired on safety aspects relevant for the eval-
uation of consequences due to the accidental release of these gaseous
mixtures whether an ignition source is present or not as well as in a
closed or open atmosphere. Based on the collected data, a simplified
correlation assessing the overall reactivity as a function of initial fuel
composition, initial oxidant composition, fuel-to-oxygen ratios and
initial temperature will be produced and trained. The obtained findings
can be, thus, intended also as a paramount step toward the imple-
mentation of kinetic models within advanced numerical tools (e.g.,
computational fluid dynamics) as well as for an accurate quantitative
risk assessment of systems based on gaseous synthetic fuels and their
blends.

2. Methodology

In this work, a detailed kinetic mechanism (Kinetic in Bologna,
KIBO) validated for light species, including either light hydrocarbons or
nitrogen-based chemistry [45] was used. The adopted kinetic mecha-
nism includes 172 species and 488 reactions. The design of KIBO pri-
oritizes final size and computational efficiency for practical
implementation while maintaining accuracy, as evidenced by thorough
validation documented in existing literature [5]. A zero-dimensional
reactor implemented in the open-source software Cantera [46], was
utilized to represent the adiabatic conditions in a transient mode. The
grid refining criteria were chosen as ratio = 3, slope = 0.05, curve =
0.07 after a comprehensive grid sensitivity analysis, striking a balance
between computational demands and accuracy. Previously performed
grid sensitivity analyses have suggested a maximum slope and curve of
0.07 for extremely low temperatures [35]. However, preliminary in-
vestigations performed in this work demonstrated that a negligible
impact on the obtained values and computational requirements can be
observed once the slope is tightened to 0.05, suggesting its imple-
mentation to guarantee enhanced robustness data. Different initial
temperatures, representative of low-temperature conditions, were
investigated. More specifically, initial temperatures included within the
range of 300 K — 500 K were studied. Conversely, an initial pressure of 1
bar was considered, exclusively. Concerning the composition, CH4, NH3,
and H; were considered as fuel species in this work. Binary and ternary
fuel mixtures containing hydrogen, ammonia, and methane as reported
in Fig. 1, were analysed. Several initial compositions of fuel mixture
were selected for this analysis to be representative of possible ratios
between constituting fuels related to plausible strategies in their
blending in situ as well as different readiness levels of the existing in-
frastructures [47]. More specifically, fuel mixtures having a Wobbe
index (WI) within 21 — 46.5 were considered. WI was calculated
following the definitions provided by the international standard ISO
6976:2016 [48] and assuming normal conditions.

In this sense, it is worth noting that the WI does not include any
effects of the oxidant composition, by definition. This means that the
possible use of oxygen-enriched air can partially compensate for a lower
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0 25 50 75
CH, [%]

Mixture CHas H> NH3 WI
[%v] [%v] [%v] [MJ/Nm’®]
Mix 1 100 0 0 48.19
Mix 2 0 100 0 40.74
Mix 3 0 0 100 19.99
Mix 4 50 50 0 41.75
Mix 5 0 50 50 22.75
Mix 6 50 0 50 32.50
Mix 7 33.33 33.33 33.34 46.07
Mix 8 90 5 5 35.37
Mix 9 5 90 5 21.55
Mix 10 5 5 90 43.88
Mix 11 80 10 10 33.30
Mix 12 10 80 10 23.19
Mix 13 10 10 80 32.12
Mix 14 50 25 25 28.81
Mix 15 25 50 25 32.79
Mix 16 25 25 50 30.22
0 Mix 17 375 25 375 34.54
Mix 18 25 375 375 48.19
Mix 19 37.5 37.5 25 40.74

Fig. 1. Initial composition of the fuels investigated in this work.

WI because of the reduction in inert species (i.e., nitrogen) within the
initial fuel-oxidant mixture. Therefore, the estimation of the laminar
burning velocity (S;) was performed as a function of the equivalence
ratio (¢), defined in Eq. (1), and the air enrichment index (E), as re-

ported in Eq. (2). Besides, additional safety parameters, such as the

%) max’

were calculated to account for the case of accidental release in a closed
or confined space.
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where mg;, mey, , My, , Mg, Mo,, and my, represent the molar fraction of
the i-th fuel species, methane, hydrogen, ammonia, oxygen, and nitro-
gen in the unburned mixture, respectively. Similarly, v, vcn,, va,, Unm,
and v,, are intended as the stoichiometric coefficients of the i-th fuel,
methane, hydrogen, ammonia, and oxygen in the reactions of complete
oxidation. The maximum E investigated in this work was equal to 0.40,
in compliance with the techno-economic analysis of the air separation
processes reported in the literature [49].

Furthermore, the estimated S; was considered for the evaluation of
the flammability limits, following the limiting laminar burning velocity
(S,1im) theory proposed by Hertzberg [36]. To this aim, the critical
adiabatic flame temperature (CAFT) approach was adopted as per
comparison [50]. More specifically, the lower (LFL) and upper flam-
mability limits (UFL) were assumed as the compositions resulting in a
laminar burning velocity equal to the Sy i, or in case the adiabatic flame
temperature equals a critical value depending on the initial temperature.
Namely, the threshold for the CAFT was assumed to be equal to the
initial temperature + 900 K, as indicated in the literature for rough es-
timations [51]. For the sake of completeness, the adiabatic flame tem-
peratures obtained once S; is equal to Sy ;m were evaluated, as well.
Similarly, the threshold value of Spjp, is itself a function of initial
composition and conditions, as defined in Eq. (3).

Spiim =y 20(8& 3

u

where p, and pjp are the unburned and burned gas density, respectively,
whereas « is the thermal diffusivity of the gaseous mixture and g is the

gravitational acceleration. Air was assumed as the oxidant agent, at first.
Then, the oxygen-to-nitrogen ratio was modified for the estimation of
the limiting oxygen concentration (LOC) and flammability limits for
oxygen-enriched air. The estimation of the required thermodynamic and
transport properties of the unburned and burned mixtures was per-
formed through the same detailed kinetic mechanism adopted for the
evaluation of the S;.

3. Results and discussion

In this work, adiabatic flame temperature, laminar burning velocity
and flammability limits were estimated as a function of initial fuel
composition, fuel-to-oxidant ratio, oxygen content, and temperature.
For the sake of conciseness, the full set of collected data is reported in
supplementary material, whereas a part of them was included in the
manuscript to elucidate the effects of boundary conditions on the
investigated properties. More specifically, Figures S1 — S19 report the
estimated adiabatic flame temperature as a function of the equivalence
ratio for the investigated fuel mixtures at different initial temperatures
and for the whole set of equivalence ratios. Conversely, Figures 520 —
538 show the effects of the equivalence ratio at extreme compositions (i.
e., close to flammability limits), the initial composition of fuel and
oxidant, and the initial temperature on the laminar burning velocity;
eventually, the flammable region of the investigated mixtures are re-
ported in Figure S39 for the analysed conditions.

3.1. Oxidation of pure fuels

In this subsection results related to pure fuel (i.e., Mix 1, Mix 2, and
Mix 3) in oxygen/nitrogen will be discussed. The adopted kinetic
mechanism has been intensively validated among experimental data
collected at temperature and pressure relevant for the current investi-
gation only for mixtures containing methane and hydrogen [5]. There-
fore, a preliminary step devoted to the comparison of numerical and
experimental data is presented in this work exclusively for the case of
pure ammonia. To this aim, the collected data for the laminar burning
velocity of ammonia in air at 300 K is presented (Fig. 2), at first. The
experimental data considered for this analysis were reported by Pfahl
etal. [52] and Takizawa et al. [53], as collected employing closed vessel
microgravity (CVM), closed vessel (CV), and spherical vessel (SV)
methods.

The reported data highlight the tendency to slightly overestimate the
laminar burning velocity of ammonia-air mixtures. However, it is
noteworthy that the observed oscillations are notably subdued in
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Fig. 2. Comparison of experimental and numerical laminar burning velocity for
ammonia-air mixtures at an initial temperature of 300 K and initial pressure of
1 bar, as a function of the equivalence ratio.

comparison to those documented in a comprehensive recent literature
review [54] about the laminar burning velocity of mixtures rich in
ammonia encompassing various models. Considering the relative devi-
ation between numerical and experimental data, the discrepancies be-
tween numerical and experimental datasets are more relevant in lean
compositions. On the other hand, a significant variability can be
observed among measurements reported for rich compositions deriving
from different setups, possibly due to systematic errors, thus limiting the
robustness of the accuracy of the adopted mechanism. Indeed, different
approaches and correction parameters can be adopted for data refining
dealing with laminar flames, leading to significant uncertainties asso-
ciated with laminar burning velocity [30]. Similar considerations have
been drawn by the comparison of the estimations obtained for pure
methane and hydrogen (i.e., Mix 1 and Mix 2) in the air with experi-
mental data available in the current literature [10]. However, it should
be noted that the belt-shape profile as well as the conditions resulting in
a peak in the laminar burning velocity are fairly reproduced by the ki-
netic mechanism. Therefore, the comparison of numerical and
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Fig. 3. Comparison of experimental and numerical flammability region for
ammonia-oxygen—nitrogen mixtures at an initial temperature of 300 K and
initial pressure of 1 bar, as a function of the additional nitrogen.
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experimental data was extended to the flammability limits of ammonia
in the presence of nitrogen—oxygen mixtures, as reported in Fig. 3. The
experimental data collected by Kondo et al. [55] were included in this
scope.

According to the reported data, KIBO tends to overestimate the lower
flammability limits (LFLs). This trend is in line with the observations
reported for the laminar burning velocity, where the estimated reac-
tivity was larger than the measured one for lean mixtures. Conversely,
the upper flammability limits (UFLs) are almost perfectly reproduced by
the numerical approach, demonstrating the suitability of the selected
mechanism for the description of ammonia chemistry. Indeed, it should
be considered that a higher relevance of chemical kinetic is attributed to
UFL than LFL, whereas thermal properties and boundary conditions
typically determine the LFL [56]. This aspect can be considered if the
refining of the kinetic mechanism is of concern as well as for the defi-
nition of a more robust set of boundary conditions. In this light,
improved exchange coefficients as well as the refinement of the thermal
boundary conditions can support a better reproduction of LFL, as well.
Among the others, adiabatic conditions were assumed for the numerical
case, whereas the experimental system can have non-negligible heat
exchange with the surrounding environment, leading to less conserva-
tive results. Under this impulse, the kinetic mechanism was adopted for
the evaluation of the selected mixtures containing hydrogen, methane,
and/or ammonia, as discussed in the following sections.

3.2. Oxidation of binary mixtures

Following the definition of the initial mixtures previously provided
in Fig. 1, estimations obtained for Mix 4, Mix 5, and Mix 6 will be re-
ported and discussed within this subsection. Fig. 4 illustrates the evo-
lution of the addition of CH4 and Hj to NH3, focusing exclusively on the
stoichiometric ratio under atmospheric conditions. For the sake of
conciseness, a wider set of data including laminar burning velocities
calculated at different equivalence ratios is reported in the supplemen-
tary material, exclusively.

It is evident that the introduction of hydrogen in ammonia results in
a nonlinear, steadily increasing trend. From a quantitative perspective,
two different areas can be identified. Indeed, the impact of hydrogen
content assumes an exponential trend starting from 60 % of hydrogen.
Conversely, the collected data indicate that methane addition to
ammonia leads to a more linear trend in laminar burning velocity.
However, it is worth noting that literature data from the years 2005 to
2021 exhibit significant variations in certain regions, despite identical
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Fig. 4. The effect of the presence of ammonia on the initial fuel composition on
the laminar burning velocity at stoichiometric composition, 300 K, and 1 bar.
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conditions, with discrepancies of up to 30 %. The difference between the
observed trends can be attributed to the similarity in the overall reac-
tivity of methane and ammonia, which are significantly lower than
hydrogen under the investigated conditions. Nevertheless, the signifi-
cance of the impact of an addition of hydrogen is limited on ammonia-
containing mixtures, in line with the trends observed in the literature for
the case of methane-hydrogen binary mixtures [57], especially at stoi-
chiometric composition. Besides, similar values can be observed for Mix
4 and Mix 6 once extremely rich compositions are considered, as re-
ported in Figures S23 and S25. Therefore, it is possible to conclude that
the addition of hydrogen or ammonia to methane leads to negligible
effects on the laminar burning velocity. Hence, a limited impact of
chemical kinetic can be postulated. Conversely, the reactivity at the
ultra-rich composition of the investigated binary mixture of ammonia e
hydrogen (i.e., Mix 5) follows a belt shape closer to the one observed for
pure hydrogen. These observations are confirmed also by the compari-
son of flammability limits of the analysed species, as shown in panels d,
e, and f of Figure S39. Under these premises, the discrepancies between
the reported trends can be attributed to the difference in thermal
properties, affecting the inertia of the initial mixtures.

3.3. Oxidation of ternary mixtures

For the sake of clarity, the effects of the equivalence ratio and
oxygen-to-nitrogen ratio on the laminar burning velocity were reported
for Mix 8 (Fig. 5), as obtained for 300 K and 1 bar. The selection of this
composition as a base case condition can be intended for the evaluation
of short-term solutions because of its plausible utilization within existing
technologies for gas transportation. Besides, the previously presented
results indicated a similar behaviour for methane-rich fuels, regardless
of the added species. Therefore, Mix 8 can be intended as representative
of any ternary mixtures showing a methane-dominated chemistry.
Nevertheless, the full set of data related to the corresponding estima-
tions for all the ternary mixtures investigated in this work is reported in
the supplementary material (Figures S26-S38).

Considering the focus of this work on the safety aspects, more
emphasis will be given to the discussion on lean and rich compositions
providing laminar burning velocities in the proximity of the limiting
values. Nevertheless, it is worth mentioning that the equivalence ratio
leading to a peak in the estimated laminar burning velocity is weakly
affected by the initial composition of the oxidant agent, being at a
slightly rich composition for all the investigated conditions. Besides, the
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Fig. 5. The effects of initial composition in terms of equivalence ratio and
oxygen content on the laminar burning velocity of Mix 8 (namely 5 %v of Hy, 5
%v of NH3 in CHy) at 300 K and 1 bar.
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effects of E on the maximum laminar burning velocity (S; max) are well
described by Equation (4).

Stmax = 476.3 @ E—65.5 4

Similarly, the pressure dynamic, in terms of the maximum pressure rise
rate and the maximum pressure, achieved by Mix 8 as a function of the
initial temperature and E are provided in Fig. 6. For the sake of dis-
cussion, data corresponding to an initial temperature of 300 K and E of
0.21 are also reported for binary and ternary mixtures investigated in
this work.

While an enhancement in the initial temperature results in a decrease
in the maximum pressure due to an altered ratio between adiabatic
flame temperature and the initial temperature, this modification in the
initial conditions concurrently induces a more critical scenario in terms
of structure integrity and explosive hazards, as evidenced by the
observed trend in the maximum pressure rise rate. Regarding the effects
of air enrichment on pressure dynamics, an increase in E induces larger
maximum pressures and maximum pressure rise rates. In this sense, the
increase in the estimated Ppq, can be attributed to the higher adiabatic
flame, whereas the observed trend in (£)_ can be associated with a
reduction in the flame thickness due to the faster kinetic. Upon
comparing these parameters across various initial compositions, it be-
comes evident that Mix 9 emerges as the most critical composition,
primarily due to its substantial hydrogen fraction. This assertion is
substantiated by sorting the investigated mixtures by (§f)
the highest values when the initial hydrogen content exceeds 35 %
volume within the fuel mixture. However, it is important to note that
when considering Pp., Mix 11 exhibits larger values despite its
hydrogen content being limited to 10 % volume. The combination of
these tendencies can be attributed to the chemistry at a radical level of
the investigated species. Indeed, the presence of hydrogen in a methane-
rich mixture provides a large source of abstracting agents, which pro-
motes the activation of methane, with obvious implications on the
overall reactivity and flame thickness. Similarly, a larger content of
hydrogen is needed when dealing with ammonia, as reported in the
literature for the binary mixtures of hydrogen and ammonia, where a
regime dominated by the H and OH radicals was distinguished by one
ruled by NHy and OH [58]. Once lean compositions are analysed, a
linear trend concerning the equivalence ratio can be observed, regard-
less of the level of oxygen considered in the oxidant mixture. Conversely,
the increase in the oxygen-to-nitrogen ratio leads to modified curve
shapes for the rich case. In particular, the reported data clearly indicate
the significant impact of oxygen content on the overall reactivity of the
analysed mixtures. This observation can be associated with a thermal
effect, namely because of the reduced thermal inertia due to the lower
content of nitrogen, as well as to a chemical effect, due to the increase in
the concentration of oxygen. Considering the similarity in the calculated
adiabatic flame temperature, which will be also discussed later in this
section, the latter alternative seems to play a larger role in the deter-
mination of the laminar burning velocity. In this light, the larger impact
of this parameter on the rich flames than on lean flames corroborates
this assumption since oxygen represents the limiting reactant in rich
conditions, only. Besides, the achievement of the asymptotic value for
the laminar burning velocity is less evident and shifted toward a larger
equivalence ratio. In principle, this trend suggests that LFL can be less
affected by the use of different oxidants than UFL. However, the modi-
fied composition of the reactants due to the increase in E can reasonably
affect the limiting laminar burning velocity. For these reasons, addi-
tional insights will be provided on this aspect once the flammability
limits are reported. In addition, the observed trends discussed in this
section for Mix 8 are qualitatively representative of any ternary mixtures
having at least 80 %v of a single fuel (i.e., Mix 9, Mix 10, Mix 11, Mix 12,
and Mix 13). Conversely, the remaining mixtures (i.e., Mix 7, Mix 14,
Mix 15, Mix 16, Mix 17, Mix 18, and Mix 19) do not present any region
showing a behaviour dominated by a single component. Besides, a

revealing
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Fig. 6. Maximum pressure rise rate and maximum pressure obtained for: Mix 8 as a function of initial temperature and oxidant composition, at an equivalence ratio
equal to 1 (left); fuel mixtures investigated in this work at an initial temperature of 300 K, in air, and stoichiometric composition (right).

synergistic effect of the simultaneous presence of ammonia and methane
in the initial mixture can be observed. Indeed, the reactivity of hydrogen
is hindered by the presence of less reactive species. Similar data were
obtained at different initial temperatures and for the fuel mixtures
defined in the methodological section. Regardless of the analysed
composition, the collected data indicate that the increase in initial
temperature does not lead to a significant alteration of the belt-shaped
curve of the laminar burning velocity as a function of the equivalence
ratio. Conversely, the initial fuel composition plays a more relevant role
in the determination of the composition showing the maximum laminar
burning velocity and the achievement of constant values in rich condi-
tions. Increases in the initial temperature result in larger burning ve-
locity. However, the quantification of this variation is affected by the
initial composition, as demonstrated by the well-established empirical
correlation accounting for the impact of the initial temperature (Equa-
tion (5).
T a
1) =51 (1) ®)
To

where « is an empirical value determined by the composition of the
initial mixture. Typically, the effects of initial composition and initial
temperature on the burning velocity are distinguished into different
correlations. However, considering that S;(To) depends also on the
initial composition, a unified equation was proposed in this work. The
effect of initial composition was evaluated based on the available cor-
relations. Indeed, previous investigations have identified the Gulder
[59] equation, as modified by Coppens et al. [60], as the most conve-
nient option for the evaluation of the laminar burning velocity of
methane-hydrogen-air mixtures at low initial temperatures [57]. In
addition, robust and detailed analyses dealing with the quantification of
fitting parameters are available in the literature for fuel mixtures
considering methane as a primary species. For these reasons, this cor-
relation was considered in this work to reproduce the analysed mixtures.
Furthermore, an additional term was included to account for the initial
composition of the oxidant following the structure considered for the
evaluation of the initial temperature, resulting in the merged correlation
reported below (Equation (6):

SuT) = |Wegrexp oo Sn2) 1 _,'_yl_,xlp)]] . (T)”_(E)a

[ n) &
(6)

where W, 5, £ and ¢ are empirical coefficients related to the main fuel,
assumed as methane in this work and retrieved from the current liter-
ature [571; Q;, y; and 7; refer to the additional fuel (i.e., hydrogen and
ammonia); § and « are functions related to temperature and enrichment
index defined as Equation (7) and Equation (8), respectively.

S=E +Eep+E; g %)
a:T1+T20(p+T30(p2 ®

where E;, Es, E3, T;, T2, and T3 are constants deriving from the fitting
procedure. The collected data were adopted to determine the defined
coefficients within the flammable regions that will be discussed in detail
later in this work. The coefficients reported in Table 1 were found to
minimize the differences between the numerical estimations and the
results deriving from the empirical correlation, leading to an overall
coefficient of determination (RZ) larger than 0.95.

The estimated values for the laminar burning velocity and adiabatic
flame temperature were, then, considered for the assessment of the
flammability limits. It is worth mentioning that the implementation of
different methods for the estimation of flammability limits leads to an
almost negligible difference in most of the cases, namely within + 5 % in
terms of composition. In addition, the adiabatic flame temperature
calculated at the compositions resulted in S; = Sp j;, lied within the
range of initial temperature + 930 K, confirming the validity of the
posed threshold value under the investigated conditions. In Fig. 7, the
evolution of the Lower Flammable Limit (LFL) and Upper Flammable
Limit (UFL) as a function of the mixture composition is observed. The
region depicted by each bar represents the reactive range, where com-
bustion can occur. Below this range, extinguishment results from a
deficiency of fuel, whereas above it, extinguishment is due to an oxygen
deficiency.

Numerical results obtained in this work produce a slightly more
conservative figure than the experimental data available for the pure
mixtures, e.g., Coward and Jones (1952) [61] and Zlochower et al. [10]
for methane, and Ciccarelli et al. [62] for hydrogen and ammonia.
However, it is worth noting that none of the compositions lead to vari-
ations in LFL larger than 10 %, whereas variations larger than 40 % can
be observed also for ternary mixtures once UFL is considered.

Table 1

Parameters calculated in this work for the
evaluation of the laminar burning velocity of
mixtures containing ammonia in methane.

Parameter

Qnn, -0.19
YNH; 0.15
TNH;, —0.01
E; 3.25
E, —4.25
E3 2.81
Ty 4.18
Ty —4.33
T3 1.90
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Fig. 7. Comparison of the flammability limits obtained for the investi-
gated mixtures.

Furthermore, the effects of composition on the LFL were found mainly
due to the proportion of NH3. Conversely, UFL clearly depends on the Hy
content in the mixtures, because of the augmented availability of radi-
cals involved in ignition phenomena, thus increasing the resulting UFL.
It is evident that mixtures dominated by ammonia exhibit a tendency
toward higher LFL values in several areas. However, the presence of NHg
and Hj significantly enhances the upper flammability limit. In general,
the addition of NH3 and Hj leads to a notable broadening of the flam-
mability range, which can be attributed to the large availability of H
radicals acting as initiator agents.

For the sake of conciseness, once the effect of the initial composition
of the oxidant is of concern, only the flammable region obtained for the
ternary mixture referred to as Mix 8 as a function of the initial tem-
perature is reported in Fig. 8. However, homologous data corresponding
to the other mixtures investigated in this work can be found in the
supplementary material. Conversely, the effects of the initial composi-
tion on the minimum oxygen concentration (MOC) potentially leading

----300K

-\q\- - -u/—-\-—— :\dr—..:\ p/
W R N 7
25 50 75 100

N2 [%]

100/
0

Fig. 8. Flammability region of Mix 8 as a function of the oxidant composition
and initial temperature.
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to a stable flame are reported in Table 2, as obtained at 300 K. Experi-
mental data available in the current literature [10,63], as well as esti-
mations deriving from the well-known stoichiometric correlation
suggested by Li et al. [64], were added for the sake of comparison.

It is noteworthy that the influence of the initial temperature on the
LFL is nearly negligible when the nitrogen content is below 50 %v
(corresponding to E ~ 0.65). In contrast, the UFL experiences a
considerable increase with variations in the initial temperature, even
when pure oxygen is considered as the oxidant. Considering that LFL is
typically determined by thermal aspects and UFL by kinetic aspects, the
differences in observed trends demonstrate that nitrogen assumes a
more substantial role as a heat sink compared to the chemical diluent at
the investigated conditions. These trends were confirmed by data re-
ported in supplementary material referring to the effect of initial con-
ditions on the flammability region (Figure S39). Regardless of the initial
temperature considered, a linear trend with respect to the oxygen-to-
nitrogen ratio can be observed either for the lower or the upper flam-
mability limits. Besides, under the investigated conditions, the effect of
initial temperature on the flammable region of ternary fuel mixtures is
limited, showing a slight increase with larger temperatures. Once the
effects of the initial composition on the obtained MOC are analysed, the
implementation of different approaches leads to significantly different
results. In particular, it is worth mentioning that the empirical correla-
tion considered in this work tends to significantly underestimate the
MOC, meaning that this approach represents a conservative method on
the safe side. However, larger accuracy can be observed by the use of a
detailed kinetic mechanism, especially once the hydrogen is included
within the initial mixture.

In the future, multi-component systems are poised to play a signifi-
cantly expanded role in various applications. Currently, a robust
experimental database is lacking, especially in cases involving oxygen
enrichment or substantial additions of NH3 or Hy. Consequently, there is
a pressing need to numerically compute this data. In this context, as in
other fields, the application of predictive methods using machine
learning techniques may assume a more prominent role, as successfully
demonstrated by similar applications in the field [65]. Nevertheless, the
combination of newly generated correlations with detailed kinetic
studies guarantees a robust characterization of safety aspects and com-
bustion control. Indeed, a nuanced understanding of the chemistry
inherent to the gaseous system is integral to the success of this numerical
study. By incorporating detailed chemical kinetics models, the simula-
tions provide a holistic view of combustion processes, allowing for the
identification of key chemical factors influencing flammability, overall

Table 2
Minimum oxygen concentration (MOC) at 300 K as a function of the initial
composition and numerical methods.

Mixture Minimum oxygen concentration (MOC) [%v]
Kinetic mechanism Empirical correlation Experimental data

Mix 1 12.7 10.0 11.1
Mix 2 4.6 2.5 4.6
Mix 3 12.9 11.7 12.2
Mix 4 9.5 8.6 9.1
Mix 5 10.4 9.3

Mix 6 13.3 10.5

Mix 7 11.8 9.2

Mix 8 13.2 9.9

Mix 9 7.6 6.2

Mix 10 12.7 11.7

Mix 11 13.4 9.9

Mix 12 9.0 6.8

Mix 13 12.3 111

Mix 14 125 9.5

Mix 15 11.2 8.4

Mix 16 11.7 9.7

Mix 17 12.0 9.5

Mix 18 11.7 8.8

Mix 19 11.5 9.1
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reactivity and pressure dynamics in the case of ignition.

4. Conclusions

This study offers a novel exploration into the chemical behaviour of
gaseous mixtures devoid of carbon compounds, specifically hydrogen
and ammonia, in an oxidizing environment. Various combinations of
fuels, oxidants, and operational parameters were thoroughly investi-
gated. By employing a meticulously developed and validated kinetic
model, the overall reactivity and flammability boundaries were ascer-
tained. The availability of a robust toolkit for quantifying the reactivity
of lightweight species across a broad spectrum of conditions opens up
fresh avenues for innovative and robust designs in chemical production
processes. Based on the collected results, simplified correlations were
developed. The ruling chemistry and the possible key parameters to be
considered for an accurate representation of accidental releases
involving synthetic gaseous fuels were identified in this study. The
adopted methodology stands as a comprehensive and interdisciplinary
approach for rigorously validating precise models, enabling the
comprehensive characterization of reactivity and safety aspects
throughout the entire life cycle. Consequently, these findings hold sig-
nificant promise for enhancing processes and techniques across various
industrial domains.
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