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Featured Application

This study aims to address the scarcity of experimental data on the combustion of ammo-
nia/ethane mixtures. It presents measurements of flame structure, ignition delay times, and
speciation in JSR for various ammonia/ethane blends under a wide range of conditions.
The flame structure of these mixtures is investigated for the first time at both atmospheric
and elevated pressures, simulating conditions relevant to engine combustion chambers.
These new data, combined with ignition delay times obtained in a shock tube and oxi-
dation data from the JSR, enable a comprehensive evaluation of published mechanisms
for ammonia—ethane combustion. The experimental data are used to assess the predictive
capability of 11 detailed published kinetic models. Overall, this significantly extends the
experimental database for the oxidation of ammonia/hydrocarbon mixtures, contributing
to the refinement of chemical kinetic models. This, in turn, offers the prospects for the
large-scale use of ammonia-based mixtures as alternative fuels.

Abstract

Ammonia is considered as a promising hydrogen carrier and a carbon-free fuel. Methods for
improving ammonia combustion characteristics often involve its co-firing with more reac-
tive fuels (natural gas, biofuels, etc.). Among the natural gas components, ethane is second
most abundant. Therefore, the development of detailed chemical-kinetic mechanisms that
accurately consider the interactions between ammonia and each component of natural gas
is very important. Such mechanisms must be based on experimental data obtained under
a wide range of conditions. In this work, NH3/CyHg /O, / Ar blends were studied in JSR
(@ =05-20,p=1atm, T =1s, T =800-1300 K) and in a shock tube (p =7.3-8.6 atm,
T = 1260-1590 K). Additionally, the structure of premixed flames was investigated
(¢ =0.8-1.2, p = 1-5 atm). Eleven recently published detailed chemical-kinetic mechanisms
were tested. The model Shrestha-2025 was updated to achieve better agreement with the
entire set of experimental data. The effect of p and ¢ on intermediate species concentration
was analyzed. Ammonia and ethane consumption pathways were also examined.

Keywords: ammonia; ethane; jet-stirred reactor; molecular beam mass spectrometry; shock
tube; chemical kinetic mechanism

Appl. Sci. 2026, 16, 673

https:/ /doi.org/10.3390/app16020673


https://crossmark.crossref.org/dialog?doi=10.3390/app16020673&domain=pdf&date_stamp=2026-01-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5025-033X
https://orcid.org/0009-0001-0734-7766
https://orcid.org/0000-0002-1208-151X
https://orcid.org/0000-0001-7923-8318
https://orcid.org/0000-0001-6810-7638
https://doi.org/10.3390/app16020673

Appl. Sci. 2026, 16, 673

2 of 22

1. Introduction

Recently, ammonia has attracted attention as a promising hydrogen carrier and a po-
tential carbon-free fuel. Ammonia utilization would reduce emissions of carbon-containing
species, which is important from an environmental standpoint. However, pure ammonia is
unsuitable for practical applications as a standalone fuel. This is due to its low burning
velocity and inevitably high NOx emissions resulting from the fuel nitrogen. One possible
solution is the co-firing of ammonia with hydrogen or carbon-containing fuels (e.g., natural
gas, diesel, etc.). Consequently, there is a need to develop reliable detailed chemical-kinetic
mechanisms of combustion and oxidation for ammonia-hydrocarbon blends. While oxy-
genates are also considered as potential pilot fuels for ammonia, C;-C4 hydrocarbons offer
several advantages due to their higher heat of combustion and gaseous state at atmospheric
pressure. Oxygenates, having a lower heat of combustion, must be added in larger fractions
to achieve a heating effect equivalent to that of NH3/C;-C4 mixtures. If one disregards
the potential for producing oxygenates from renewable bioresources, the advantage in
terms of reducing CO, emissions becomes negligible. Furthermore, most oxygenates,
except dimethyl ether, are liquids at normal pressure, necessitating a more complex fuel
preparation system compared to mixtures of NH; with gaseous C;-C4 hydrocarbons.

Natural gas, one of the most widespread and inexpensive energy sources, can contain
a significant amount of ethane. Its concentration, depending on the specific deposit, can
reach approximately 4-8% [1]. Furthermore, ethane is a key intermediate formed during
the oxidation of heavier hydrocarbons and can therefore interact with nitrogen-containing
compounds in a flame. These two aspects support the importance of studying such systems.

However, a literature review shows that, compared to ammonia/hydrogen and am-
monia/methane mixtures, the number of studies focused on the combustion and oxidation
of ammonia/ethane blends is extremely limited. The main information about these works
is summarized in Table 1. A more detailed description is provided below.

Table 1. The works focused on the study of ammonia/ethane blends’ combustion and oxidation.

Measured

Blend NH3/C2H6

Parameters Method Composition Molar Ratio TK) p (atm) ¢ Ref
IDT ST NH;3/CyHg/02/Ny 2.4:1-10:1 1200-1800 1 1.0 [1]
IDT ST Nléé ﬁi%ﬁ %I;W - 1450-1900 10 1.0 2]
IDT RCM NH3/CyHg/O2/Ar/Ny 9:1-99:1 890-1110 20 and 40 0.5-2.0 [3]
IDT ST NH3/CyHg /O, / Ar 9:1-2.3:1 1227-1890 1.75 and 10 1.0 [4]

IDT, SP ST NH3/CyHg/O,/ Ar 18.6:1-9:1-4:1 1317-1957 ~2.8 0.5/1.0/1.5 [5]
LBV CcvcCcC NH3/CyHg/air 1:0-0:1 298 1 1.0 [6]
LBV HF NHj3/CyHg/air 9:1-1:1-0:1 298 1 0.6-1.4 [7]
LBV cvcce NH3/CyHg/air 9:1-1:9 300 1 0.8-1.4 [8]

SP JSR NH3/CyHg /O, / Ar 9:1-4:1-1:1 700-1180 1 0.5-2.0 [3]

IDT—ignition delay time: LBV—laminar burning velocity; ST—shock tube; RCM—rapid compression machine;
CVCC—constant volume combustion chamber; HF—Heat flux method; SP—Species mole fraction profiles.

The effect of the ethane addition on the oxidation of ammonia/natural gas blends
was studied in [1]. The results for ignition delay time showed that the reactivity of am-
monia/ethane blends is significantly higher than that of ammonia/methane and ammo-
nia/natural gas blends. Furthermore, it was shown that for NH3 /CH4/C,Hg blends, the
heat release and temperature increase at the early stage of the autoignition are determined
by ethane consumption. In [2], it was revealed that the presence of ethane significantly
affects the first half of the ignition process (0-0.5 IDTs). The reason for this phenomenon is
the formation of CHj radicals from the ethane. Ignition delay times for ammonia/ethane
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blends were measured in [4] with particular attention paid to analyzing the effect of C/N
reactions on the oxidation process.

The authors found that the reaction Co,Hg + NH, = CoHs + NH3 accelerates the oxida-
tion of CoHg, thereby increasing the system’s reactivity. Conversely, the reaction CH,CHO
+ NH; = CH>CO + NHj retards the oxidation of the fuel blend. At high temperatures, the
reactions C;H3 + NH; = C;H; + NH3 and HCO + NH; = CO + NHj3 primarily contribute
to the reduction in reactivity. Using a shock tube, Li et al. measured ignition delay times
and the time-dependent concentrations of CO, NHj3, and NO using laser absorption spec-
troscopy [5]. The study demonstrated that, at high temperatures, the transition from lean
to rich blends results in the increase in ignition delay time. For NH3/CyHjg blends, it was
revealed that CO concentration reaches its peak earlier compared to NO, indicating that
reactions involving nitrogen-containing species take place at higher temperatures.

Ignition delay times were measured in a rapid compression machine by Li et al. [3].
Additionally, the study presents experimental data on the mole fraction profiles for am-
monia/ethane blends oxidation in a jet-stirred reactor. The dependence of NHj3, C,Hg,
H,, C,H,, CHy, CO, NO, NO,, HCN, CH,O, HNCO, and CH3CHO concentrations on
the reactor temperature for NH3/CyHg /O, / Ar fuel blends of various compositions was
measured using mass spectrometry. Analysis of sensitivity coefficients revealed that the
presence of ethane decreases the self-ignition temperature due to the reaction of NH, with
C,Hg. When the ethane fraction in the fuel blend is 50%, the primary contributing reactions
are those of C,Hg with HO, and the decomposition of H,O, forming OH. For the oxidation
in a jet-stirred reactor, the process is predominantly influenced by reactions NH, + C,Hg,
NH, + C;H4/CHj3, H + O,, and reactions involving HCO.

Wang et el. measured laminar burning velocity of NH;3/C,Hg blends [6]. The authors
proposed two mechanisms: the reduced one, based on the model of light hydrocarbons
combustion [9] in which the sub-mechanism of nitrogen-containing species was updated
using the work of Okafor et al. [10]; and the second, more detailed mechanism, based on
the model of butane isomers combustion [11]. The sub-mechanism of N-containing species
for the latter was adopted from the works of Glarborg et al. [12,13] and Zhang et al. [14].
Numerical simulation and its subsequent analysis showed that the decrease in burning
velocity with ammonia addition occurs primarily due to its reactions with H and OH
radicals, while cross (C/N) reactions have a much smaller effect. Chen et al. also measured
laminar flame speed of NH3/CyHg blends [7]. The authors also studied the effect of ozone
addition on burning velocity. At the early stages of ozone decomposition, O radicals are
formed and subsequently participate in chain branching reactions.

Zhang et al. measured the laminar flame speed of NH3 /C,Hg blends using a constant-
volume combustion chamber and performed numerical simulations [8]. The comparison
of experimental and numerical data indicates the importance of accurate consideration of
C/N reactions in the mechanism.

In a recent paper [15], 18 detailed reaction mechanisms for NHz + H, mixtures and
13 mechanisms for NH3 + Hy + CO mixtures were analyzed. For NH; /H; mixtures, the best
agreement with the ignition delays measurements, speciation in JSR, and laminar burning
velocity was shown by the following mechanisms: POLIMI-2020 [16,17], Han-2020 [18], and
KAUST-2021 [14]. For NHs /syngas mixtures, the experimental data was better described
by the mechanisms of Shrestha-2021 [19], Mei-2021 [20], and Mei-2020 [21]. The results
of this work indicate that even for the relatively simple systems such as NH3; + H; and
NHj3; + Hj + CO, there is no single universal mechanism capable of describing the entire set
of experimental data with sufficient accuracy.

In the work of Yin et al. [22], the oxidation of NH3 + C3Hg mixtures in JSR was studied
experimentally. The authors also proposed the detailed chemical kinetic mechanism, which
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satisfactorily described NH3 + C3Hg oxidation in JSR and enabled them to reveal the
main consumption pathways of fuel components in this system. The analysis showed
that the propane conversion products—IC3Hy, CHj, and HCO—promote low-temperature
oxidation of NHj by influencing the radical pool—OH and HO,. Under fuel-rich conditions,
the interaction of nitrogen- and carbon-containing intermediate compounds results in the
formation of methylamine (CH3NH,), which is a source of HCN according to the following
scheme: CH3NH, — CH,NH, -CH,NH — H,CN/HCNH — HCN.

In the work of Shrestha et al. [23], the oxidation of NH3 + CH30H and NHj + C,HsOH
mixtures was studied. The authors measured the laminar burning velocity and the ignition
delays over a wide range of pressures, temperatures, and the fractions of CH30OH or
C,H50H in the mixture with NHj. The results showed that C;H50H is a more effective
combustion promoter, increasing the reactivity of NHs and reducing NOx emissions more
effectively than CH3OH. The authors also proposed a new mechanism, which demonstrated
good predictive capability for NH3 mixtures with other fuels.

The above literature review indicates that there are currently no experimental
data on the flame structure of NH3/CyHg blends and on the ignition delay times of
NH3/CyHg /O, / Ar blends in the temperature and pressure range of 1300-1600K and
7-8 atm, respectively.

Therefore, the aim of this work is twofold. First, to extend the experimental database on
the combustion and oxidation of NH3;/CyHg /O, /Ar blends. This includes obtaining data
on (1) the chemical structure of premixed flames at the pressure of 1-5 atm; (2) ignition delay
times in a shock tube; and (3) the species composition in a jet-stirred reactor over a range of
temperatures. Second, to compare the results of numerical simulation performed using the
most recent detailed chemical-kinetic models of NH3/C,Hg blends’ oxidation. The most
adequate model will be used to analyze the effects of pressure and the initial composition on
the formation of intermediate products and the pathways of ammonia—ethane interaction.
The selected model was also modified to improve its predictive capability.

2. Experiment
2.1. Flame Structure

In this work, the structure of premixed ammonia/ethane/oxygen/argon flames
(b = 0.8, 1.0, 1.2) was measured at 1, 3, and 5 atm. The NH3/C,Hg ratio was main-
tained at 1/1 in all experiments. The experiments were performed using a molecular beam
mass spectrometric setup with soft electron impact ionization. A detailed description of
the setup, flame stabilization system, and data processing procedure are presented in our
previous works [24-27].

The flames were stabilized on the flat burner, and their temperature was 368K in
all experiments. This burner was specially designed for ammonia flames and ensures
stabilization at both atmospheric and elevated pressures. Its parameters are given in [28].
In the experiments at elevated pressures, the burner was placed in a special high-pressure
chamber. Its construction is described in detail in the work presented in [28].

To ensure a more accurate analysis of pressure and temperature effect on intermediates
concentration, specific attention was paid to the selection of flame stabilization conditions.
Table 2 shows the composition of unburnt gas blends and flame stabilization conditions. In
total, the structure of nine flames was measured in this study.

https:/ /doi.org/10.3390/app16020673


https://doi.org/10.3390/app16020673

Appl. Sci. 2026, 16, 673

50f22

Table 2. The composition of unburnt gas blends and stabilization conditions for NH3/CyHg /O,
/Ar flames.

Reactants Mole Fraction Mass Flow Rate
] p, atm J(em?
NH; CyHg (0]} Ar [g/(cm”xs)]
1.0 1/3/5 0.04 0.04 0.17 0.75 0.026
0.8 1/3/5 0.03 0.03 0.18 0.75 0.026
1.2 1/3/5 0.04 0.04 0.16 0.75 0.021

Since the flame sampling technique was applied in this work, it is essential to use a
probe with geometric parameters suitable for both atmospheric-pressure and high-pressure
experiments. The probe parameters are provided in [28]. The descriptions of molecular
beam formation and the ionizing system are given in the previous works [24-27]. Our setup
enables us to set the value of ionizing electrons energy (E) individually for each species.
It is crucial to select a value of E that is sufficiently higher than ionization potential while
simultaneously minimizing the overlap with other peaks in the mass spectrum. The mass
spectrometer used in this work is equipped with a specialized ion source with an ionizing
electron energy spread of +0.25 eV (in the range of 12.3-18 eV). It enables the effective
separation of the species with identical molecular masses if their ionization potentials differ
by more than 0.5 eV.

In this work, the concentration profiles were measured for the following species: CoHg,
NH3, Oy, COz, Np, HyO, NO, CO, HCN, CoHy, CoHy, C3Hy, C3Hg, CHCO, CH3CHO, HO,,
H,0,, CH3, and NH;. The mass spectrometer used does not enable us to separate allene
(aC3Hy) and propyne (pCsH,) and propene (C3Hg) and ketene (CH>CO). Therefore, for
these species, total concentration profiles are provided further. Table 3 shows the ionizing
electrons energy values, the calibration method for each species, and the corresponding
measurement accuracy.

The procedure of intensity recalculation to mole fraction, along with the calibration
procedures, are described in [28]. Table 3 provides the calibration method for each species.

The overall uncertainty for each species includes the following contributions:
(1) statistical uncertainty in the intensity measurement of a particular mass peak; (2) the
uncertainty in setting the gas flow rates at the burner inlet; (3) uncertainty associated with
subtracting fragment contributions or overlapping mass spectra from compounds with
identical molecular masses; (4) the uncertainty in determining the calibration coefficient Si
in direct calibrations; (5) the uncertainty in the RICS calibration method; and (6) uncertainty
in estimating the ionization cross sections of the compounds.

Temperature profiles were measured with thin S-type thermocouples (Pt/Pt + 10%
Rh), manufactured from a 50 pm diameter wire. A detailed description of the thermocouple
design and temperature measurement procedure is provided in our previous work [29].

Since the flame sampling technique was used for flame structure measurement, it is
necessary to account for gas-dynamic perturbations introduced by the probe. This was
performed by shifting the concentration profiles by a fixed distance towards the burner
surface. The procedure of the shift-value estimation is provided in the work presented
in [26]. In particular, in this work it was approximately 0.3 mm.
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Table 3. Measured species. IE: ionization potential (reference data); E: energy of ionizing electrons.

mlz Formula IE (eV) E (eV) CalFirl;r;etion Accuracy
15 CHj; 9.84 12.3 RICS(CHy) £50%
16 NH, 10.78 12.3 RICS(NH3) £50%
16 CHy 12.61 13.2 Direct +50%
17 NH3 10.07 12.5 Direct +20%
18 H,O 12.62 154 O-balance +20%
26 CoH; 11.41 12.3 Direct +50%
27 HCN 13.71 18.0 RICS(C,Hy) £50%
28 CoHy 10.53 12.3 Direct £50%
28 CcO 14.01 15.4 Direct +20%
28 N, 15.58 16.65 Direct +20%
30 NO 9.26 10.8 Direct +20%
30 CyHg 11.55 12.3 Direct +20%
32 O, 12.07 14.35 Direct +20%
33 HO, 11.35 16.65 RICS(O,) +50%
34 Hy,O, 10.58 14.35 Direct +50%
40 aCzHy + pC3Hy  10.22/10.48 13.2 RICS(CO») +50%
42 C3Hg + CH,CO 9.74/9.62 12.3 RICS(CO») £50%
44 CH3;CHO 10.22 12.3 RICS(CO») +50%
44 CO, 13.78 15.4 Direct +20%

RICS—relative ionization cross-section method.

2.2. Oxidation in a Jet-Stirred Reactor

The oxidation of NH3/C,Hg /O, /Ar blends (¢ = 0.5, 1.0 and 2.0) was studied in an
isothermal jet-stirred reactor. In all experiments, the initial mole fraction of ammonia was
0.005, and the NH3 /CyHg ratio was 1:1. The experiments were performed at atmospheric
pressure over the temperature range of 800-1300 K. The residence time of the gas mixture
inside the reactor was 1 s. The reactor volume is approximately 76 cm®. The detailed
description of the experimental setup with a jet-stirred reactor is presented in our previous
work [30].

The gas composition was analyzed using a Hiden HPR-60 mass spectrometric complex.
Unlike the setup described in the previous section, the energy of ionizing electrons was
70 eV. In this work, the concentrations of the following species were measured: NH3, CoHg,
0O,, CO, Ny, HyO, CO,, HCN, NO, CHy, and Hj. Signal intensities were converted to mole
fractions using the procedure identical to that described in the previous section.

2.3. Ignition Delay Time Measurement

Experiments on ignition delay time measurements of stoichiometric ammonia—ethane-
oxygen blends were performed using a shock tube of standard diaphragm design. The
geometric parameters, setup construction, blends preparation, and the description of the
data acquisition system are detailed in [31].

The blends composition and experimental parameters are provided in Table 4. Due to
the technical limitations of the shock tube, the pressure behind the reflected shock wave
exhibited both variations during the experiment and a systematic shift towards lower
values. For numerical simulations, the median pressure value in each series was used
(shown in Table 4).
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Table 4. Blends used in the shock tube experiment and calculated parameters of the gas behind the
reflected shock waves.

Mole Fractions, %

Blend , atm Pmed, at T K
en NH; C,H, 0, Ar P med, atm

30%. CyHyg 6.53 0.6 7 85.87 7.7-86 8.0 1270-1460

10%_C,H, 8.4 02 7 84.40 6.7-8.0 77 1370-1590

The ignition delay time was measured using the widely applied method of detecting
the emission signal from the excited OH* radical, which is characteristic for both hydro-
carbons and ammonia combustion. Simultaneously with the increase in OH* emission
intensity, the pressure increase in the studied section of the shock tube was recorded. The
ignition moment was defined as the intersection of the tangent at the point of maximum
slope of the OH* radiation signal with its base level. The uncertainty of a single ignition
delay time measurement, determined by the signal-to-noise ratio, was approximately 15 ps.

3. Numerical Modeling

Numerical modeling in this work was performed using CHEMKIN and Cantera.

The flame structure was simulated using the PREMIX code. The GRAD and CURV
parameters were 0.1 and 0.2, respectively. Mixture-averaged transport and thermo-diffusion
options were taken into account. Experimentally measured temperature profiles were used
as input data for modeling, enabling us to consider the probe presence effect.

Mole fraction profiles of species formed during oxidation in an isothermal jet-stirred
reactor were simulated using the PSR (perfectly stirred reactor) module. To obtain a
steady-state solution, a transient solver with the end time of 20 s was used.

Ignition delay times were simulated with the constant volume reactor model using Can-
tera code. Ignition delay time was determined similarly to the method described in the pre-
vious section: the moment of ignition was defined by a sharp increase in OH concentration.

Numerical modeling was performed using 11 published detailed chemical kinetic
mechanisms listed in Table 5. It should be noted that ethane and ammonia are present in
many reaction mechanisms; therefore, it is not possible to test them all in this work.

Table 5. Mechanisms used for numerical modeling.

Name of the Detailed Number of Number of Year Ref.

Reaction Mechanism Species Reactions
Model 1 187 1446 2023 [3]
Model 2 92 472 2023 [7]
Model 3 193 1468 2024 [4]
Model 4 192 1504 2024 [5]
Model 5 2 340 2025 [8]
Model 6 2854 11,797 2024 [1]
Model 7 188 1604 2022 [6]
Model 8 125 1099 2020 [19]
Model 9 356 2309 2023 [22]
Model 10 159 2459 2020 [16,17]
Model 11 285 2346 2025 [23]
pr. work 285 2346 2025 present work
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As discussed in the next Section, model 11 [23] provides the best agreement with the
experimental data for the NH3/CyHg/O;/Ar mixtures” oxidation in JSR. However, model
11 shows larger discrepancies for IDT compared to model 6 [1] and model 8 [19]. For the
flame structure, model 11 provides good agreement for reactants and main combustion
products and acceptable qualitative agreement with the other species. Therefore, the
sensitivity analysis for IDT was performed. Figure 1 shows a short diagram of the sensitivity
coefficients for the reactions with the largest contribution and that received the most
attention in this paper. The analysis was performed at 8 atm and 1400 K, since these values
are representative for shock tube experiments, presented in the current paper.

/A1,

HO2 + NHp <=>NH3 + O

CoHyg + NHp <=> CoH3 + NH3

e

mm 10%_CoHg

NH3 + OH <=> HZO + NH2 n 30%_C2H6

A

-1.0 -0.5 0.0 0.5

Sensitivity coefficients

Figure 1. Short diagram of the sensitivity coefficients for IDT of NH3 /CyHg /O, / Ar mixtures (ethane
content was 10% and 30%, p = 8 atm, T = 1400 K).

As shown in Figure 1, the highest sensitivity is observed for the reaction H + O, = O + OH.
Other important reactions include H + Oy(+AR) <=> HO,(+AR) and 2CHj3(+M)
<=> CyHg(+M). The rate constants of these three reactions were not adjusted in this work,
since they are considered to be well-established. The rate constants for the reactions H + NHj
<=>NH,; + Hy and NH3 + OH <=> H,0 + NH; were adopted from model 6, since they are
similar in models 11 [23] and 8 [19]. The rate constant for the NH, + HO, <=> NHj + O,
reaction was adopted from model 8 [20] since model 6 includes the reverse reaction. The rate
constant for the reaction Co,Hy + NH, <=> C,Hj3 + NH3 was taken from model 6, since it is
absent in model 8. The rate constant for the reaction N;Hs <=> H + NpH, was not updated,
since it is similar in all three models.

Therefore, the model “pr.work” (Table 5) is the modification of model 11 with four
updated rate constants, mentioned above.

4. Results and Discussion
4.1. Flame Structure

First, the experimentally measured temperature profiles are shown on Figure S1 (from
Supplementary Material). Flame stabilization conditions were selected to ensure the closest
possible temperature values in the post-flame zone. This approach enables us to neglect
the temperature effect in the subsequent data analysis. The values of temperature in the
post-flame zone are shown on the corresponding graphs.
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Mole fract

Mole fraction

Further the results on the species concentration profiles are discussed. Since quite a
few systems were investigated in this work, only the most important results are present in
the main text. The others are included in Supplementary Material.

Figures 2 and 52-510. show the concentration profiles of the reactants (NH3, CoHg, O3)
and main combustion products (CO,, N3, H,O) in the stoichiometric NH3/CoHg /O, / Ar
flame at 5 atm. Here, further simulation results of the most representative mechanisms
are presented in the main text. The results of numerical simulations using 12 mechanisms
are presented in Supplementary Material. For these species, all tested models provide
agreement within the experimental uncertainty and are consistent with each other. This
trend is observed for all studied flames. The calculated and measured concentrations of
combustion products become close to thermodynamic equilibrium values at the height
above the burner (HAB) greater than 0.4 mm.

2.0x102 2.5x10°2
[ NH3 1 C2He 101 02
® exp. -2
1.5x102 Model 1 2.0x10 8.0x102
--- Model 3 -2
102 Model 4 1.5x10 6.0x102
— Model 6 102 y
5.0x10° Model 11 4.0x10
-UX = pr. work 5.0x103 2.0x102
& eq.
o | 0 & 0o +—*
0.0020406081.01.214 0.0020406081.01214 00020406081.01214
8.0x102 |CO2 2.0x102 {N2 & 2.0x101 [H20
0y, 1
6.0x102 1.5x1072 1.5x10"
.. 9,
4.0x102 @ 102 10
2.0x102 5.0x103 I 5.0x102
0 0o - 0
0.0 0204 0608101214 0.00.204 0608101214 0.00.204 0608101214
HAB, mm HAB, mm HAB, mm

Figure 2. Mole fraction profiles of reactants and main combustion products in stoichiometric
NH3/CyHg /Oy / Ar flame (¢ = 1.0, p = 5 atm). Symbols: experimental data; lines: modeling results.

Figure 3 shows the mole fraction profiles of C-containing species, CO and HCN,
measured in rich flames at 1-5 atm. Results for lean and stoichiometric conditions are
provided in Figures 511-513. For CO, the quantitative agreement between experimental
and numerical data is significantly better than for HCN. This may be due to inaccuracy in
determining the sensitivity coefficient for HCN. Moreover, for CO models demonstrate
quite close results, while for HCN significant differences are observed. The predicted
HCN peak concentrations differ by one order. However, all the models provide sufficient
qualitative agreement, correctly describing the shape of the HCN mole fraction profile and
the position of its peak concentration.

The observed discrepancies among the models for HCN may be attributed, in particu-
lar, to the different set (or absence) of C/N reactions. In the post-flame zone, the measured
CO concentration is close to the thermodynamic equilibrium value; this trend is shown
by most of the models. The measured HCN concentration in the post-flame zone (at
2 mm from the burner surface) is several orders higher than its thermodynamic
equilibrium concentration.

Figure 4 shows the mole fraction profiles of Cy-hydrocarbons (CoH; and CyHy) regis-
tered in rich flames. The corresponding results for lean and stoichiometric flames are shown
in Figures S14 and S15. In general, all six models correctly reproduce the profiles shape
and the position of the peak concentration. However, in rich conditions, models 5, 8, 9,
and 10 overestimate C,H, concentration in the post-flame zone, and this discrepancy with
other models becomes pronounced at 5 atm. Moreover, there are quantitative differences
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between the numerical peak concentrations, and the largest discrepancy is approximately
2 times.
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Figure 3. Mole fraction profiles of CO and HCN in rich NH3/CyHg/O,/Ar flames (¢ = 1.2,
p = 1-5 atm). Symbols: experimental data; lines: modeling results.
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Figure 4. Mole fraction profiles of CoHy and CyHy in rich NH3/CyHg /O, /Ar flames (¢ = 1.2,
p = 1-5 atm). Symbols: experimental data; lines: modeling results.

As demonstrated in previous works [28,32], among NOXx, only NO is present in the
post-flame zone in a significant concentration. Therefore, this work focuses specifically on
NO. Figure 5 shows experimentally measured and simulated NO mole fraction profiles
in lean flames, since NO concentration is higher under lean conditions compared to stoi-
chiometric and rich ones (Figure S18 and Figure S19, respectively). A number of studies
have shown that during the combustion of rich NH3/H; and NH3/CH, mixtures, the
concentration of NOx in the combustion products is significantly lower than in the case of
lean and stoichiometric mixtures [32-37]. This indicates that the effect of equivalence ratio
on NOx formation in NH3 /C,Hjg flames is the same as in NH3z /H, and NH3/CHj, flames.

As shown, the models predict different NO concentrations both in the post-flame zone
and the peak (¢ = 1.2, Figure S19). Moreover, the agreement between experimental and
numerical data deteriorates with the pressure increase. At atmospheric pressure, almost all
models provide agreement within experimental uncertainty. The pressure increase to 3 and
5 atm results in more significant discrepancies.

https:/ /doi.org/10.3390/app16020673


https://doi.org/10.3390/app16020673

Appl. Sci. 2026, 16, 673

11 of 22

1 atm 3 atm 5 atm
6.0x10°
102 {NO s INO
c : — 5.0x10° 4.0x10
g 8.0x10 P 1 | 4.0x103 3.0x10°
= 6.0x10° 3 °
= 3.0x10 . { . 2.0x10°
S 4.0x10°3 exp —  Model 6 5
o Model 1 Model 11 2:0X10
E ’ ’ o] jodel 1073
2.0x10° o) --- Model3 — pr. work 103
0 Model 4 ¢ eq. > 0 <@ 0 hd g
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0 0002040608101214
HAB, mm HAB, mm HAB, mm

Figure 5. Mole fraction profiles of NO in lean NH3/CyHg /O, / Ar flames (¢ = 0.8, p = 1-5 atm).
Symbols: experimental data; lines: modeling results.

Figure 6 shows the mole fraction profiles of aCsHy + pCsHy, C3Hg + CHCO and
CH3CHO in rich conditions. In lean flames, allene and propyne were not registered
(Figure S20), while in stoichiometric conditions, only propene and ketene were measured
(Figure 521). Since the mass spectrometer used in the work is not able to resolve the signals
of allene/propyne and propene/ketene, their total profiles are presented. It should first
be noted that models 1, 3, 4, and 5 do not include reactions involving Cs-hydrocarbons.
Consequently, for the total mole fraction profile of C3Hg and CH,CO, for models 1, 3,
4, and 5, only the profile of CH,CO is shown. Model 8 includes a limited number of
reactions with allene and propyne, which, in turn, results in the incorrect shape of their
total concentration profile.
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Figure 6. Mole fraction profiles of CH3CHO, C3Hg + CH,CO and aCzHy + pC3Hy in rich
NH;/CyHg/O,/Ar flames (¢ = 1.2, p = 1-5 atm). Symbols: experimental data; lines: modeling
results. (For C3Hg + CHCO numerical results obtained with models 2 and 5 are divided by 10. For
CH3CHO numerical results obtained with models 1, 3, and 4, they are divided by 10. Experimental
data for CH3CHO at 5 atm is multiplied by 10.).

Overall, there is qualitative agreement between experimental and numerical data.
However, measurement accuracy for these species is very low due to their low concentration
in the flame. Therefore, it is almost impossible to draw conclusions regarding quantitative
agreement with the modeling results.
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Models 6 and 9 predict a significantly higher peak concentration of C3H compared
to model 2 (the difference is 34 times). Models 7, 11, and the model from the present
work predict even higher total peak concentration of these species, approximately 1.5 times
higher than that predicted by model 6.

Although the concentration of C3Hg and CH,CO is higher compared to C3Hy, a
quantitative assessment of model agreement still remains difficult. First of all, the measure-
ment accuracy for these species is quite low. Secondly, CsHg and its reactions are present
only in the part of models tested. However, qualitative agreement is acceptable since the
tested models correctly reproduce the concentration profiles” shape and peak position.
For CH3CHO, there is also good qualitative agreement between the experimental and
numerical data, considering the large measurement uncertainty. Models 2 and 7 predict the
lowest peak concentration compared to other models. According to model 5, the CH;CHO
peak is located farther from the burner surface compared to other models.

The mole fraction profiles for other species registered in the studied flames are pre-
sented in Supplementary Material. Methane profiles are shown in Figures 523 and S24.
In lean flames, methane was not registered due to its low concentration. According to
Figures 523 and 524, the measured and simulated peak concentration of methane changes
only slightly when the pressure increases from 1 to 3 atm. However, the further pressure in-
crease to 5 atm decreases the experimental value by almost an order and the numerical one
only slightly. In general, there is satisfactory qualitative agreement between experimental
and numerical data. One reason for quantitative discrepancies may be attributed to the
contribution of fragment ions from ammonia and other heavier species.

Figures 525-527 show the mole fraction profiles of HO, and HyO,. The accurate
prediction of these species is important, particularly for ensuring good predictive capability
at low temperatures. In general, the obtained results show good qualitative agreement
between the experimental and numerical data. The observed discrepancies of the absolute
values can be attributed to the low measurement accuracy, which appears due to low
concentration of HO, and H,0O».

The concentration profiles of key radicals in ammonia/ethane flames—CHj3 and
NH,—are given in Figures 528-530. The ability to register radicals is important to sub-
stantiate the probe sampling method. While qualitative agreement exists between the
experimental and numerical data, the quantitative agreement for NH, is significantly better
than for CHj. For the latter, the discrepancy in peak concentration is 30-70 times. This
may be associated with a larger uncertainty in the CHj sensitivity coefficient and larger
contribution of fragment ions.

4.2. Oxidation in a Jet-Stirred Reactor

It was previously established that adding 30% of hydrogen to ammonia reduces
the onset temperature of the mixture oxidation by 250 K [30]. Methane addition acts
similarly to hydrogen, as it also leads to a decrease in the onset temperature of the mixture
oxidation [38—42]. As can be seen in Figure 7, the onset temperature of NH3/Cy,Hg/O2/ Ar
mixture oxidation is about 900 K, which is approximately 300 K lower than that for pure
ammonia [30]. This indicates that the effect of CoH¢ addition is similar to that of adding
hydrogen or methane.

Figure 7 shows the concentration of reactants and oxidation products vs. temperature
in the lean NH3/CyHg/ O,/ Ar blend. It should be noted that in Figure 7, simulation results
obtained only with models 1, 3, 4, 6, and 11 and that from the present work are shown. The
complete set of modeling for all models is provided in Supplementary Material (Figure S32).
As seen, models 2,5, 7, 8,9, and 10 are inconsistent with the experimental results; therefore,
they will not be discussed in this section.
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Figure 7. Species concentration vs. reactor temperature in lean NH3/C;Hg/O,/Ar blend (¢ = 0.5,
T=1s,p=1atm, NHj fraction = 0.005, NH3/CyHg = 1/1). Symbols: experimental data; lines:
modeling results. (For Hy, experimental data is multiplied by 10.)

Model 6 predicts faster oxidation of the studied blend. Conversely, models 1, 3, and
4 overpredict the onset temperature of intensive oxidation. For NH3, C,Hg, O,, CO,, Ny,
and H,O, the best agreement is provided by model 11 and the model from the present
work. Regarding CO and NO, models give relatively close results; however, quantitative
agreement is better for CO than for NO, since NO’s experimental concentration is higher
compared to modeling values. For HCN and CHy, the best agreement is provided by
model 11 and the model from the present work. Figure 7 shows H; concentration that
was multiplied by 10; thus, it is possible to assess only qualitative agreement, which
appears acceptable.

Under stoichiometric conditions (Figure S31), models 2, 5, 7, 8, 9, and 10 are incon-
sistent with experimental data. However, for model 6, the discrepancies observed at low
temperatures are less pronounced than for the lean blend. The overall tendency regarding
agreement between experimental and numerical data is similar.

For the rich blend (Figure 533), the discrepancies shown by models 6 and 9 are even
less significant. The behavior of NHs, C;Hg, O, CO,, Ny, HyO, and CO is adequately
captured by all models. In the case of CHy, all models overestimate its concentration. For
HCN, model 6 provides the best agreement for its concentration at high temperatures. For
Hy, only qualitative agreement is observed.

Figures 531-533 show the species concentrations at thermodynamic equilibrium. For
the rich blend, a larger difference exists between species concentration at 1300 K and the
corresponding equilibrium values. This indicates that chemical processes proceed more
slowly under rich conditions compared to stoichiometric and lean ones.
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4.3. Ignition Delay Time

According to the available data, the addition of hydrogen to ammonia significantly
reduces ignition delays under shock tube conditions [43-45] and in a rapid compression
machine [46-48]. A similar effect is observed for methane addition. According to the
published results, increasing the methane concentration reduces the induction time during
autoignition behind a shock wave [49-51] and under adiabatic compression [52,53]. Ac-
cording to the results obtained in the present work, the effect of ethane addition on the
ignition delays is similar to that for hydrogen or methane.

Figure 8 presents the ignition delay time vs. temperature of stoichiometric ammo-
nia/ethane blends with 10% and 30% C,Hg content. As shown, models 2, 7, and 11 exhibit
the largest discrepancies with the experimental data. For the mixture with 10% ethane, the
best agreement is provided by models 3 and 8, whereas at 30% ethane, model 6 shows the
best predictive capability. Therefore, as mentioned before, model 11 was updated. The
resultant model shows acceptable agreement with the experimental data.
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Figure 8. Ignition delay time vs. temperature for stoichiometric NH3/CyHg/O,/Ar blends
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(CyHg content 10% and 30%, p = 7.7 and 8 atm, respectively). Symbols: experimental data; lines:
modeling results.

Additionally to comparison of the simulation results using the modified mechanism
with experimental data on IDTs and speciation in flames and JSR, LBV simulations under
conditions reported in [6-8] were also performed. The comparison showed that the largest
discrepancies between experimental and numerical data are observed for blends with high
ammonia content, which is also evident from IDTs (Figure 8). Furthermore, published
data indicate that when the ammonia fraction in the mixture with ethane exceeds 50%,
an increase in the scatter of experimental data is observed. Moreover, the discrepancy
between the simulation results obtained with the modified mechanism and the published
data increases with the equivalence ratio. Overall, the modified mechanism describes
the published data on LBVs with satisfactory accuracy. The corresponding graphs are
presented in Figures 542-544 (Supplementary Material).

5. The Analysis of Pressure and Equivalence Ratio Effect on Intermediate
Species Concentration in NH3/C;Hg/O,/Ar Flames

This section analyzes the effects of pressure and equivalence ratio on intermediate
species concentration, which is crucial for optimizing fuel blend composition and combus-
tion mode.

Figures S35 and S36 show the influence of pressure on NO, CO, and HCN concen-
trations in the post-flame zone (Figure S35) and on their peak mole fraction (Figure S36).
Increasing pressure reduces both peak and post-flame zone concentrations of NO, and this
trend is adequately captured by all models. In the study presented in [54], it was shown that
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during the combustion of NH3/H; blends, the pressure increase resulted into a decrease in
NOx concentration. For ammonia/methane mixtures, it was also revealed that the increase
in both pressure and equivalence ratio results in a decrease in NOx concentration [49,55,56].
This indicates that the effect of ethane addition to ammonia is similar to that of hydrogen
or methane addition.

As expected, pressure also decreases CO concentrations, although this effect is less
pronounced under rich conditions. All mechanisms adequately reproduce the pressure
dependence of CO concentration. Pressure increase generally decreases HCN concentration,
except the rich blends, where models predict either a slight decrease or a weak increase
with pressure. It is known that in flames, the pressure increase accelerates the system'’s
transition to a thermodynamically equilibrium state. The calculation of thermodynamically
equilibrium concentrations of CO, HCN, and NO in NH3/C;Hg /O, /Ar mixtures at 1, 5,
20, and 100 atm and 1700 K (Table S1) show that as pressure increases, the CO and NO
concentrations decrease. Although HCN concentration increases slightly, its absolute value
is approximately 10 orders lower than CO and NO concentrations. Such data can be useful
for analyzing the composition of engine combustion products.

Figure S37 presents C,H,, C;Hy, C3Hg + CH,CO, CH3CHO, and CH4 peak concen-
tration vs. pressure. Their mole fractions in the post-flame zone are negligible. In the
experiments, the peak concentration of C;H, and C,Hy decrease with the pressure rise—a
trend reproduced by all models. The total peak concentration of C3Hg + CH,CO, measured
in the experiment, also decreases with pressure; however, the models show different pre-
dictions. For CH3CHO, the models also predict a different dependence on pressure. The
measured peak concentration of CHy is significantly higher than simulated results. As
noted previously, CH4 was detected only in stoichiometric and rich flames. Numerical
simulations show, as expected, the decrease in CH4 peak concentration with pressure,
except under rich conditions, where models predict different trends.

Figure 538 shows the total peak concentration of allene and propyne vs. pressure
under rich conditions, where these species were detected. As mentioned above, C3Hy-
chemistry is included only in models 2, 6, 7-11, and in the present model. All these
models correctly reproduce the experimentally observed decrease in C3Hy concentration
with pressure. To explain the pressure effect, reaction rate analysis was performed. The
reactions with the largest contribution to the species total formation/consumption rates
are presented in Tables 52-512. Overall, the presented data show that increasing pressure
reduces the concentrations of intermediates to varying degrees. The most pronounced
effect is observed for CO, HCN, C;Hy4, and CHy, for which the ratio of consumption to
formation reaction rates increases by a factor of 1.75, 1.13, 1.7, and 1.24, respectively, when
pressure increases from 1 to 5 atm. For other intermediates, such as NO, C;H,, CH3CHO,
C3Hg + CH,CO, and C3Hy, the pressure increase leads to a weaker change in the ratio of
their consumption-to-formation rates (ranging from 1.08 to 0.91). This explains the more
modest change in their peak concentrations with increasing pressure.

Figures S39 and 5S40 show the effect of the equivalence ratio on the post-flame
(Figure S39) and peak (Figure S40) concentrations of NO, CO, and HCN. All mechanisms
adequately capture experimental trends: the decrease in NO concentration and sharp
increase in CO and HCN concentration when transitioning from lean to rich conditions.
For CO, there is also quantitative agreement between experimental and numerical results.
Figure S41 presents the peak concentrations of C,H,, C;Hy, CsHg + CH,CO, CH3CHO,
and CHy vs. the equivalence ratio. As expected, the concentrations of C;H, and C,Hy are
higher under rich conditions. Both experimental and numerical data show that CH, peak
concentration increases with equivalence ratio. For these species, all models adequately
capture the experimental tendency. Modeling data also predict the increase in the total peak
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of C3Hg + CH,CO with the equivalence ratio increasing. For CH3CHO peak concentration,
the tested models predict different dependence on the equivalence ratio.

6. Analysis of C;Hg and NH3 Consumption Pathways

This section presents an analysis of the consumption pathways of the fuel mixture
components—C,Hg and NHj. This analysis was performed using the model from the
present work, as it provides acceptable agreement with the entire set of experimental data.
This model adequately reproduces the data obtained in a jet-stirred reactor, particularly
the temperature range, corresponding to the intensive oxidation of the NHs + C,Hg blend.
Moreover, this model includes cross-reactions involving C- and N-containing species. This
is confirmed by the fact that HCN concentration predicted by this model is comparable
with the experimental values. This is evident both from the flame structure data and
from the oxidation data in JSR. This model also includes C3-hydrocarbons and related
reactions. Finally, it provides acceptable agreement with the ignition delay times for the
NHj; + CoHg mixtures. The fact that this model provides quite good predictive accuracy
indicates that it contains the most comprehensive set of reactions with the most correct rate
consatnt parameters.

Figure 9 shows a scheme of the main consumption pathways of ethane and ammonia
during oxidation in a jet-stirred reactor and in flame conditions. The analysis was per-
formed for the stoichiometric mixture, since this equivalence ratio is intermediate among
those studied.
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Figure 9. The main consumption pathways of ethane and ammonia during oxidation of stoichiometric
NHj3/CyHg /O, / Ar blend in jet-stirred reactor (T = 1060 K) and in flame (1530 K). The scheme was
obtained with the model from the present work. (Orange arrows indicate reactions involving
C-containing species, blue arrows indicate reactions of N-containing species, and green arrows
correspond to cross C/N pathways. Dashed arrows indicated the pathways which became less
important at high temperatures. Red dashed arrows show the pathways which, on the contrary,
appear at high temperature conditions.)
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According to the obtained results, ethane oxidation occurs at slightly lower tem-
peratures compared to ammonia. Therefore, the rate of ethane consumption reaches its
maximum at a lower temperature. According to the model from the present work, the
maximum rate of ethane consumption is observed at 1035 K and the maximum rate of
ammonia consumption at 1090 K. Therefore, the analysis was performed at 1060 K, an inter-
mediate value between the corresponding maxima for the two fuel components. It should
be noted that only the pathways contributing more than 10% to the total consumption
rate are shown in the scheme. In this Figure, orange arrows indicate reactions involving
C-containing species, blue arrows indicate reactions of N-containing species, and green
arrows correspond to cross C/N pathways. Dashed arrows denote pathways that become
less significant at high temperatures. Red dashed arrows show the pathways which, con-
versely, appear at high temperature conditions. The decomposition of the C,Hg molecule
occurs primarily through the formation of the C,Hs radical, which subsequently yields
C,yHy, CHj3, and C;H50OH. CyHy then produces HCO, CoH3, and CH,CHO. The C;Hs
radical produces CH,O, CHOCHO, C;H,, and CH,CHO. The main products of CHOCHO
decomposition are HCO and CO. The main product of HCO consumption is CO. CH,O
decomposition mainly yields HCO, which in turn produces CO. C;H; mainly forms CO
and HCCO. HCCO either produces CO or reacts with O, to form CO + CO,. Another
product of HCCO conversion is CH,CO, which in turn yields CH,OH and CO. CH,OH
decomposition results in CH,O formation. CH,CHO primarily yields CH,CO. C,HsOH
initially decomposes into two radicals: CH,CH,OH and CH3;CHOH. CH,CH,OH conver-
sion results into C,Hy formation, whereas CH;CHOH forms CH3;CHO. Further, CH;CHO
either produces CH,CHO or CH3CO, and the latter mainly decomposes to CO.

As can be seen, the consumption of hydrocarbon species occurs primarily in reactions
with H, O, and OH. In contrast, reactions involving NH, contribute much less. As revealed
in the works presented in [57,58], the interaction of hydrocarbons with NH; contributes
significantly at low and intermediate temperatures, whereas at high temperatures their role
is negligible.

The first step of NHj3 conversion is the formation of the NHj; radical. Subsequently,
NH; produces NH, HNO, and N + HyO. The main product of HNO consumption is NO.
NH decomposition results into formation of NoHj, H, and N»O. NpHj, produces NNH
which in turn yields Nj. It should be noted that fuel-nitrogen in ammonia molecules is the
main source of NOx. As can be seen from the scheme, NOx is mainly formed in reactions
of ammonia-derived radicals (NH;, NH) either with H (in the case of NO) or with NO (in
the case of N,O).

The first stage of C/N interaction is the reaction between CHj3 and NHj;, yielding
CH;3NH,. Further, CH3NH; produces CH,NH,, which in turn yields CH,NH. CH,NH is
the source of such species as HCNH and H,CN. The main product of HCNH and H,CN
consumption is HCN. As is mentioned in the work in [22], under fuel-rich conditions the
contribution of the CH3 + NH, = CH3NHj, reaction increases. In the work in [22], the effect
was around 20 times. Since CH3NHj is the primary source of HCN, HCN concentration
is consequently higher under rich conditions. HCN decomposition results into NCO
formation. NCO yields CO and HNCO, and the latter decomposes to produce CO.

The temperature for the analysis at flame conditions was chosen similarly as described
above. The maximum rate of ethane consumption takes place at 1455 K; for ammonia, this
value is 1600 K. Consequently, an intermediate temperature of approximately 1530 K was
selected for the analysis.

In flame conditions, most of the pathways are similar to those observed in an isother-
mal reactor. Therefore, for brevity, only the main differences will be discussed. The
distinctive pathways are shown with dashed arrows. Regarding reactions involving C-
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containing species, the pathway of C;HsOH formation becomes less significant along
with the reactions of oxygenates (such as CH;CHOH, CH,CH,OH, CH3CO, CHOCHO,
CH,CHO, and CH3CHO).

For N-containing species and their reactions, there are no significant differences; only
the contribution of the N, + H,O formation’s reaction from NHj is reduced. The most
important difference in high-temperature from low-temperature conditions is that the
initial step of C/N interaction proceeds via reaction of NH with CHj3 forming CH,NH. The
minor differences include pathways such as HCN->HNC->HNCO as well as pathways of
N, + CO,, NO + CO, and N,O + CO formation from NCO.

Experiments in a shock tube were performed at pressures not significantly different
from the flame conditions studied in this work, and the characteristic temperatures are
comparable. Therefore, the scheme of C;Hg and NH3 consumption pathways is expected
to be very similar.

In general, ammonia and ethylene as individual fuels were studied in the substantial
number of works. Therefore, it is assumed that chemical reactions of their consumption
are well-known and largely similar across different mechanisms. It is important to note
that while reactions involving C/N species have been studied in less detail, comparison
with the published works reveals that these pathways are also generally quite similar in
their mechanisms.

Nevertheless, it is important to note that the rate constants for individual reactions in
these mechanisms may differ, which will lead to a certain discrepancy between experimental
and numerical data. However, in our work, the rate constants were changed for only a
few reactions, among which only one involves interaction of C- and N-containing species
(CoH4 + NH, <=> C,Hj3 + NH3). Therefore, this model modification will not lead to a
significant change in the consumption pathways compared to the original model.

7. Conclusions

(1) A wide range of experimental data on the oxidation and combustion of ammo-
nia/ethane mixtures was obtained. It includes data on NH3/CyHg /O, /Ar blends’
oxidation in a jet-stirred reactor (¢ = 0.5-2.0, NH3/CoHg = 1:1, p=1atm, T =1s,
T = 800-1300 K); data on the structure of NH3/CyHg/O,/Ar flames (¢ = 0.8-1.2,
NH;3/CyHg = 1:1, p = 1-5 atm); and data on ignition delay time of NH3/CyHg /Oy /Ar
blends (¢ = 1.0, NH3/CoHg = 11:1, 42:1, p = 6.7-8.6 atm, T = 1300-1600 K).

(2) Numerical modeling was performed for all studied systems using 11 published
detailed chemical-kinetic mechanisms that contain the reactions of ammonia—
ethane interaction.

(38) The comparison of experimental and numerical results indicated that currently none
of the mechanisms are capable to describe all experiments from the present study.
Therefore, the mechanism modification for the NHs + C;Hg mixtures was proposed,
which resulted in improved agreement between experimental and simulated data.

(4) Based on the flame structure data, the effects of initial mixture composition (¢) and
pressure on intermediate species concentration (both peak and in the post-flame
zone) were analyzed. The increase in pressure and equivalence ratio decreases NO
concentration. The concentration of Co,H,, Co,Hy, CO, HCN, and CHy increases in rich
conditions and decreases at higher pressures. For C3Hy, only the pressure effect was
analyzed, and pressure increase also results in a reduction in peak concentration. For
C3Hg + CH,CO and CH3CHO, the models predict different trends of concentration
change with the pressure and equivalence ratio.

(5) The effect of transition from relatively low-temperature oxidation to the flame com-
bustion (and high-temperature oxidation) on the main pathways of ammonia and
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ethane consumption was analyzed. Among reactions involving C-containing species,
the pathways of oxygenate formation and consumption became less significant at high
temperatures. The pathways involving N-containing species are almost similar at both
low and high temperatures. At high temperatures, the first step of C-N interaction
proceeds via reaction of NH with CHjz forming CH,NH. At low temperatures, it is
the reaction of NH; and CHj3 which yields CH3NHj.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app16020673/s1, Figures S1-544, experimental data in Excel
format, the updated mechanism. Table S1. The pressure effect on thermodynamically equilibrium
concentrations of CO, HCN and NO; Table S2. Reactions with the largest contribution to the total
CO consumption/formation rates; Table S3. Reactions with the largest contribution to the total HCN
consumption/formation rates; Table S4. Reactions with the largest contribution to the total NO
consumption/formation rates; Table S5. Reactions with the largest contribution to the total Co;Hj
consumption/formation rates; Table S6. Reactions with the largest contribution to the total C;Hy
consumption/formation rates; Table S7. Reactions with the largest contribution to the total CHy
consumption/formation rates; Table S8. Reactions with the largest contribution to the total CH3CHO
consumption/formation rates; Table S9. Reactions with the largest contribution to the total C3Hg
consumption/formation rates; Table S10. Reactions with the largest contribution to the total CH,CO
consumption/formation rates; Table S11. Reactions with the largest contribution to the total aC;H4
consumption/formation rates; Table S12. Reactions with the largest contribution to the total pC3Hy
consumption/formation rates.
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