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Abstract

The utilization of low- and zero-carbon fuels in internal combustion engines is gaining
increasing interest. In marine engine applications, the co-combustion of methane and am-
monia has emerged as a promising strategy for reducing carbon emissions. In this work, a
chemical kinetic mechanism for n-heptane/methane/ammonia blended fuel was developed
and validated. Using this mechanism, sensitivity and chemical kinetic analyses were per-
formed to explore the ignition characteristics of the fuel mixture. The results indicate that at
an initial temperature of 1000 K, reaction R152 (C;Hj5., = CHj3 + CgHjp) exerts the strongest
inhibiting effect on ignition. C7Hjs., is a major low-reactivity intermediate generated
during n-heptane decomposition, and the accumulation of such intermediates contributes
to the negative temperature coefficient (NTC) behavior. A cross-reaction between CHy
and NHj;, R111 (CH4 + NH, = CH3 + NH3), was identified, which impedes the smooth
progression of oxidation. Elevated temperatures, oxygen-rich conditions, and higher am-
monia blending ratios promote the formation of NO. The production of N,O is primarily
governed by reaction R105 (NH + NO = N,O + H), whose rate increases with the NH3 molar
fraction. Consumption of N,O occurs mainly via reactions R92 (N,O + H = Nj + OH) and
R94 (N2O (+M) = Ny + O (+M)), both of which occur later than its formation through R105,
indicating that N,O consumption is more sensitive to temperature.

Keywords: marine engine; combustion reaction; n-heptane/methane/ammonia mechanism;
chemical kinetic analysis; ignition delay time; reducing carbon emissions

1. Introduction

In recent years, hydrogen and ammonia have emerged as promising zero-carbon fuels
for internal combustion engines. However, their distinct heating values and combustion
properties introduce challenges to the conventional thermodynamic cycle, including unsta-
ble ignition, incomplete combustion, and increased NOx formation. These issues highlight
the need for further research on optimized combustion strategies tailored to alternative
fuels. Due to its physical properties, the use of hydrogen alone has several disadvantages:
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hydrogen is the lightest element with an extremely low volumetric energy density, and it
also poses safety concerns (flammable and forms explosive mixtures with air). In addition,
hydrogen has high logistical costs, and currently, hydrogen refueling stations are scarce.
Therefore, the only feasible solution is to store compressed gaseous hydrogen (CGHy)
in pressurized tanks, with the main tank pressure at 350 or 700 bar and the fixed tank
pressure at 120 bar [1,2]. Although CGH; has moderate energy density, high pressure, and
excellent flammability, it also presents safety risks. Of course, hydrogen can be stored in
liquid form (LH,); however, liquefying hydrogen consumes a large amount of energy (up
to 30% of its lower heating value) and leads to evaporation losses [3]. Ammonia, as an
excellent hydrogen carrier, provides the same clean energy advantages as hydrogen while
also offering the additional benefits of mature production, storage, and transportation in-
frastructure [4]. Ammonia, as a carbon-free fuel, has an ignition point of 650 °C. Compared
to hydrogen, ammonia has a lower risk of fire and is less likely to explode. When used
as an internal combustion engine fuel, it is less prone to knocking, backfiring, or other
abnormal combustion phenomena. The global push toward carbon neutrality has made
ammonia an increasingly attractive alternative fuel for engines, which is also a key focus
of current internal combustion engine research. For many years, scholars both domesti-
cally and internationally have conducted extensive research on ammonia’s basic flame
characteristics, combustion enhancement methods, chemical kinetic mechanisms, and the
combustion characteristics and performance of ammonia-fueled engines [5-8], in order to
explore feasible ways to achieve stable and efficient combustion in ammonia-fueled engines.
A summary of representative chemical kinetic mechanisms for ammonia combustion is
presented in Table 1.

Table 1. A brief overview of the chemical reaction kinetics mechanism involving ammonia as a fuel.

Mechanism Model Fuel Species/Reactions Parameters for Validation
Mathieu and Petersen .
(2015) [9] NH;/CHy 54/278 Ignition delay
Song (2016) [10] NHj; 32/204 -
Nakamura (2017) [11] NHj 38/232 Species concentration
Species concentra-
Glarborg (2018) [12] NH;/C1-C2 151/1397 tion/Tgnition delay
Laminar flame speed/Species
Shrestha (2018) [13] NH, 125/1090 concentration/Ignition delay
Otomo (2018) [14] NH; 32/213 Laminar flame speed
Laminar flame
Okafor (2019) [1] NH;/CH, 43/130 speed /Species concentration
Mei (2019) [16] NHj; 38/265 Laminar flame speed
Li (2019) [17] NH;3/H,/CHy 128/957 Laminar flame speed/Ignition delay
Stagni (2022) [18] NH; 31/203 Laminar flame speed/Ignition delay
Han (2020) [19] NH;3;/H;,/Syngas 35/174 Laminar flame speed
Yu (2020) [20] NH;3/N-CyHq4 1376/6499 Ignition delay
Wang (2021) [21] NHj3/CH3;OH/C,Hs0OH 91/444 Laminar flame speed
. Laminar flame speed/Species
Bertolino (2021) [22] NH, 31/230 concentration/Ignition delay
Sun (2022) [23] NH;/CHy 66/486 Laminar flame speed/Ignition delay
Liao (2023) [24,25] NH;3/H,/CH, 178/1364 Ignition delay
Laminar flame speed /Species
Xu (2023) [26] NH;3/N-C7Hae 69/389 concentration/Ignition delay
Wu (2023) [27] C1oHpp/CgH15/C7H14/CyHg /NHj3 124/660 Laminar flame speed/Ignition delay
Wang (2023) [28] NH;3/N-C7H14 74 /495 Laminar flame speed/Ignition delay
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An overview of the chemical reaction kinetics mechanisms involving ammonia fuels is
shown in Table 1. Researchers have proposed many detailed chemical reaction models for
ammonia or ammonia/hydrocarbon mixtures. Otomo et al. [14] compared the predicted
results of several ammonia models with experimental data from the literature and found
that the models previously proposed by Dagaut et al. [29], Mathieu et al. [9], Klippenstein
et al. [30], Tian et al. [31], and Song et al. [10] significantly overestimated the laminar
flame speed. As a result, Otomo et al. [14] proposed an improved ammonia oxidation
mechanism based on Song’s model [10], which showed good performance in ignition
delay and laminar flame speed. However, the improved ammonia mechanism by Otomo
et al. is only applicable to ammonia/air and ammonia/hydrogen/air combustion, and
does not apply to ammonia/methane mixtures. Shrestha et al. [13] proposed a detailed
H,-CO-CH4-NO-NHj; mechanism and validated it using ignition delay, laminar flame
speed, and species concentration data. However, some NH3-C1 species and reactions are
still missing in Shrestha’s mechanism. Bertolino et al. [22] optimized the ammonia mecha-
nism by Stagni et al. [18] using evolutionary and data-driven methods. The mechanism
was optimized through a database containing 635 ammonia combustion experimental data
points, covering standard targets such as ignition delay time (IDTs), species distribution,
and laminar burning velocity (LBV). The final optimized mechanism showed satisfactory
agreement with experimental results across the entire range of operating conditions. As
shown in Table 1, in recent years, there has been an increasing amount of research on the
reaction mechanisms of ammonia with other carbon-containing fuels. Mixing ammonia
with other carbon-based fuels not only improves the combustion efficiency of ammonia
fuels but also reduces carbon emissions, providing a technical approach to solve the current
issue of slow combustion speed of ammonia fuels.

The ignition process of alternative fuels is crucial for subsequent combustion pro-
cesses and emission control. The combustion chemical reactions in internal combustion
engines are actually driven by numerous elementary reactions, and the chemical reac-
tion mechanism of mixed fuels is key to understanding and guiding the control of in-
cylinder ignition and combustion processes. In this work, a chemical reaction mechanism
for the n-heptane/methane/ammonia blended fuel was developed using the Chemkin
zero-dimensional homogeneous reactor model [32]. Several rate constants of elementary
reactions were adjusted to improve accuracy, and the simplified mechanism was validated
against the ignition delay times of pure methane, methane-ammonia blends, and n-heptane
under high-pressure conditions. Using this mechanism, a chemical kinetics analysis under
marine engine conditions was conducted.

2. n-Heptane/Methane/Ammonia Mechanism Construction
and Validation

2.1. Construction of the n-Heptane/Methane/Ammonia Mixed Fuel Mechanism

Rahimi et al. [33] used CHy4 and n-C;H;¢ as substitutes for natural gas and diesel,
respectively, based on the GRI-Mech 3.0 and Valeri mechanisms. They employed a genetic
algorithm to couple and simplify the chemical reactions, neglecting those with minimal
impact on the combustion process, and adjusted the corresponding reaction rate constants
to construct a simplified dual-fuel mechanism (containing 76 species and 464 elemen-
tary reactions). Subsequently, the simplified mechanism was coupled into the engine
in-cylinder combustion simulation. Under different conditions, such as compression ratio,
air-fuel ratio, and EGR (Exhaust Gas Recirculation) rate, the mechanism was validated
with experimental results, which showed good agreement between the test and simulation.
The 464-step Rahimi dual-fuel mechanism has been widely applied in three-dimensional
engine simulations due to its good applicability in diesel-natural gas dual-fuel combus-
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tion. The Otomo mechanism [14] performs well in predicting ammonia’s ignition delay
and laminar burning velocity. Therefore, this study uses both the Rahimi mechanism
and the Otomo mechanism [14] to construct the multi-fuel reaction mechanism for n-
heptane/methane/ammonia. After merging the two mechanisms, it is simplified based
on different load thermal conditions of a medium-speed marine engine. In addition, some
important cross-reactions between mixed fuels and intermediates are incorporated, and
certain elementary reaction rate constants are adjusted based on experimental data. The
simplified mechanism was then validated for ignition delay in different mixed fuels. In this
study, DRGEP (Error Propagation Extension to Direct Relation Graph) and SA (Sensitivity
Analysis) were adopted to reduce the detailed mechanism. The process of constructing
the n-heptane/methane/ammonia mixed fuel chemical reaction mechanism is shown in
Figure 1. The modifications to the rate constants of certain key elementary reactions are
shown in Table 2. The mechanism includes the cross-reactions between methane/ammonia
fuel intermediates, such as CHy + NH, = CH;3 + NHj3 and CH;3 + NO, = CH30 + NO.

[

Rahimi mechanism T R —— Otomo mechanism
(76 species, 464 reactions) cchants cremng (32 species, 213 reactions)

Whether identical
elementary reactions
exist

Retain the elementary
reactions from the
Rahimi mechanism

Retain all elementary
reactions

Detailed mechanism
(89 species, 611 elementary reactions)

[

Mechanism reduction:
DRGEP, SA

Modification of reaction
rate constants

[ Ignition delay time validation }:>

Simplified mechanism
(50 species, 266 elementary reactions)

Figure 1. Flowchart for constructing CyH;/CH4/NHj3 mixed fuel.

Table 2. Adjustment table for certain elementary reaction coefficients.

Serial Number Elementary Reaction A n E,
R1 NH, + HO, = NH; + O, 6.00 x 1018 —1.9135 3.060 x 102
DUP 5.90 x 107 1.5920 —1.373 x 103
R2 NH, + HO, = H,NO + OH 1.00 x 1012 0.1662 9.380 x 102
R3 NH, + HO, = HNO + H,0 2.20 x 10° 0.7906 —1.428 x 103
R4 NH, + NO, = H,NO + NO 8.00 x 101! 0.1100 —1.186 x 103
DUP —8.60 x 1017 —1.8740 5.880 x 102
R5 NH, + NO, = N,O + H,O 8.60 x 107 —1.8740 5.880 x 102
R6 CH4 + NH; = CH; + NH; 7.50 x 103 3.0100 9.940 x 103
R7 CHj; + NO, = CH;0 + NO 5.00 x 1013 0.0000 0.0000
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The adjustment of the elementary reaction rate constants in Table 2 refers to the
following papers [34-36]. The n-heptane/methane/ammonia mixed fuel mechanism
constructed in this study is mainly applied to the simulation optimization of diesel micro-
ignition medium-speed marine engines, with methane as the primary fuel, a small amount
of ammonia mixed in, and a trace amount of n-heptane to provide stable ignition energy.
Therefore, in the process of mechanism merging, the Rahimi dual-fuel mechanism is used
as the primary mechanism. This mechanism retains the complete GRI-Mech 3.0 mechanism.
When conflicts arise between the Rahimi dual-fuel mechanism and the Otomo ammonia
fuel mechanism, the elementary reactions from the Rahimi mechanism are retained.

2.2. Ignition Delay Validation of the n-Heptane/Methane/Ammonia Mechanism

In the simulation conditions of the marine engine, CHy is used as the primary fuel.
Therefore, in the ignition delay time (IDT) verification section, the IDT of CH4 under high-
pressure conditions was first validated. The comparison between experimental data [37]
and simulated methane IDT at different equivalence ratios under high-pressure conditions
is shown in Figure 2a. The IDT predicted by the 266-step simplified mechanism is slightly
higher than that predicted by the 611-step detailed mechanism, but both the 611-step
detailed mechanism and the 266-step simplified mechanism provide good predictions of
the methane IDT at different equivalence ratios when compared with the experimental
results. Figure 2b compares the experimental data [38] and simulated methane IDT at
pressures close to the engine compression and combustion pressures. The results show that
the methane IDT predicted by the constructed mixed-fuel mechanism is in good agreement
with the experimental results. This verifies that the n-heptane/methane/ammonia mixed
fuel mechanism we developed can accurately predict the IDT of pure methane under high
backpressure conditions.

1073 1072
P =40 bar #=0.5
CH,/ 0,/ AR 0.038 CH, + 0.192 O, + 0.77 AR|
Detailed : soild line Detailed : soild line -
Reduced : dashed line 10 Reduced : dashed line 4
= )
= 107 =
=] =]
Experiment  Simulation 1074
$=0.5 o3 -—- Experiment ~ Simulation
g=1 o o P =50 bar < -=--
_ P =100 bar @) —_— -
p=2
P =150 bar
1075 1 1 1 1 1 1073 1 1 | 1 1
0.56 0.6 0.64 0.68 0.72 0.72 0.76 0.8 0.84 0.88
1000/T [1/K] 1000/T [1/K]
(a) (b)

Figure 2. Comparison of experimental and calculated methane ignition delay under high-pressure
conditions. (a) Different equivalence ratios; (b) Different pressure.

In recent years, countries around the world have increasingly focused on carbon
emissions. Consequently, adopting appropriate technological measures to reduce carbon
emissions is an important development direction for future marine engines. This paper
first constructs an n-heptane/methane/ammonia mixed fuel chemical reaction mechanism.
In the marine engine, CH4 and NH3 are premixed and introduced into the cylinder to mix
with air. Therefore, studying the ignition delay time (IDT) of CH; and NHj3 mixtures is
crucial. Figure 3 presents a comparison of the experimentally measured and numerically
predicted ignition delay times (IDTs) at various ammonia blending ratios under an equiv-
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10°

alence ratio of 0.5 and ambient pressures of 15 and 25 bar. The experimental data from
Tsinghua University’s RCM (Rapid Compression Machine) tests [36] are compared with the
calculation results from the n-heptane/methane/ammonia mixed fuel chemical reaction
mechanism constructed in this paper. The experimental and simulated results show good
consistency, thereby validating that the constructed n-heptane/methane/ammonia mixed
fuel mechanism can accurately predict the IDT in the CHy and NH;3 mixed atmosphere.
The comparison of the IDT at high ammonia mixing ratios, as shown in Figure 4, reveals
that the experimental and simulation results still show good consistency in high ammonia
ratio atmospheres, further validating the rationality of the n-heptane/methane/ammonia
mixed fuel reaction mechanism.

10°

P =15 bar
$=05

NH,/CH,/O,/AR

P =25 bar
¢=0.5
NH,/CH,/O,/AR

07

: 1072 : 1072k
2 2
e g Experiment Numerical o Experiment Numerical
10~ 75% NH, / 25% CH, o 107F 75% NH, / 25% CH, <o
50% NH; / 50% CH, o] --- 50% NH, / 50% CH, o] - = -
25% NH, / 75% CH, 25% NH; / 75% CH,
10—4 1 L 1 1 1 Il 1 1074 L 1 1 1 L 1
0.8 0.85 0.9 0.95 1 1.05 1.1 0.85 0.9 0.95 1 1.05 1.1
1000/T [1/K] 1000/T [1/K]
(a) (b)

Figure 3. Comparison of experimental and calculated ignition delay for different ammonia blending
ratios. (a) Pressure 15 bar; (b) Pressure 25 bar.

107! -
P = 20 bar v _-"
$=05 .-
NH,/CH,/O,/AR -
: 1072
=]
Experiment Numerical
80% NH, / 20% CH, e
90% NH, / 10% CH, v -=-
1073 1 1 L 1 1
0.9 0.92 0.94 0.96 0.98 1
1000/T [1/K]

Figure 4. Comparison of experimental and calculated ignition delay at high ammonia blending ratios.

The comparison of the n-heptane IDT under different equivalence ratios is shown in
Figure 5. The calculated n-heptane IDT using the n-heptane/methane/ammonia mixed
fuel reaction mechanism developed in this study agrees well with the experimental mea-
surement results [39] and can accurately predict the n-heptane NTC region. Additionally, it
can be observed from the figure that the NTC region for n-heptane at a pressure of 41 bar
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is narrower compared to the NTC region at 13.5 bar. This section separately validates
the IDT of methane, methane mixed with ammonia, and n-heptane under high-pressure
conditions, thus confirming the validity of the n-heptane/methane/ammonia mixed fuel
reaction mechanism. In the future, this mechanism will continue to be used to further
explore and reveal the IDT characteristics of the n-heptane/methane/ammonia mixed fuel.

10°

10°

Experiment Simulation Experiment Simulation
=05 =0.5 [ ]
1077F ¢ 107k ¢
p=1 -=- p=1 ® il
=3 $=3
1072k 1072
2 N (4 2 P =41 bar
= 9. g o0 5 n-C;H, s/ O,/ N,
TR NTC region = ok
10~k P =13.5 bar 107
7 n-C;H ¢/ 0,/ N, /
10—5 1 1 1 1 1 1 1 10—5 1 1 1 1 1 L 1 1
0.8 0.9 1.1 1.2 1.3 1.4 1.5 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
1000/T [1/K] 1000/T [1/K]
(a) (b)

Figure 5. Comparison of ignition delay for n-heptane under different equivalence ratio conditions.
(a) Pressure 13.5 bar; (b) Pressure 41 bar.

3. Results and Discussion
3.1. Effect of Environmental Parameters on the Ignition Process of n-Heptane/Methane/Ammonia
Mixed Fuel

3.1.1. Effect of a Single Parameter on Ignition Delay

The n-heptane/methane/ammonia chemical reaction mechanism was developed
specifically for marine engine operating conditions, where n-heptane is used as the ignition
fuel, and methane and ammonia are premixed through port injection prior to combustion.
Therefore, the IDT characteristics discussed in this section are focused on the temperature
range of 800-1200 K, pressure range of 40-180 bar, and equivalence ratio range of 0.5-3.
Considering that the n-heptane/methane/ammonia mixing ratio changes cooperatively,
during the diesel spray process in the engine, the diesel fuel undergoes atomization,
evaporation, and continuous absorption of the surrounding mixed gas. Thus, the molar
fraction of n-CyH;; in the fuel is set to vary between 10-60%. To control the variables, the
molar fraction ratio of CHy and NHj is fixed at 1. When discussing the effect of NH3 molar
fraction on IDT, the molar fraction of n-C;H;j4 is fixed at 10%, and the molar fraction of
CHy changes with the molar fraction of NH3. Considering the relatively low reactivity of
ammonia, methane remains the primary fuel under practical operating conditions, while
ammonia serves as an auxiliary fuel. Therefore, the ammonia molar fraction is limited to
within 50%. The influence of the molar fraction of ammonia fuel on IDT is the key focus of
this section. The range of initial parameters is shown in Table 3.
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Table 3. Initial parameters setting range.
Parameters Range Controlled Variable
Temperature (K) 800-1200 1000
Pressure (MPa) 4-18 5
Equivalence ratio 0.5-3 1
Yn-c7H16 10-60% 10%
YCH4 40-90% -
YNH3 0-50%
Ycra/YNH3 - 1

First, the effect of individual factors on the ignition delay time (IDT) of n-heptane/me-
thane/ammonia mixed fuel was studied using the method of controlling variables. The
IDT of the mixed fuel with a molar fraction of n-C7H;1¢ of 10% and a molar ratio of CHy to
NHj3; of 1, as a function of temperature, is shown in Figure 6. N-CyH;¢ exhibits a two-stage
ignition process. During the pyrolysis of n-C7Hj¢, some low-activity intermediate products
are formed, which are not easily reactive at medium to low temperatures. This results in
the ignition delay time of n-C;H;j¢ increasing with temperature, a phenomenon known
as the negative temperature coefficient (NTC) phenomenon. As shown in Figure 6a, the
effect of environmental pressure on the ignition delay time of the mixed fuel is very regular
under the same initial equivalence ratio. As the pressure increases, the ignition delay time
decreases gradually, and the overall negative temperature coefficient phenomenon becomes
less pronounced. On one hand, CH4 and NHj do not exhibit the negative temperature
coefficient phenomenon during combustion. The reactivity of CHy and NHj is lower than
that of the intermediate products formed during the medium-temperature ignition stage
of n-C7Hj¢. With a combined molar fraction of CH4 and NHj at 90%, this significantly
weakens the NTC phenomenon of n-C7Hj4. On the other hand, high-pressure thermal
conditions increase the reactivity of the intermediate products generated during the py-
rolysis of n-CyHy4. The probability of collisions between these free intermediate products
increases under high pressure, which in turn increases the probability of bond cleavage
and reorganization. This is the fundamental reason for the increased reactivity, which also
somewhat weakens the negative temperature coefficient phenomenon. The effect of initial
equivalence ratio on the ignition delay time is shown in Figure 6b. As the equivalence ratio
increases, the ignition delay time decreases gradually. When the initial equivalence ratios
are 2, 2.5, and 3, the changes in ignition delay time are relatively small. When the initial
equivalence ratio is 0.5, its ignition delay time differs significantly from other equivalence
ratios, and the negative temperature coefficient phenomenon is least pronounced at this
equivalence ratio. Under the same initial pressure, the continuous decrease in equivalence
ratio reduces the molar ratio of fuel to air in the mixture. This can be understood as a
gradual decrease in fuel amount and an increase in air volume in a confined space. This
leads to a reduction in the low-activity intermediate products formed during the pyrolysis
of n-C7Hj4, thereby weakening the negative temperature coefficient phenomenon in the
mixed fuel.
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Figure 6. Variation of ignition delay with temperature for mixed fuel with 10% molar fraction of
n-C7H16 and a CH4 to NH3 molar ratio of 1. (a) Effect of different pressures; (b) Effect of different
equivalence ratios.

The variation of ignition delay time (IDT) of n-heptane/methane/ammonia mixed
fuel with temperature under an initial pressure of 50 bar and equivalence ratio of 1 is shown
in Figure 7. Figure 7a shows the effect of different n-C;H;¢ molar fractions on the ignition
delay time of the mixed fuel. As the n-C;Hj¢ molar fraction increases, the ignition delay
time gradually decreases. When the n-CyH14 molar fractions are 40%, 50%, and 60%, the
change in ignition delay time becomes smaller. It can be observed that under an initial
pressure of 50 bar and an equivalence ratio of 1, increasing the n-CyH;¢ molar fraction to
40% results in a very weak effect on the ignition delay time when further increases are
made to the n-CyH7 molar fraction. The effect of different NH3 molar fractions on the
ignition delay time is shown in Figure 7b. From the figure, it can be seen that the ignition
delay time shows an opposite trend in different temperature ranges. When the temperature
range is 800 K to 900 K, the ignition delay time of the mixed fuel decreases with increasing
NHj3 molar fraction. However, when the temperature range is 900 K to 1200 K, the ignition
delay time of the mixed fuel increases with increasing NH3 molar fraction. It can thus be
concluded that as the NH3 molar fraction increases, the negative temperature coefficient
phenomenon exhibited by the n-heptane/methane/ammonia mixed fuel ignition delay
time becomes more pronounced. The theoretical air-fuel ratios of CHy and NHj3 are 17.2
and 6.1, respectively. As the NH3; molar fraction increases and the CH4 molar fraction
decreases, the amount of air in the confined space decreases, i.e., the number of N, and
O, molecules decreases, while the number of n-C;yH;4 molecules in the space remains
unchanged. Therefore, under the same pressure and equivalence ratio, the number of low-
activity intermediate products generated from the pyrolysis of n-C7H;¢ remains unchanged.
However, the collision probability between these free low-activity intermediate products
and oxygen atoms in the confined space greatly decreases, resulting in lower conversion
efficiency. The low-activity intermediate products generated by the pyrolysis of n-C;Hy¢
are dependent on oxygen atoms. When the O, concentration decreases, these intermediate
products gradually accumulate in the medium-to-low temperature environment, thereby
intensifying the negative temperature coefficient phenomenon.

https:/ /doi.org/10.3390/pr14030461
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Figure 7. Variation of ignition delay with temperature for mixed fuel at an initial pressure of 50 bar
and an equivalence ratio of 1. (a) Effect of varying n-C7H16 molar fractions; (b) Effect of varying
NH3 molar fractions.

3.1.2. Effect of Multiple Parameters on Ignition Delay

The effects of different pressure, temperature, equivalence ratio, n-CyH;¢ molar fraction,
and NHj; molar fraction on the ignition delay time (IDT) of n-heptane/methane/ammonia
mixed fuel are shown in Figure 8. The effect of different pressures and initial temperatures
on the IDT is shown in Figure 8a. At the same initial temperature, as the pressure increases,
the IDT shows a gradually decreasing trend. The high-IDT region appears at low pressures
and initial temperatures of 800 K and 1000 K. From the pressure and temperature contour
plots, it can also be observed that the mixed fuel exhibits a clear negative temperature
coefficient (NTC) phenomenon, which progressively shifts toward higher temperature
regions with increasing pressure. The effect of different equivalence ratios and initial
temperatures on the IDT is shown in Figure 8b. The high-IDT region appears at low
equivalence ratios and temperatures of 800 K and 1000 K. At a temperature of 800 K, there
is no significant change in the IDT when the equivalence ratio varies between 1.5 and 3. At
temperatures exceeding 1100 K, the IDT is less affected by the equivalence ratio.
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Figure 8. Effects of different pressures, temperatures, and equivalence ratios on the ignition delay of
mixed fuel. (a) Effect of different pressures; (b) Effect of different equivalence ratios.
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The effect of different n-CyH;4 molar fractions on the IDT is shown in Figure 9a.
When the temperature is above 1100 K, the IDT is less affected by the n-C;H;4 molar
fraction. When the temperature range is between 900 K and 1000 K, the IDT shows a
gradual extension with increasing temperature and decreasing n-C;yH;4 molar fraction.
When the temperature range is between 1000 K and 1100 K, the IDT shows a gradual
decrease with increasing temperature and n-C7H;¢ molar fraction. A very clear negative
temperature coefficient (NTC) phenomenon can also be observed in Figure 9a, with the
inflection point of the NTC always occurring at temperatures between 900 K and 1000 K.
This indicates that the initial pressure and equivalence ratio have a greater influence on
the NTC phenomenon, while the n-C;yH;4 molar fraction has a smaller effect, which is
consistent with the findings in Figure 7a. The effect of NH3 molar fraction on the IDT at
different initial temperatures is shown in Figure 9b. When the temperature range is between
800 K and 900 K, a longer IDT appears in the low temperature and low NH3 molar fraction
region. As mentioned earlier, the decrease in NH3 molar fraction at the same equivalence
ratio leads to a decrease in O2 concentration, and low temperatures also suppress the
reactivity of the mixed fuel, ultimately resulting in a longer IDT. When the temperature
range is between 900 K and 1000 K, a longer IDT appears in the high temperature and high
NH3 molar fraction region. The main reason for this trend is the significantly enhanced
cracking of n-C7Hjg in this temperature range. At 1000 K with an NH3 molar fraction of
0.5, n-C;Hj¢ produces a large number of low-activity intermediate products under the
influence of temperature and high O, concentration, further delaying the IDT of the mixed
fuel due to these intermediate products” action. When the temperature exceeds 1000 K,
a longer IDT appears in the low temperature and high NH3 molar fraction region. In
this region, the IDT is still affected by the low-activity intermediate products produced
by n-C7H;j4 cracking. As the temperature increases, the effect of NH; molar fraction on
the IDT becomes smaller. After the temperature exceeds 1100 K, the effects of pressure,
equivalence ratio, n-CyH;4, and NH3 molar fraction on the IDT significantly decrease.
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Figure 9. Effects of different temperatures, n-C7H16 molar fractions, and NH3 molar fractions on the
ignition delay of mixed fuel. (a) Effect of varying n-C7H16 molar fractions; (b) Effect of varying NH3
molar fractions.

The effects of different pressures, equivalence ratios, and NHj3; molar fractions on
the ignition delay time (IDT) of n-C;H1¢/CH,/NHj3 mixed fuel at an initial temperature
of 1000 K are shown in Figure 10. The influence of different pressures and equivalence
ratios on the IDT is shown in Figure 10a. At the same equivalence ratio, the IDT gradually
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decreases as the initial pressure increases, and when the initial pressure is between 120 and
180 bar, the range of change in IDT is smaller. At the same initial pressure, the IDT is less
affected by changes in equivalence ratio. The effect of different NH3 molar fractions and
equivalence ratios on the IDT is shown in Figure 10b. At the same NHj molar fraction,
the IDT is less affected by changes in equivalence ratio. When the equivalence ratio is
below 1.5, the IDT is influenced by both the NHj3 molar fraction and the equivalence
ratio. In this case, longer ignition delays are observed in regions with higher NH3 molar
fractions and lower equivalence ratios, as increasing NH3 molar fraction and decreasing
equivalence ratio slow down the fuel decomposition rate, thereby extending the IDT. When
the equivalence ratio exceeds 1.5, the IDT gradually increases with the increase of NHj
molar fraction. This indicates that the addition of ammonia inhibits the ignition process of
the mixed fuel. The influence of ammonia will be further explored in subsequent analyses.
The effect of different NH3 molar fractions and initial pressures on the IDT is shown in
Figure 10c. At the same initial pressure, the IDT is less affected by changes in NH3 molar
fraction. As the initial pressure increases, the IDT gradually decreases. In the high-pressure
region, when the initial pressure exceeds 100 bar, the change gradient of the IDT becomes
smaller. However, when the initial pressure is between 40 and 80 bar, there is a larger
change gradient in the IDT, which is consistent with the influence of initial pressure on the
IDT shown in Figure 10a. The influence of initial pressure on the IDT is most significant
when the initial pressure varies between 40 bar and 80 bar, and the IDT is more influenced
by the NH3 molar fraction than by the equivalence ratio. This provides theoretical support
for the optimization process of mixed fuel application in medium-speed marine engines.

0.5

IDT [ms]
32 04

40 60 80 100 120 140 160 180
P [bar]

(c)

Figure 10. Effects of different pressures, equivalence ratios, and NHj3 molar fractions on the ignition
delay of mixed fuel at an initial temperature of 1000 K. (a) Effect of varying pressure and equivalence
ratio; (b) Effect of varying NH; mole fraction and equivalence ratio; (c) Effect of varying NH3 mole
fraction and initial pressure.
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3.2. Sensitivity Analysis of the Ignition Process for n-Heptane/Methane/Ammonia Mixed Fuel

To comprehensively analyze the effects of various variables on combustion charac-
teristics, a sensitivity analysis method was used. This method is used to identify key
components and free radicals in the local flame zone that significantly contribute to com-
bustion, which directly or indirectly participate in reactions. The normalized matrix of the
local sensitivity coefficients (5") can be expressed as:

g — kfi E)X] . alnX] 1
~ \ Xjokg; |\ Olnkg @

In the Equation (1), ﬁ represents the sensitivity coefficient of the concentration of

the j-th component relative to the rate constant of the i-th reaction.

The ignition process of the mixed fuel is measured by temperature, with the ignition
delay defined as the period when the temperature exceeds 1800 K. Temperature variations
directly reflect the ignition process. Therefore, the top 12 reactions with the greatest impact
on temperature were selected, and the sensitivity coefficients of each elementary reaction
were normalized. A positive sensitivity coefficient indicates that the elementary reaction
promotes the ignition process, while a negative value indicates that it suppresses the igni-
tion process. The larger the absolute value, the greater the impact on the ignition process.

The sensitivity analysis of the n-C7H;¢ molar fraction on the ignition delay of the
mixed fuel at an initial temperature of 800 K is shown in Figure 11. When the n-C;H;¢
molar fraction is 0.1, the four reactions R67, R135, R60, and R255 dominate the ignition
process. Among them, R67 and R135 promote the ignition process. As the n-CyH;j4 molar
fraction increases, the promoting effect of R67 and R135 gradually weakens. R146 and R49
are less affected by the n-CyH;4 molar fraction and gradually become the reactions with the
greatest influence on the ignition process. R146 is an important branching reaction. This
reaction pathway directly promotes the formation of hydrogen peroxide ketone, which, as a
branching agent, generates new radicals. It promotes the accumulation of CH,O and H,O,
in the radical pool, which are two characteristic substances of low-temperature reactions in
the n-heptane combustion process. The sensitivity analysis diagram also shows that R60
and R255 inhibit the ignition process. After NHj3 is mixed into the fuel, its reaction with
O2 causes a competitive relationship between NH3 and other fuels. As the n-C;H;¢ molar
fraction in the fuel increases, the proportion of NHj3 decreases, and the inhibitory effect of
the R255 reaction on the ignition process significantly decreases.

The sensitivity analysis of the n-C;H;¢ molar fraction on the ignition delay of the
mixed fuel at an initial temperature of 1000 K is shown in Figure 12. The R146 reaction
plays a dominant role in promoting ignition, while the promoting effect of R67 and R135
on the ignition process is lower than that of R146. As the n-CyHj4 molar fraction in-
creases, the influence of R146, R67, and R135 shows a gradually decreasing trend. The
increase in the n-C;Hj¢ molar fraction simultaneously drives the decrease in the NHjs
molar fraction, leading to a decrease in O2 concentration. This directly affects the OH
concentration in the radical pool, which partially inhibits the cracking of n-C;Hi¢. The
R152: C7H15-2 = CH3 + C6H120 reaction plays a dominant role in inhibiting the ignition
process, and this inhibitory effect outweighs the promoting effect of R146.
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Figure 11. Sensitivity analysis of n-C;yH;¢ molar fraction on ignition delay of mixed fuel at an initial
temperature of 800 K.
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Figure 12. Sensitivity analysis of n-C;yH;¢ molar fraction on ignition delay of mixed fuel at an initial
temperature of 1000 K.

The sensitivity analysis of the NHz molar fraction on the ignition delay of the mixed
fuel at an initial temperature of 800 K is shown in Figure 13. The R49, R135, and R67
reactions have a dominant promoting effect on the ignition process. As the NH3 molar
fraction increases, this promoting effect gradually weakens, indicating that the increase
in NHj3 concentration has an inhibitory effect on the ignition process, which is consistent
with the results analyzed in Figure 10b. In the reaction system, after the incorporation of
ammonia fuel, it competes with other fuels for oxygen resources, leading to a slowdown in
the oxidation processes of other fuels and radicals, for example, R146, where the increase in
ammonia concentration partially inhibits the formation of hydrogen peroxide ketone, As
mentioned earlier, hydrogen peroxide ketone plays a combustion-promoting role during
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the ignition process. As the NH3 concentration increases, the sensitivity of R255 becomes
progressively higher, which further indicates that the increase in NHj3 concentration has an
inhibitory effect on the ignition process.

R49: 20H(+M)=H202(+M)

R135: CTH16+OH=C7H15-2+H20

R67: HO2+CH3=0OH+CH30

""" R69: HO2+CH20=HCO+H20) [tam  [T=800K |
""""""""""""""""""""""""""" P=50bar |-
R134: C7TH16+OH=C7H15-1+H20 :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L |g=1 .
R146: C7H1402H+02=C7H1402HO2 e 7] Y erpie = 0.1

R60: OH+CH20=HCO+H20

T I ! I
-0.8 -0.4 0 0.4 0.8
Normalized sensitivity

Figure 13. Sensitivity analysis of NH3 molar fraction on ignition delay of mixed fuel at an initial
temperature of 800 K.

The sensitivity analysis of NHz molar fraction on the ignition delay time of the mixed
fuel at an initial temperature of 1000 K is shown in Figure 14. Unlike the environment at an
initial temperature of 800 K, R67 and R146 become the most sensitive reactions promoting
ignition. As the NH3 molar fraction increases, the sensitivity of R67 gradually decreases.
The concentration of CHy in the fuel directly affects the formation process of CH3, and
as the NHj3 molar fraction increases, the CH, molar fraction decreases, thus limiting the
forward reaction of R67. While the sensitivity of R146 does not decrease with the increase of
NHj3 molar fraction, it slightly increases, indicating that at an initial temperature of 1000 K,
the formation process of hydrogen peroxide ketone is less affected by NH3; molar fraction,
with temperature being the key factor influencing its formation. From the variation of
R118 sensitivity, it can be observed that the reaction between NHj3 and OH shows higher
sensitivity at an initial temperature of 1000 K. As the NH3 molar fraction increases, R118
increasingly inhibits the ignition process. At an initial temperature of 1000 K, R152 has the
strongest inhibitory effect on the ignition process. C7H15-2, one of the main low-activity
intermediates during n-C;yHj4 pyrolysis, is less affected by the NH3 molar fraction at
1000 K, leading to the formation of a large amount of low-activity intermediates, which
suppress the further temperature rise. This is the main reason for the negative temperature
coefficient (NTC) phenomenon. The pyrolysis reactions of n-CyH;4, R134 and R135, show
opposite trends with changes in NH3 molar fraction at initial temperatures of 800 K and
1000 K, indicating that the initial temperature is a key factor affecting the pyrolysis process
of n-CyHj4. At an initial temperature of 1000 K, as the NH3 molar fraction increases, the
sensitivity coefficient of R134 and R135 gradually increases, suggesting that the increased
NHj; concentration accelerates the pyrolysis rate of n-C;Hjg.
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Figure 14. Sensitivity analysis of NH3 molar fraction on ignition delay of mixed fuel at an initial
temperature of 1000 K.

3.3. Chemical Kinetic Analysis of the Ignition Process for n-Heptane/Methane/Ammonia
Mixed Fuel

To further understand the ignition process of n-heptane/methane/ammonia mixed
fuels, the time-dependent variations of fuel and certain radical mole fractions before
ignition were analyzed. The variations in mole fractions of the radicals CH,O, H,O,, OH
and temperature over time are shown in Figure 15. During the low-temperature reaction
stage, CH,O and H,O, accumulate significantly in the radical pool. As time progresses, the
mole fraction of CH,O remains relatively low, while H,O, exhibits a slow increasing trend.
At the same time, the mole fraction of n-C7H;4 shows a slow decline, and the mole fractions
of CH4 and NHj3 remain almost unchanged. This indicates that the accumulation of CH,O
and HyO; in the radical pool is primarily attributed to the n-C;H;¢ cracking process. As
the ammonia energy fraction increases, the ignition delay time shows a delayed trend. An
increase in ammonia energy fraction leads to a decrease in oxygen concentration, which
further delays the high-temperature reactions of diesel.

In Figure 15, it can be observed that at lower concentrations of NH3, the n-C7Hjq
cracking rate is faster. As the temperature increases, the CH,O and H;O; radicals are
rapidly consumed. After a brief delay, OH radicals quickly accumulate, and the temperature
increases sharply. Under the initial conditions of 800 K, 50 bar pressure, and an equivalence
ratio of 1, the ignition delay is shorter for cases with higher NHj3 concentrations. The
rate of n-C7H; 4 consumption at different times is analyzed in Figure 16, which lists the
two most important cracking reactions, R138 and R139, in the consumption of n-C;Hje.
n-C7H;4 exhibits a multi-stage ignition process at low temperatures. Under the initial
conditions of 800 K, the first stage of n-C;Hj4 consumption occurs between 0.15 to 0.25 ms,
with more than 60% of the total n-C;H;¢ consumed rapidly in this stage. At this point, as
the NHj3 molar fraction increases, the key cracking reactions, R138 and R139, are delayed.
From Figure 16D, it can be seen that the second stage of n-C;Hj¢ consumption occurs
between 0.5 to 1.8 ms. During this phase, the consumption rate of n-CyH;4 slows down,
and with the increase in NHj3 molar fraction, reactions R138 and R139 occur earlier. At
800 K, the first stage of rapid n-C;H;j¢ cracking causes a slight increase in temperature,
while the second stage of slower cracking occurs at 1000 K. Combining the sensitivity
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analysis in Figure 15, it can be observed that the sensitivity of the key cracking reactions,
R138 and R139, increases significantly with the increase in NH3 molar fraction. At 1000 K,
the increase in NH3 molar fraction leads to a decrease in CH, concentration, which weakens
the inhibitive effect of CH4 on n-C7H;4 cracking. The higher the NH3 concentration, the
more intense the competition for OH radicals. After NH3 undergoes initial decomposition,
the produced NH; has a weaker competition for OH radicals than n-C;Hj¢, thus enhancing

OH participation in n-C7H;j¢ cracking reactions.
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Figure 15. Variation of representative radical molar fractions and temperature at different NHz molar

fractions (pentagon markers indicate ignition time).
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Figure 16. ROP analysis of n-CyHjg at different NH3 molar fractions. (a) Stage 1; (b) Stage 2.

The ROP analysis of CHy, NH3, CH,0O, and OH radicals at different NH; molar
fractions is shown in Figure 17. It can be observed that the main consumption reactions
of CHy and NH3 are dehydrogenation reactions induced by O, H, and OH radicals. The
production and consumption rates of the representative low-temperature radical CH,O and
the high-temperature representative radical OH are shown in Figure 17c,d. From the figure,
it can be seen that the production and consumption of CH,O occur earlier than that of OH
radicals, with a brief transition period between the low-temperature and high-temperature
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reactions. In the high-temperature stage, the methyl radical participates in reaction R7
(R7: O + CH3 = H + CH20), which is the main production reaction of CH,O. Most of the
methyl radicals come from the dehydrogenation reaction of CHy. In the low-temperature
stage, reaction R191 (R191: C2H4 + OH = CH2O + CH3) is the main production reaction
for HyO, and all C,Hy4 comes from the cracking process of n-heptane (C7H16 — C7H15-2
— C7H1502 — C7H1402H — C7H1402HO2 — C7KET21 — C2H4). Furthermore, in the
low-temperature stage, reaction R191 is almost unaffected by the NH; molar fraction.
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Figure 17. ROP analysis of CHy, NH3, CH,O, and OH radicals at different NH3 molar fractions.
(a) CHy; (b) NH3; (c) CH,O; (d) OH.

In marine engine emission regulations, there are strict standards for NOy emissions,
while in recent years, increasing attention has been focused on reducing carbon emissions
from ship engines. N,O and CO; are both important greenhouse gases that contribute
to global warming. Although the use of ammonia-fueled combustion reduces carbon
emissions, the presence of N,O in the exhaust gas actually exacerbates the greenhouse
effect. This is an important factor to consider when applying ammonia fuel in ship engines.
Among all the intermediate products of ammonia combustion, N,O, although present in
low concentrations, is a potent greenhouse gas. Research has shown that N,O has a global
warming potential (GWP) 298 times greater than that of CO, [40]. The ROP analysis of NO
and N,O at different NH3 molar fractions is shown in Figure 18. The generation of NO
mainly depends on the reactions of N with O, O,, and OH radicals. Among these, the reac-
tion of N with Oy, R88 (R88: N + O2 — NO + O), has the greatest impact on NO’s ROP, and
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as the NH3 molar fraction increases, the rate of NO generation by R88 reaction increases.
This indicates that high-temperature oxygen-rich environments and higher ammonia blend-
ing ratios are more likely to produce NO emissions. NoO generation mainly depends on the
reaction of NH and NO in R105, and as the NH3 molar fraction increases, the rate of N,O
generation by R105 reaction increases. NoO consumption is mainly through reactions R92
and R94. The consumption process is more delayed than the generation process in R105,
indicating that the N,O consumption process is more temperature-dependent. The above
results, based on a zero-dimensional homogeneous reactor, provide a theoretical basis for
subsequent three-dimensional simulations of ammonia combustion in engines. Moreover,
future research on medium-speed marine engines should take into account N,O emissions.
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Figure 18. ROP analysis of NO and N,O at different NH3 molar fractions. (a) NO; (b) N,O.

The presence of n-heptane in the mixed fuel causes the overall combustion process
to exhibit multi-stage ignition characteristics. Although ignition occurs during the high-
temperature reaction phase, the low-temperature reaction process and the transition from
low to high temperature are also very important for the ignition process of the mixed fuel.
Considering that CH,O is a representative product of the low-temperature reaction process,
the mixed fuel reaction path under conditions of an initial temperature of 800 K, pressure of
50 bar, equivalence ratio of 1, and n-heptane molar fraction of 0.1 is shown in Figure 19 at
the moment when the CH,O generation rate reaches its maximum. At this moment, the re-
action of NH3 is very slow and has almost no contribution to the CH,O generation process.
Therefore, the NHj reaction path is simplified in the mixed fuel reaction path. From the
figure, it can be seen that OH and O, participate in the main cracking process of n-heptane,
and the change in NH3 molar fraction has a small effect on the main cracking process of
n-heptane. It slightly reduces the process of C7H16 — C7H15-2 — C7H1502 and slightly in-
creases the processes C7H1502 — C7H1402H and C7H1402HO2 — C7KET21 — CH2O.
There is a cross-reaction between CH4 and NH3 (R111: CH4 + NH2 — CH3 + NH3). CHy
has two main decomposition pathways in the process of generating CHj3, both of which
require OH and NH, participation. As the NH3 molar fraction increases, the reaction path
involving OH gradually weakens, while the path involving NH; gradually strengthens. At
an NHj molar fraction of 0.3, the reaction strength involving NH, is 45%, surpassing that
of the reaction involving OH, because the increase in NH3 concentration directly leads to
an increase in NH; molar fraction. The reaction processes CH3 — CH30 — CH20O and
HCO — CO are less affected by the NH3 molar fraction. Overall, in the low-temperature
reaction phase, the dehydrogenation reaction of CH, is more affected by NH», and as the
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OH (64%, 63.7%, 62.5%)

NH;3 molar fraction increases, the reaction strength of NH, with CHy4 gradually surpasses
that of OH with CHy.

C7HI15-2 |-
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Figure 19. Reaction pathway analysis of mixed fuel at the moment of maximum CH,O formation rate
under initial conditions of 800 K, 50 bar, equivalence ratio of 1, and n-heptane molar fraction of 0.1.

At an initial temperature of 800 K, the mixed fuel undergoes a brief low-temperature
reaction phase. As the temperature gradually rises, free radicals such as CH,O and H,O,
in the free radical pool are rapidly consumed, and some OH-containing reactions are
quickly activated. CHy and NHj are rapidly consumed, OH concentration increases in-
stantaneously, and the temperature rises sharply, marking the end of the ignition delay
phase of the mixed fuel. Under conditions of an initial temperature of 800 K, pressure of
50 bar, equivalence ratio of 1, and n-heptane molar fraction of 0.1, the mixed fuel reac-
tion path analysis at the moment of maximum OH generation rate is shown in Figure 20.
At this point, n-heptane has been completely cracked, so its reaction path is no longer
listed here. Only the main reaction paths for the decomposition processes of CHy and
NHj are analyzed. From Figure 20, it can be seen that most of the reaction paths require
OH participation, highlighting the critical role of OH in the high-temperature reaction
phase. As the NH3 molar fraction increases, the intensity of CH4 dehydrogenation reac-
tions involving OH significantly decreases, while the intensity of CHy dehydrogenation
reactions involving NH; increases notably. There is a cross-reaction between CH,4 and
NHj; (R111: CH4 + NH2 — CH3 + NH3), which hinders the smooth progression of the fuel
oxidation process. As the NH3 molar fraction increases, the intensity of the CH3 — CH30
reaction gradually weakens, and the intensity of the CH30 — CH2O reaction involv-
ing H also gradually weakens. However, the CH30 — CH2O reaction involving OH
gradually strengthens.
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Figure 20. Reaction pathway analysis of mixed fuel at the moment of maximum OH formation rate

under initial conditions of 800 K, 50 bar, equivalence ratio of 1, and n-heptane molar fraction of 0.1.

4. Conclusions

This study constructs a reaction mechanism for the n-heptane/methane/ammonia

mixed fuel based on the Chemkin zero-dimensional homogeneous reactor. Some of the

elementary reaction rate constants have been modified, and the ignition delay time of

the simplified mechanism has been validated. The ignition delay times of pure methane,

methane/ammonia mixtures, and n-heptane under high-pressure conditions were respec-

tively verified. Using this mechanism, a chemical kinetics analysis under marine engine

conditions was conducted. The specific conclusions are as follows:

@

@)

Using the constructed n-heptane/methane/ammonia mixed fuel chemical reaction
mechanism, the effects of temperature range (800-1200 K), pressure (40-180 bar),
equivalence ratio (0.5-3), and the mixing ratio of n-heptane/methane/ammonia on
ignition delay time were investigated. A special trend in the ignition delay time was
observed when the n-heptane/methane/ammonia mixing ratio was varied. Specif-
ically, as the NH3 molar fraction increased, the negative temperature coefficient
phenomenon exhibited by the n-heptane/methane/ammonia mixed fuel ignition
delay time became more pronounced. As the NH; molar fraction increased and the
CH,4 molar fraction decreased, the oxygen concentration in the limited space gradually
decreased. The low-activity intermediate products generated from n-C;H;j¢ cracking
depend on oxygen atoms, and when O, concentration decreases, these products grad-
ually accumulate under medium to low-temperature conditions, thus intensifying the
negative temperature coefficient phenomenon.

A sensitivity analysis of the ignition process of the mixed fuel was conducted, re-
vealing that R49, R135, and R67 play a dominant role in promoting ignition. As the
NH; molar fraction increases, this promoting effect gradually weakens, indicating

https:/ /doi.org/10.3390/pr14030461


https://doi.org/10.3390/pr14030461

Processes 2026, 14, 461 22 of 24

that the increase in NH3 concentration delays the ignition delay time. At an initial
temperature of 800 K, after the addition of ammonia fuel, it competes with other fuels
for oxygen resources, leading to a slowdown in the oxidation processes of other fuels
and radicals.

(8) The formation of NO mainly relies on the reactions between N and O, O,, and OH radi-
cals. Among these, the reaction R88 (R88: N + O2 = NO + O) has the greatest impact on
the rate of production (ROP) of NO, and as the NH3; molar fraction increases, the rate
of NO production through R88 also increases. This indicates that high-temperature,
oxygen-rich environments and a high NHj3 blending ratio are more likely to pro-
duce NO emissions. The formation of N,O primarily depends on the reaction R105
(NH + NO = N20 + H) between NH and NO. As the NH3 molar fraction increases, the
rate of NoO production through R105 also increases. The consumption of N,O mainly
relies on reactions R92 (N20 + H = N2 + OH) and R94 (N20 (+M) = N2 + O (+M)).
The consumption process of N, O is slower than its formation in R105, indicating that
the consumption of N,O is more temperature-dependent.
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