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Abstract: To further understand the influence of n-heptane on the ignition process of ammonia, an
isotope labeling method was applied in the current investigation to decouple the influence of the
chemical effect, the thermal effect, and the effect of O radical from the oxidation of n-heptane on the
ignition delay times (IDTs) of ammonia. An analysis of the time evolution of fuel, analysis of the
time evolution of temperature, rate of consumption and production (ROP) analysis, and sensitivity
analysis were conducted to gain a further understanding of the mechanism of the influence of the
chemical effect, the thermal effect, and the effect of O radical on the ignition of ammonia. The results
showed that the negative temperature coefficient (NTC) behavior of n-heptane is mitigated by the
blending of ammonia, and this mitigated effect of ammonia is mainly due to the chemical effect. The
IDTs of ammonia under low and medium temperatures are significantly shortened by the chemical
effect at a n-heptane mass fraction of 10%. The promoting effect of the chemical effect decreases when
the n-heptane mass fraction increases. The time evolution of n-heptane for NC;H;4/ND3-G can be
classified into three stages at 800 K, and the rapid consumption stage is mitigated by an increase in
temperature. The rapid consumption stage is suppressed by the chemical effect of ammonia, while
O radical has a promoting effect on the rapid consumption stage. The chemical effect will enhance
the sensitivities of reactions associated with ammonia. As the n-heptane mass fraction increases,
the sensitivities of reactions associated with n-heptane are enhanced. Correspondingly, the effect
of reactions associated with ammonia is weakened. When the n-heptane mass fraction is 30%, only
reactions related to n-heptane have a great influence on the ignition of ammonia/n-heptane fuel
blends under the thermal effect + the effect of O radical or only the thermal effect.

Keywords: ignition delay time; chemical effect; thermal effect; ammonia/n-heptane mixtures

1. Introduction

With the increasing frequency of extreme weather events around the world, global
warming has become a big concern [1-4]. CO; is the main greenhouse gas and the primary
cause of global warming, and mainly comes from the combustion of fossil fuels [5,6].
Therefore, many counties have taken strict measures to reduce carbon emissions. One of the
main sources of carbon emissions is the transportation industry. In this sense, the study of
carbon-free or renewable alternative fuels has drawn more and more attention. Ammonia
is regarded as one of the ideal green fuels owing to the following outstanding properties: (a)
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carbon-free; (b) easy to store and transport; and (c) synthesized by fossil fuels or renewable
energy [7-10]. Moreover, ammonia also has excellent anti-knock performance when used
in internal combustion engines [11,12]. However, engines fueled with ammonia suffer from
the ultra-high ignition temperature and extremely slow flame speed of ammonia [9,13].

Due to the excellent anti-knock performance of ammonia, spark ignition ammonia
engines have been widely investigated [7,9,10,14,15]. However, whether of pure ammo-
nia or ammonia mixed fuels are utilized, the combustion and thermal efficiency of spark
ignition engines is not satisfactory owing to the low flame-propagation velocity of am-
monia [11,16,17]. The compression ignition of ammonia does not suffer from the low
flame-propagation velocity of ammonia. Nonetheless, the direct utilization of pure ammo-
nia in compression ignition engines has also been proven unsuccessful with a compression
ratio that is under 35 due to the high ignition temperature required [18]. At an ultra-high
compression ratio, the mechanical load is too high, resulting in a reduced service life of
engines. Existing research has found that adding a small amount of high-activity fuels is
one of most promising measures for the utilization of ammonia in internal combustion
engines [19-21]. Diesel is the most common high-activity fuel, which can be used to shorten
the IDTs of ammonia. However, when considering the injection of diesel to shorten the IDTs
of ammonia, attention must be paid to the compatibility of mixtures and the impact of the
low activity of ammonia on the ignition chemistry [22]. Therefore, in-depth understanding
of the interaction mechanism during the ignition process of mixtures is important for the
ignition and combustion control of engines. The promoting effects of diesel on the ignition
of ammonia can be divided into the chemical and the thermal effect. The chemical effect
refers to the influence of intermediate productions generated from the oxidation of diesel,
whereas the thermal effect refers to the increasing temperature caused by heat release from
the oxidation of diesel. Decoupling the effects of the thermal effect and the chemical effect
of diesel on the ignition of ammonia is conducive to controlling the ignition process of
ammonia/diesel mixtures. Therefore, the aim of the current study is to reveal the influence
of the thermal effect and the chemical effect of diesel on the ignition of ammonia, which
is beneficial for controlling the ignition process and improving the thermal efficiency of
ammonia/diesel dual-fueldual-fuel engines.

Diesel is composed of hundreds or thousands of compositions, including alkanes,
cycloalkanes, aromatics, etc. [23]. The compositions of diesel are also influenced by the
source and production process. It is impossible to directly study the ignition delay time
(IDT) of diesel. Owing to its closed IDTs, N-heptane is primarily used as a surrogate fuel of
diesel [24,25]. The ignition characteristics of NC7H;j4 have been extensively studied, and its
negative temperature coefficient (NTC) behavior has been observed. When the proportion
of diesel exceeds a certain value, the NTC behavior also exists in the ignition processes
of NH3/NC7H;4 mixtures. However, in depth understanding of the thermal effect and
the chemical effect of n-heptane on the IDTs of ammonia in the NTC region need to be
further explored.

Scholars have performed extensive studies on the ignition, combustion, and emissions
of ammonia/diesel dual-fueldual-fuel engines. However, these studies have limited in-
sights into the ignition mechanism of ammonia/diesel mixtures. Especially, the influence
of the thermal effect and the chemical effect of the ignition of diesel on the IDTs of ammonia
are rarely reported. Numerous investigations have been conducted to study the IDTs of
ammonia/diesel fuel blends based on single cylinder engines, shock tubes (STs), rapid
compression machines (RCMs), and Ansys Chemkin 18.0 software. An experimental study
was conducted by Yu et al. [26] to investigate the IDTs of five NH3 /NC7H;¢ mixtures with
ammonia energy fractions of 0%, 20%, 40%, 60%, and 80% in an RCM. The results showed
that the ammonia energy fraction increasing resulted in an increase in the first stage and
total IDTs of NH3/NC7H;j4 mixtures. Then, the study developed an ammonia/n-heptane
dual-fueldual-fuel mechanism. This dual-fueldual-fuel mechanism can reproduce the
inhibiting effect of the addition of NHj3 on the IDTs of NCyH;j4. Furthermore, the trend
of IDTs when the oxygen concentration and equivalence ratio are changed can also be
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predicted by the dual-fuel mechanism. However, the predicted IDTs of NH; /NC7;H;14 mix-
tures by this mechanism are only close to experimental data under controlled conditions.
Feng et al. [26] investigated the ignition properties of ammonia-diesel binary fuels with
various ammonia blending ratios in an RCM. They studied the NTC behavior and two-stage
ignition for the different blends. The first-stage IDTs and total IDTs of ammonia-diesel
mixtures increase with an increase in the ammonia energy ratio, and the IDT versus ammo-
nia energy ratio is non-linear. They merged the existing diesel and ammonia mechanisms
into a new dual-fuel mechanism. The inhibitory effect of the ammonia blending ratio on
the IDTs of ammonia/diesel mixtures can be reproduced by this new mechanism, but the
new mechanism fails to reproduce the NTC behavior and first-stage IDTs. The kinetic
analysis indicates that NH; + NO = N, + HyO and NHj3 + OH = NH, + H;O are crucial
for accurately predicting IDTs. An experimental and numerical study was conducted by
Dong et al. [27] to investigate the IDTs of ammonia/n-heptane mixtures. The reactivity of
ammonia/n-heptane mixtures is significantly impacted by the ammonia blending ratio and
oxygen concentration. They developed a new mechanism based on existing mechanisms.
The new mechanism can reproduce the IDTs of ammonia/n-heptane mixtures in extensive
conditions. Sensitivity and flux analyses indicated that reactions NC;yH;4 + NH; are crucial
for the ignition process of ammonia/diesel mixtures. An experimental and numerical
study was conducted to investigate the IDTs of ammonia/diesel mixtures, with ammonia
substitutions ranging from 20% to 90% [28]. The significant two-stage ignition and NTC
behavior only occur when the amount of diesel exceeds a certain value. They also found
that the first-stage IDTs and total IDTs of ammonia/diesel fuel blends are prolonged with an
increase in the ammonia energy fraction. Then, they developed a new dual-fuel mechanism
to simulate the ignition mechanism in which the interaction pathways between diesel
and ammonia are included. This mechanism has a better performance in predicting IDTs
compared to the original mechanism. However, the new mechanism still fails to predict
the IDTs of NTC regime at an ammonia energy fraction of 20%. Sensitivity and rate of
production (ROP) analyses illustrate that the overprediction of IDTs for ammonia/diesel
mixtures is mainly due to rate coefficient of NO + HO; = NO, + OH. NO will accelerate the
conversion of HO, to OH, which will greatly shorten the IDTs of ammonia/diesel mixtures.
The new mechanism does not include interactions between N-containing species (NO, NOy,
and NH;) and NTC-related species, which may lead to the inaccurate prediction of IDTs
in the NTC regime. Then, they investigated the IDTs of ammonia/diesel mixtures [29].
An increase in the equivalence ratio, energy fraction of diesel, and oxygen concentration
shortened the IDTs of ammonia/diesel fuel blends. They also found that the reaction
RH + NH; = R + NHj3 is crucial for the prediction of the IDTs of ammonia/diesel mixtures
at high pressure. The rate coefficients of NO + HO, = NO, + OH and 20H (+M) = H,0O,
(+M) are crucial for predicting the trend of IDTs with pressure variation, and the reac-
tion rates of these two reactions rise with increases in the pressure. The influence of the
oxygen concentration on the IDTs is closely related to H,NO + O, = HNO + HO,. Wen
et al. [30] found that the ignition of ammonia near walls is mainly characterized by orange
chemiluminescence in the combustion of NH3; /NC7H;¢ mixtures. The influence of ambient
temperature on the IDTs of NH3 /NCyH;4 mixtures is greater than that of ambient pressure.
Thorsen et al. [31] found that rate parameters of NH; + HO, and NH; + NC;Hj¢ are
crucial for predicting the IDTs for NH3/NCyH;4 mixtures at high pressure. Song et al. [32]
investigated the IDTs of ammonia/diesel mixtures at a low n-heptane blending ratio in
an RCM. They found that the IDTs of ammonia are significantly shortened by adding a
small amount of n-heptane. A newly developed dual-fuel mechanism was constructed
to simulate the IDTs of NH3/NC7H;¢ mixtures. The numerical study found that the con-
sumption of NC;H;j¢ happens prior to that of ammonia. The reaction NH; + NCyHy; is
the main consumption pathway of NC;H;j4 at a low n-heptane mass fraction. The reac-
tions between NH3; and OH have the greatest inhibitory effect on ignition. The reaction
O, + NH3 = NH; + HO; is crucial to extend the NTC regime of NH3;/NC7H;4 mixtures
at different n-heptane mass fractions and different equivalence ratios. Huang et al. [33]
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studied the ignition performance of NH3 /NCy;H;j4 mixtures with ammonia energy frac-
tions of 0%, 20%, and 40%. In all research on energy fractions, both the first-stage IDTs
and total IDTs are prolonged with increases in the ammonia energy ratio. Li et al. [34]
found that the IDTs increase exponentially with the increases in the ammonia blending
fraction. At 1200 K, the consumption rate of ammonia shows a parabolic relationship with
the concentration of OH. As the concentration of ammonia increases, the ignition core
increases. OH + NHj = H,O + NH, exhibits positive sensitivity to the IDTs when the
ammonia energy fraction is less than 10%, and negative sensitivity when the ammonia
energy fraction is greater than 10%. Li et al. [34] performed a numerical investigation to
study the IDTs of ammonia/n-heptane mixtures. It was found that only temperature has a
significant effect on the IDTs of NH; /NC7H;14 mixtures in all research conditions, whereas
the influence of the pressure, equivalence ratio, and ammonia mass fraction is obvious
in limited conditions. The rate of consumption and production (ROP) analysis indicated
that the temperature increasing from the low to the medium temperature stage is mainly
due to the combustion of n-heptane, while the temperature increasing from the medium
to the high temperature stage is mainly due to the combustion of ammonia. Extensive
studies have been conducted on the IDTs of NH3 /NC7H;4 mixtures, and the interaction
mechanism between the ammonia and diesel ignition has been preliminarily explored from
the perspective of elementary reactions. However, these studies have failed to reveal the
thermal effect and the chemical effect of diesel on the IDTs of ammonia.

The aim of the current study is to analyze the thermal effect and the chemical effect of
diesel on the IDTs of ammonia under different conditions. ROP and sensitivity analyses
will be conducted to reveal the mechanism of the influence of the thermal effect and the
chemical effect on the IDTs of ammonia under different conditions. The present research
results will provide important theoretical guidance for deepening our understanding
of the interaction between diesel/ammonia dual-fuels and the combustion process of
ammonia/diesel dual-fuel engines.

2. Numerical Method

The current investigation is performed on a closed homogeneous reaction model
with an adiabatic temperature boundary condition in Ansys Chemkin 18.0 software. The
ignition delay time (IDT) is defined as the time interval from the beginning to the moment
that the OH concentration change rate reaches its maximum. The initial temperature,
equivalence ratio, fuel ratio, and pressure are determined based on the initial conditions
at the compression top dead center of the compression ignition engine. Two ammonia/n-
heptane dual-fuel mechanisms are collected and further verified under extensive conditions,
and the mechanisms include: (a) Sun mechanism [35] and (b) Wang mechanism [36].

Figure 1 shows a comparison of the calculated IDTs of NHj3 and the experimental
data from Mathieu et al. [37] at equivalence ratios of 0.5, 1.0, and 2.0. At ® = 0.5, the IDTs
calculated by the Wang mechanism are in good agreement with the experimental data,
whereas the Sun mechanism overpredicted the IDTs at low and medium temperatures. At
® = 1.0, the Wang mechanism has a good performance in predicting the IDTs of NHj at
high temperatures, and slightly overpredicts the IDTs at low and medium temperatures.
However, the Sun mechanism greatly overestimates the IDTs of NH3. At ® = 2.0, the
IDTs calculated by the Sun mechanism agree well with the IDTs of NH; measured by
Mathieu et al. [37] at medium and high temperatures and slightly overestimate the IDTs of
NH; measured by Mathieu et al. [37] at low temperatures, whereas the Wang mechanism
slightly overestimates the IDTs. Figure 2 depicts the comparison of the calculated IDTs
of ammonia and the measured IDTs from Dong et al. [27] under equivalence ratios of 0.5,
1.0, and 2.0. The Wang mechanism has a good performance in the prediction of the IDTs
of ammonia at medium and high temperatures, and slightly insufficient predictions at
low temperatures when the equivalence ratio is 0.5. The Wang mechanism has a good
performance in predicting the IDTs at low temperatures, and slightly overpredicts at
medium and high temperatures when the equivalence ratio is 1.0. The Wang mechanism



Energies 2024, 17, 4938

50f23

has good performance in predicting the IDTs of ammonia at high temperatures, and slightly
overpredicts at low and medium temperatures when the equivalence ratio is 2.0. The IDTs
calculated by the Sun mechanism are slightly lower than the measured IDTs at & = 0.5, and
much higher than the measured IDTs at ® = 1.0 and ¢ = 2.0. Note that the IDTs predicted
by the Sun mechanism are almost the same at & = 0.5 and ® = 1.0.

NH,, P=30 atm, 99%Ar
Solid line: Sun mechanism
Dash line: Wang mechanism

IDT [ms]

Mathieu et al.

| ] 0.5

0.1
® ——1.0
r A —20

052 054 056 058 060 062 0.64 0.66 0.68
1000/T [1/K]

Figure 1. The comparison of the calculated IDTs of ammonia and measured IDTs from Mathieu
etal. [37] at p = 30 atm, a dilution rate of 99%, and different equivalence ratios.
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Figure 2. The comparison of the calculated IDTs of ammonia and measured IDTs from Dong et al. [27]
at p = 60 bar, a dilution rate of 75%, and different equivalence ratios.

Figure 3 depicts the calculated and measured [26,27] IDTs of NH; /NC;H;4 mixtures at
different oxygen concentrations. The Wang mechanism has good performance in predicting
the IDTs of NH3/NC7Hj¢ mixtures at most research temperatures when the oxygen concen-
tration is 9.9% and 18.7%. At an oxygen concentration of 9.9%, the Sun mechanism has good
performance in the prediction of the IDTs at low temperatures, but insufficient predictions
at medium temperatures and overly high predictions at high temperatures. At an oxygen
concentration of 18.7%, the Sun mechanism only has a good performance in predicting
the IDTs of NH3/NC7H16 mixtures at medium temperatures. The Wang mechanism has
a good performance in predicting the first-stage IDTs at oxygen concentrations of 9.9%
and 18.7%. The first-stage IDTs predicted by the Sun mechanism only agree well with the
measured first-stage IDTs at high temperatures when the oxygen concentration is 18.7%,
and predicts lower than the experimental data under other conditions.
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Figure 3. The comparison of the calculated IDTs of NH3/NC;H;¢ fuel blends and measured IDTs
from Yu et al. [26] and Dong et al. [27] at p = 10 bar, ® = 1.0, a n-heptane mass fraction of 60%, and

different oxygen concentrations.

Figure 4 shows that, at all three n-heptane energy ratios, the predicted IDTs of both
mechanisms can only partially match the experimental data [26,27], but the Wang mecha-
nism has a better performance in predicting the IDTs of NH3/NC7H16 mixtures over the
entire temperature range. The Wang mechanism also has better performance in predicting
first-stage IDTs for the three mixtures.

@=1.0, P=15 bar, 10%0,

100 |

100%NC7H16
80%NC7H16/20%NH3 . % ‘e
60%NCTH16/40%NH3 70, * +
Ist ignition .. P

= Sun mechanism 9' " e

| b= =Wang mechanism e
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= = Wang Ist 4
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opben
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Figure 4. The comparison of the calculated IDTs of NH3 /NC7H;j¢ fuel blends and measured IDTs
from Yu et al. [26] and Dong et al. [27] at p = 15 bar, @ = 1.0, an oxygen concentration of 10%, and
different n-heptane mass fractions.

Based on the above comparison, the Wang mechanism is able to predict the igni-
tion characteristics of NH3 /NCyH;j4 mixtures. Moreover, the Wang mechanism has been
successfully validated and used to simulate the IDTs of NH3 /NC7H;4 mixtures in direct
numerical simulations in a previous study [33]. Therefore, the Wang mechanism is applied
to simulate the IDTs of NH3;/NC7;Hj¢ mixtures in the present study.

To decouple the thermal effect and the chemical effect of n-heptane on the ignition
process of ammonia, the isotope labeling method is applied in the present study. The
isotope labeling method uses the isotope D of H to represent the hydrogen element in
ammonia, assuming that D does not react with n-heptane. To eliminate the influence of
the chemical effect from the ignition of n-heptane, the hydrogen element in ammonia is
represented by D. Moreover, O radical is produced in the oxidation of n-heptane, which has
a high activity and can promote better IDTs of ammonia. The oxygen reacting with NDj
is labeled as G to eliminate the influence of the O radical. By comparing the IDTs of NH3
reacting with G, and O,, the influence of the O radical from the oxidation of n-heptane can
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be decoupled. NC;H1/NHj represents the group with the chemical effect + the thermal
effect, NC;H;4/NDj represents the group with the thermal effect + the effect of O radical,
and NC;H;4/NDj3-G represents the group with only the thermal effect.

The setting of initial conditions is based on the ignition conditions of internal com-
bustion engines. The initial temperature, pressure, equivalence ratio, and n-heptane mass
fraction are set in the ranges of 800~1200 K, 20~100 bar, 0.5~2.0, and 10~30%, respectively.

3. Result and Discussion
3.1. Decoupling the Chemical Effect and the Thermal Effect on IDTs

The NTC behavior of the IDTs of n-heptane has been proven, whereas it has been
not found in the IDTs of ammonia. The NTC behavior will be significantly affected by
the blending of ammonia. Figure 5 shows that, at a n-heptane mass fraction of 10%, the
NTC behavior only exists in NCyH4/ND3-G at low temperatures and an initial pressure of
20 atm. At p =20 bar, the IDTs of ammonia are greatly shortened by the chemical effect of
n-heptane at low temperatures, but slightly prolonged at medium temperatures and almost
identical at high temperatures. The effect of the O radical has a significant promoting effect
on the IDTs of NHj at low temperatures, and the promoting effect decreases when the
temperature increases. The oxidation rate of ammonia is relatively slow at low temperatures,
and O radical derived from the ignition of n-heptane will accelerate the oxidation of
ammonia; thereby, the IDT is shortened. The reaction rate of ammonia increases with
increases in the temperature, and the effect of O radical is weakened. At p = 50 bar, the
IDTs of ammonia are significantly shortened by the chemical effect at low temperatures,
and the influence of the chemical effect decreases when the temperature increases. At high
temperatures, the chemical effect becomes negligible. At an initial pressure of 100 bar, the
influence of the chemical effect on the IDTs of ammonia follows a similar pattern to that
at 50 bar. In addition, the promoting effect of the chemical effect on the IDTs of ammonia
decreases when the pressure increases at low temperatures. At initial pressures of 50 bar
and 100 bar, the effect of O radical is similar to that at 20 bar, and this promoting effect on
the IDTs of ammonia gradually weakens with the increases in temperature.

®=1.0, 10%NC,H,,

100 ¢ ‘

P
A sl —— NC7H16/NH3
: — =NC7HI6/ND3
o . . - = NC7HI6ND3-G
0.8 0.9 1.0 1.1 12 1.3
1000/T [1/K]

Figure 5. Predicted IDTs of NH3 /NC7;H1¢ mixtures at a n-heptane mass fraction of 10%, ® = 1.0, and
different pressures.

With the equivalence ratio decreasing or increasing, the influence of the chemical effect
increases over the entire temperature range, as shown in Figure 6. At ® = (.5, the promoting
effect of the chemical effect on the IDTs of NHj3 decreases when the temperature increases.
At @ = 2.0, the promoting effect of the chemical effect first increases and then decreases
when the temperature increases. The promoting effect of O radical is significantly reduced
at a low equivalence ratio, and the promoting effect decreases when the temperature
increases. At ® = 2.0, the promotional effect of O radical is enhanced. The promotional
effect of O radical decreases with the increase in temperature, and the NTC behavior
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is observed in the IDTs of NH3/NC7H74 mixtures under the thermal effect + the effect
of O radical.

100 £ 50 atm, 10%NC,H, L.
_10F
g
[
a8
1F
/7 D=2.0 —NC7H16/NH3
7 — =NC7H16/ND3
, ) = = NC7HI6/ND3-G
0.8 09 1.0 1.1 12 13
1000/T [1/K]

Figure 6. Predicted IDTs of NH3/NC7H;¢ mixtures at a n-heptane mass fraction of 10%, p = 50 bar,
and different equivalence ratios.

Figure 7 illustrates the IDTs of NH3/NC7;H1¢ mixtures at different n-heptane mass
fractions. When the n-heptane mass fraction increases, the effect of the chemical effect
of NC7Hj¢ on the ignition of NHj is reduced. At a n-heptane mass fraction of 20%, the
chemical effect has an inhibitory effect on the IDTs of NHj at low and high temperatures,
but it turns to a promoting effect at medium temperatures. At a n-heptane mass fraction
of 30%, the influence of the chemical effect on the IDTs of ammonia is similar to that at a
n-heptane mass fraction of 20%. When the n-heptane mass fraction increases from 10%
to 20%, the promoting effect of O radical is enhanced at low and high temperatures, but
weakened at medium temperatures. When the n-heptane mass fraction increases to 30%,
the promoting effect of O radical is weakened throughout the entire temperature range.
Furthermore, obvious NTC behavior exists at n-heptane mass fractions of 20% and 30%.
The O radical pushes the NTC behavior towards a higher temperature at n-heptane mass
fractions of 20% and 30%.

100

——NC7H16/NH3 10%NC7H16
— =NC7H16/ND3 ‘
- = NC7H16/ND3-G R

v 30%NC7H16

o/ P=50 atm, ®=1.0

01 1 1 1 1

0.8 0.9 1.0 1.1 1.2 1.3
1000/T [1/K]

Figure 7. Predicted IDTs of NH3/NCyH;j4 mixtures at p = 50 bar, ® = 1.0, and different n-heptane
mass fractions.

Figure 8 shows that, at ® = 0.5, the impact of the chemical effect on the IDTs of
NH3 decreases when the n-heptane mass fraction increases. When the n-heptane mass
fraction is 20%, the chemical effect has a promotional effect on the IDTs at low and medium
temperatures, while it has an inhibitory effect on the IDTs at high temperatures. When the
n-heptane mass fraction is 30%, the promoting effect of the chemical effect only occurs at
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medium temperatures. O radical has a significant promoting effect at low temperatures,
and this promoting effect decreases when the temperature increases. Furthermore, the
promoting effect of O radical is weakened with increases in the n-heptane mass fraction.
The NTC behavior is only observed in the IDTs of NC;Hj4/ND3; and NC;H;4/ND3-G at a
n-heptane mass fraction of 30%.

——NC7H16/NH3 .
100 = -NC7H16/ND3 .
- - NC7HI6/ND3-G .

10

IDT [ms]

/ 0,
7 20%NC,H, 4 30%NC,H,
0.1 1 L . P=50,atm, d=0.5
0.8 0.9 1.0 11 - o
1000/T [1/K]

Figure 8. Predicted IDTs of NH3/NCyH;4 mixtures at p = 50 bar, ® = 0.5, and different n-heptane
mass fractions.

3.2. Chemical Kinetic Analysis

Figures 9 and 10 show the time evolution of fuels at equivalence ratios of 0.5 and
1.0. For all of the cases, the consumption of n-heptane happens before that of ammonia,
the rapid consumption of ammonia occurs at the ignition timing, and the n-heptane is
completely consumed before the ignition timing. At all temperatures and equivalence
ratios, the n-heptane of NC;H;4/NHj is almost not consumed during the initial period.
The consumption rate of n-heptane gradually increases after it begins to be consumed. The
consumption of n-heptane for NC7H;4/NHj3 happens prior to that of ammonia. The con-
sumption rate of ammonia is relatively low before the n-heptane is completely consumed,
and the ammonia is rapidly consumed at the ignition time. Figures 9 and 10 show that,
at 800 K, both the chemical effect and the effect of the O radical can advance the rapid
consumption of ammonia. Figures 9a,b and 10a,b show that, under only the thermal effect,
the consumption of n-heptane can be classified into three stages: (a) almost no consumption
stage, (b) rapid consumption stage, and (c) slow consumption stage at 800 K. Due to the
influence of the chemical effect, the rapid consumption stage of n-heptane disappears, while
the consumption rate of the slow consumption stage gradually increases. In addition, the
depletion of n-heptane occurs at a later time. O radical can advance the rapid consumption
stage of n-heptane, but weakens the slow consumption stage. As the n-heptane mass frac-
tion increases, the beginning time of the rapid consumption of ammonia and n-heptane is
advanced. Figures 9¢,d and 10c,d depict that, with the temperature increasing to 900 K, the
time of the rapid consumption stage of n-heptane for NC;yH1/ND3-G is decreased, and it
is only observed at a n-heptane mass fraction of 30%. The chemical effect can further reduce
the consumption rate of n-heptane, and retard the time at which n-heptane is depleted.
O radical can enhance the rapid consumption stage of n-heptane, but weakens the slow
consumption stage. Figures 9e,f and 10e f illustrate that, at 1100 K, the rapid consumption
stage of n-heptane for NC;H;4/ND3-G completely disappears, and the chemical effect
reduces the consumption rate of n-heptane in the rapid consumption stage, while O radical
enhances the consumption rate of n-heptane. Note that the chemical effect can advance the
time at which n-heptane starts to be consumed.
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Figure 9. Time evolution of NH3 and NC7H16 at n-heptane mass fractions of 10%, 20%, and 30%,
@ = 0.5 and p = 50 bar, (a) 800 K, time evolution of NC7Hj4, (b) 800 K, time evolution of NHj,
() 900 K, time evolution of NC7Hjg, (d) 900 K, time evolution of NH3, (e) 1100 K, time evolution of
NC7Hjy4, and (f) 1100 K, time evolution of NHj.

Figures 11 and 12 depict the evolution over time of the temperature of n-heptane/
ammonia fuel blends at ® = 0.5 and & = 1.0. Figures 11a and 12a show that there are
two rapid increase stages of the temperature in NC;H;4/ND3-G at 800 K. The first rapid
increase stage happens owing to the rapid consumption of n-heptane, while the second
rapid increase stage happens owing to the rapid consumption of ammonia. The chemical
effect weakens the rapid consumption stage of n-heptane; therefore, it also weakens the first
rapid increase stage of the temperature for NC;H;4/NHj3. O radical can enhance the rapid
consumption stage of n-heptane; therefore, the first rapid increase stage of temperature is
enhanced. Figures 11b and 12b illustrate that the first rapid increase stage of temperature
for NC7Hj6/ND3-G disappears at 900 K. The chemical effect can improve the initial rise rate
of the temperature, and O radical leads to the first rapid increase stage of the temperature.
Figures 11c and 12c show that the chemical effect leads to a lower initial rise rate of the
temperature owing to the lower consumption rate of n-heptane, whereas O radical leads to
a higher initial rise rate of the temperature owing to the higher oxidation rate of n-heptane.
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Note that the adiabatic flame temperature of the three cases is almost the same. The
temperature increasing during the ignition of NHz /NCy;H;4 mixtures is mainly contributed

by the oxidation of ammonia.
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Figure 10. Time evolution of NH3 and NC;H;j4 at n-heptane mass fractions of 10%, 20%, and 30%,
® = 1.0 and p = 50 bar, (a) 800 K, time evolution of NCyHyg, (b) 800 K, time evolution of NHj,
() 900 K, time evolution of NC7Hjg, (d) 900 K, time evolution of NH3, (e) 1100 K, time evolution of

NC7Hj, and (f) 1100 K, time evolution of NH3.

Rate of consumption and production (ROP) analysis is an important method in un-
derstanding the mechanism of the ignition and combustion of NH3/NC7H;¢ mixtures. O
radical is an important species for the decoupling analysis of the ignition characteristics of
NH;/NC7Hj¢ mixtures. The reactions used in the ROP analysis are listed in Table 1.

Figures 13-15 show the ROPs of O radicals at different temperatures and n-heptane
mass fractions. Figures 13a—c and 14a—c show that, when the n-heptane mass fraction is 10%
and 20%, the main consumption or production reactions of O radical for the three groups
are the same at various temperatures. However, the ROPs of the O radical for NC7H;4/ND3
are slightly different from those of NC7H;4/NH3 and NC7H;4/ND;3-G at a n-heptane mass
fraction of 30%. In NC7H1,/NH3, R10 and R12 are the reactions associated with both n-
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heptane and ammonia, while, in NC7H14/ND3 and NC;H14/ND3-G, R10 and R12 are the
reactions associated with n-heptane and G10 and G12 are the reactions related to ammonia.
For all three cases, the reaction rates of R10 | G10 and R12 | G12 are higher than those of R230
and R249. The chemical effect has no significant promoting or inhibitory effect on R10 1 G10
and R121G12, while it has an inhibitory effect on R230 and R249. Interestingly, the chemical
effect can advance the maximum values of the ROPs of O radical to a lower temperature
and promote the reaction rates before the maximum value occurs. The advanced effect of
the chemical effect on the ROPs of the O radical increases with the increase in the n-heptane
mass fraction. O radical can also advance the maximum reaction rates of ROPs to a lower
temperature, but it will lead to a decrease in the maximum values of ROPs at a n-heptane
mass fraction of 10%. As the n-heptane mass fraction increases, O radical still reduces the
maximum reaction rates of R101 G10 and R12 | G12, but enhances the maximum reaction
rates of R230 and R249. Figure 15a—-c shows that both R10 and G10 are the main production
reactions of O radicals for NC;H;j4/NDj at a n-heptane mass fraction of 30%. However, the
reaction rates of R10 and R12 of NC7H;4/ND3-G are from one to two orders of magnitude
lower than those of G10 and G12. This illustrates that O radical has a significant promoting
effect on reactions related to n-heptane at a higher n-heptane mass fraction.
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Figure 11. Time evolution of temperature at n-heptane mass fractions of 10%, 20%, and 30%, ® = 0.5
and p = 50 bar, (a) 800 K, (b) 900 K, and (c) 1100 K.

Figures 16-18 illustrate the ROPs of the O radical at ® = 1.0, different temperatures,
and different n-heptane mass fractions. The main consumption and production reactions
of O radical for the three cases are the same at different temperatures and n-heptane mass
fractions. Figure 16a—c depicts that the chemical effect has a slight promoting effect on
R101G10 and R12 | G12 at a n-heptane mass fraction of 10%, but has an inhibitory effect
on R31G3 and R230. In addition, the maximum values of ROPs for NC;H;,/NHj3 and
NC7H16/NDs3-G occur almost at the same temperature. Figures 17a—c and 18a—c illustrate
that, with the n-heptane mass fraction increasing, the promoting effect of the chemical
effect on R101G10 and R12 1 G12 increases, and the inhibitory effect on R230 also increases,
but the inhibitory effect on R3 | G3 turns into a promoting effect. The chemical effect can



Energies 2024, 17, 4938

13 of 23

advance the maximum values of ROPs to a lower temperature when the n-heptane mass
fraction increases. O radical has a slight promoting effect on the ROPs at ® = 1.0 and a
n-heptane mass fraction of 10%, and the promoting effect increases with the increase in the
n-heptane mass fraction.

Table 1. Important reactions for the ROP of NH3/NC7;H;j¢ mixtures.
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Figure 12. Time evolution of temperature at n-heptane mass fractions of 10%, 20%, and 30%, ® = 1.0
and p = 50 bar, (a) 800 K, (b) 900 K, and (c) 1100 K.

3.3. Sensitivity Analysis

To further understand the inhibitory and promoting effects of key reactions on the
ignition of ammonia/n-heptane mixtures, a sensitivity analysis of the three cases was per-
formed at different temperatures and n-heptane mass fractions to elicit further understand-
ing of the inhibitory and promoting effects of key reactions on the IDTs of NH3/NC7H;¢
mixtures. The sensitivity coefficient is defined as follows:

ki — T0.5ki
g — Vo
1'5Tki

T refers to the IDT, and k; refers the rate parameter of the i-th reaction. A positive
sensitivity coefficient illustrates that the reaction has an inhibitory effect on the IDTs, and
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a negative sensitivity coefficient illustrates that the reaction has a promotional effect on
the IDTs. The 13 reactions with the greatest impact on the IDTs of ammonia/n-heptane
mixtures are selected, as shown in Table 2. The reaction can be classified into two parts: the
reactions related to n-heptane (R92~178) and reactions related to ammonia (R219~337).
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Figure 13. ROPs of O radical at ® = 0.5, p = 50 bar, a n-heptane mass fraction of 10%, (a) 800 K,
(b) 900 K, and (c) 1100 K (R10 | G10 means the reaction is R10 or G10, R12 | G12 means the reaction is
R12 or G12).

Figure 19 illustrates the sensitivity analysis of NH3;/NC7;H1¢ mixtures at a p = 50 bar,
® = 0.5, and an n-heptane mass fraction of 10%. Figure 19a,c illustrates that the sensitivities
of almost all reactions for NC;H74/ND3-G are lower than those of NC;H14/NHj. This
indicates that the chemical effect can enhance the effects of all 13 reactions at a n-heptane
mass fraction of 10%. When the n-heptane ratio is low, the temperature increase from the
ignition of n-heptane is relatively small, and thus has little effect on the IDTs of ammonia,
whereas even a small amount of radicals generated from the ignition of n-heptane can
significantly accelerate the IDTs of ammonia. Therefore, the chemical effect can enhance
the effects of all 13 reactions. Figure 19b,c depicts that the O radical has a promoting effect
on the sensitivity coefficients of reactions related to ammonia. In addition, O radical has an
inhibitory effect on the sensitivity coefficients of reactions related to ammonia at 800 K and
1100 K, but has a promoting effect at 900 K.

Figure 20a,c illustrates that the chemical effect has an inhibitory effect on the sensitivi-
ties of reactions associated with n-heptane at 800 K and 900 K, but has a promoting effect
on those at 1100 K. The chemical effect has a promoting effect on the sensitivity coefficients
of reactions related to ammonia at all three temperatures. Figure 20b,c shows that O radical
has a slight inhibitory effect on the sensitivities of reactions associated with n-heptane at
800 K and 900 K, but has a promoting effect on those at 1100 K. Moreover, O radical has a
slight promoting effect on the sensitivity coefficients of reactions related to ammonia. Under
only the thermal effect, the sensitivities of reactions associated with n-heptane decrease
with increases in the n-heptane mass fraction at 800 K and 900 K, but increase at 1100 K. The
sensitivities of reactions related to ammonia decrease with increases in the n-heptane mass
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fraction. Interestingly, only under the thermal effect, reactions associated with n-heptane
have the greatest impact on the ignition of NH3/NC7H;¢ mixtures when the n-heptane
mass fraction is 30%.
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Figure 14. ROPs of O radical at ® = 0.5, p = 50 bar, a n-heptane mass fraction of 20%, (a) 800 K,
(b) 900 K, and (c) 1100 K (R10 1 G10 means the reaction is R10 or G10, R12 | G12 means the reaction is
R12 or G12).

Table 2. Important reactions in present work.

Number Reaction
R92 C2H5 + 02 = C2H4 + H02
R170 NC7H16 +OH = C7H15 + H2O
R176 C7H1502 = C7H14 + H02
R178 C7H14OOH + Oz = C7H14OOH02
R219 2NH, (+M) = NyHy (+M)
R231 OH + NHj; = H,O + NH,
R238 NH3 + 02 = NH2 + H02
R239 NH, + HO, = OH + H,NO
R243 HONO + NH, = NH; + NO,
R244 NO2 + NH;)_ =NO + HzNO
R245 N02 + NH2 = HQO + Nzo
R336 NO + NH, = HyO + N,

R337 NO + NH; = OH + NNH+
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Figure 15. ROPs of O radical at ® = 0.5, p = 50 bar, and a n-heptane mass fraction of 30%, (a) 800 K,
(b) 900 K, and (c) 1100 K (R12 I G12 means the reaction is R12 or G12).
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Figure 16. ROPs of O radical at ® = 1.0, p = 50 bar, and a n-heptane mass fraction of 10%, (a) 800 K,
(b) 900 K, and (c) 1100 K (R3 | G3 means the reaction is R3 or G3, R10 | G10 means the reaction is R10
or G10, R12 1 G12 means the reaction is R12 or G12).
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Figure 17. ROPs of O radical at ® = 1.0, p = 50 bar, and a n-heptane mass fraction of 20%, (a) 800 K,
(b) 900 K, and (c) 1100 K (R3 | G3 means the reaction is R3 or G3, R10 | G10 means the reaction is R10
or G10, R12 1 G12 means the reaction is R12 or G12).
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Figure 18. ROPs of O radical at ® = 1.0, p = 50 bar, and a n-heptane mass fraction of 30%, (a) 800 K,
(b) 900 K, and (c) 1100 K (R3 | G3 means the reaction is R3 or G3, R10 | G10 means the reaction is R10
or G10, R12 1 G12 means the reaction is R12 or G12).
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Figure 19. Sensitivity of IDTs for ammonia/n-heptane mixtures at 800 K, 900 K, and 1100 K,
® = 0.5, p = 50 bar, and a n-heptane mass fraction of 10%, (a) NH3/NC;Hjg, (b) ND3/NCy;Hyg,
and (C) ND3/NC7H16-G.
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Figure 20. Sensitivity of IDTs for NHz/NC7H;¢ mixtures at 800 K, 900 K, and 1100 K, & =0.5,
p = 50 bar, and a n-heptane mass fraction of 30%, (a) NH3/NC;H;jq, (b) ND3/NC;H4, and
(C) ND3 /NC7H16-G.
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At ® =1.0 and a n-heptane mass fraction of 10%, R176, R245, and R336 of NC;H;4/NHj3
have the greatest inhibitory effect on the IDTs of NH3/NCy7H;4 mixtures at 800 K, and
their inhibitory effects first increase and then decrease with increases in the temperature.
R231, R243, and R238 also have significant inhibitory effects on the IDTs at 800 K, and
the inhibitory effects of R231 and R243 decrease when the temperature increases, whereas
the inhibitory effect of R238 increases with increases in the temperature and R238 has
the greatest inhibitory effect on the IDTs at 1100 K. The promoting effects of R244 and
R178 are the greatest at 800 K, and their promoting effects first increase and then decrease
with increases in the temperature. R337 and R170 also have a significant promotional
effect on the IDTs at 800 K, and their promoting effects decrease with the temperature
increasing. At 800 K, the promoting effect of R239 is small, but it increases with increases
in the temperature. Figure 21c shows that the chemical effect has an inhibitory effect on
R176 and R178 at 800 K, but has a promoting effect at 900 K and 1100 K. The chemical effect
of n-heptane has a promotional effect on the sensitivity coefficients of reactions related to
ammonia. Figure 21b depicts that O radical has an inhibitory effect on the sensitivities of
reactions associated with n-heptane at 800 K, but has a promoting effect on those at 900 K
and 1100 K. The sensitivities of reactions associated with ammonia are enhanced by O
radical at all three temperatures.

R176 a) NC,H,/NH, = R336 b) NC,H, /ND, BE=__
RS ¢y g B R4, e
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Figure 21. Sensitivity of IDTs for NHz /NC7Hj¢ mixtures at 800 K, 900 K, and 1100 K, ® =1.0,
p = 50 bar, and a n-heptane mass fraction of 10%, (a) NH3/NC;H;jg, (b) ND3/NC;H;4, and
(C) ND3 /NC7H16-G.

Figure 22a,c shows that, at ® = 1.0, the impact of the chemical effect on the sensitivity
coefficients is similar to that to that at an equivalence ratio of 0.5. Figure 22b,c depicts that
O radical has an inhibitory effect on the sensitivities of reactions associated with n-heptane
at 800 K, but has a promoting effect on those at 900 K and 1100 K. Under the thermal
effect + the effect of O radical or only the thermal effect, only reactions related to n-heptane
have a significant effect on the IDTs of NH3 /NC;H;j4 mixtures at a n-heptane mass fraction
of 30%, whereas reactions related to ammonia have almost no effect on the ignition.
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Figure 22. Sensitivity of IDTs for NH; /NC;H;¢ mixtures at 800 K, 900 K, and 1100 K, ® =1.0,
p = 50 bar, and a n-heptane mass fraction of 30%, (a) NH3/NC7Hy4, (b) ND3/NC7Hj4, and
(C) ND3 /NC7H16-G.

4. Conclusions

In the current study, the chemical effect and the thermal effect of n-heptane on the

IDTs of ammonia were investigated. Moreover, an analysis of the time evolution of fuels
and a ROP analysis were performed under different effects. Finally, sensitivity analysis
was conducted under different effects to further understand the chemical effect and the
thermal effect of n-heptane on the IDTs of ammonia. The main conclusions are as follows:

1.

The mixing of ammonia has a significant influence on the IDTs of n-heptane, and
there was no the NTC behavior that was not observed under all three cases at a
n-heptane mass fraction of 10%. As the n-heptane mass fraction increases to 20%,
NTC behavior is observed in the IDTs of NC7H14/ND3 and NC7yH14/NDj3-G. As the
n-heptane mass fraction increases to 30%, NTC behavior is observed in the IDTs of
all three groups. When the n-heptane mass fraction is 10%, the chemical effect has a
significant promoting effect on the IDTs of ammonia/n-heptane mixtures at low and
medium temperatures, and the promoting effect is negligible at high temperatures. O
radical has a significant promoting effect on the IDTs of ammonia, and the promoting
effect decreases with increases in the temperature;

The consumption of n-heptane happens prior to that of ammonia, and the rapid
consumption of ammonia happens near the ignition timing for all three cases. At
800 K, the time evolution of n-heptane for NC;7H;4/NDs3-G can be divided into three
stages: (a) almost no consumption stage, (b) rapid consumption stage, and (c) slow
consumption stage. The chemical effect has an inhibitory effect on the rapid consump-
tion stage, while O radical has a promoting effect on the rapid consumption stage.
The rapid consumption stage is mitigated by the increases in temperature. The early
increase in temperature is mainly contributed by the oxidation of n-heptane, while
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the increase in temperature during the ignition processes of ammonia/n-heptane
mixtures is mainly contributed by the oxidation of ammonia;

3. The chemical effect has no significant promoting or inhibitory effect on R101G10
and R121G12, but has an inhibitory effect on R230 and R249. The chemical effect
can advance the maximum values of the ROPs of O radical to a lower temperature,
and this advancing effect increases with increases in the n-heptane mass fraction. O
radical can also advance the maximum reaction rates of the ROPs of O radical to a
lower temperature, but it will lead to a decrease in the maximum values of ROPs at a
n-heptane mass fraction of 10%. As the n-heptane mass fraction increases, O radical
still has a significant effect on the maximum reaction rates of R10 | G10 and R121G12,
but has a promoting effect on the maximum reaction rates of R230 and R249;

4. The chemical effect has a promoting effect on the sensitivity coefficients of all 13 reactions
at a n-heptane mass fraction of 10%. When the n-heptane mass fraction is 30%, the
chemical effect still has a promotional effect on the sensitivity coefficients of reactions
related to ammonia, but has an inhibitory effect on the sensitivities of reactions associated
with n-heptane at 800 K and 900 K. O radical has a promoting effect on the sensitivities of
reactions associated with ammonia. O radical has an inhibitory effect on the sensitivities
of reactions associated with n-heptane at 800 K and 1100 K, but has a promoting effect
on those at 900 K. When the n-heptane mass fraction is 30%, the chemical effect has an
inhibitory effect on the sensitivities of reactions associated with n-heptane at 800 K and
900 K, but has a promoting effect on those at 1100 K. The chemical effect has a promoting
effect on the sensitivities of reactions associated with ammonia at all three temperatures.
O radical has a slight inhibitory effect on the sensitivities of reactions associated with
n-heptane at 800 K and 900 K, but has a promoting effect on those at 1100 K. Moreover,
O radical has a slight promotional effect on the sensitivity coefficients of reactions related
to ammonia.
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IDT  Ignition delay time

NTC  Negative temperature coefficient
ROP  Rate of consumption and production
RCM  Rapid compression machine
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