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Abstract

Utilizing ammonia (NH3) as a zero-carbon alternative fuel requires a deeper understanding
of its combustion characteristics, with ignition delay time (IDT) serving as a critical descrip-
tive parameter. To investigate the effects of propane (C3Hg) addition on NHj ignition at
high temperatures, the ignition delay times of NH3/C3Hg blends were systematically mea-
sured using a shock tube over a wide range of conditions: temperatures of 1263-2117 K,
pressures of 0.14-0.5 MPa, equivalence ratios of 0.5-2.0 and propane mole fractions of
5-70%. The results indicate that propane addition significantly promotes ammonia ignition.
Under stoichiometric and 1.4 atm pressure conditions, the addition of C3Hg to pure NHjz
reduces the ignition delay time by approximately fivefold, allowing auto-ignition to occur
at a lower temperature. Furthermore, detailed chemical kinetic mechanisms from the
literature were adopted for numerical simulations and validated against the newly ac-
quired experimental data. Kinetic analysis reveals that the propane addition does not alter
the main oxidation pathways of ammonia, while it triggers C-N cross-reactions at higher
blending ratios (>30%). The active radicals generated during the early stages of propane
oxidation accelerate H-abstraction reactions, serving as the key mechanism responsible for
the shortened ignition delay times and promoted ignition.

Keywords: ammonia; propane; shock tube; ignition delay time; chemical kinetics

1. Introduction

Ammonia, as an emerging carbon-neutral fuel, has attracted widespread attention in
the energy and power sectors in recent years. Containing no carbon in its molecule, its
combustion process does not produce carbon dioxide, making it a potential clean energy
carrier in the context of achieving the carbon neutrality goals [1-3]. Furthermore, ammonia
can be synthesized via electrolysis of water, electrochemical processes, or photocatalytic
conversion using renewable energy sources [4,5], and it can be easily liquefied for storage
and transportation, offering compatibility with existing infrastructure for replacing con-
ventional fossil fuels. However, when used as a sole fuel, ammonia faces challenges such
as low burning velocity, high ignition energy, narrow flammability limits, and poor flame
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stability [6], primarily due to its high auto-ignition temperature and long IDT. To improve
its combustion performance, current research has explored blending NHj3 with fuels such
as diesel [7,8], hydrogen [9], methane [10,11], dimethyl ether [12,13], and alcohols [14-16],
demonstrating that these mixtures can promote the ignition/combustion performance
of ammonia.

Propane is a widely utilized hydrocarbon fuel and a primary component of liquefied
petroleum gas. It exhibits well-established chemical reaction pathways, high burning veloc-
ity, very low ignition energy, and broad flammability limits. Existing literature includes
several studies on ammonia/propane blended fuels. Yin et al. [17] conducted experimental
studies in a jet-stirred reactor, focusing on the oxidation kinetics of ammonia-propane
mixtures. The experiments were performed over a temperature range of 800-1250 K and
equivalence ratios from 0.5 to 2.0, investigating the effect of propane volume fraction
(0.2-0.8) by analyzing the mole fractions of intermediate species. The research team devel-
oped a new kinetic mechanism for ammonia-propane blends, which accurately predicts
the experimental data under various conditions. Yin et al. [18] further measured the
laminar flame speeds of ammonia/propane/air mixtures under conditions of 1-5 atm,
298-453 K, equivalence ratios of 0.7-1.6, and propane fractions ranging from 0% to 90%
of the fuel volume. The experimental data validated the effectiveness of the previously
developed kinetic model, and comparisons demonstrated that this chemical kinetic mecha-
nism can reasonably predict experimental data for propane, ammonia, and their mixtures
under a wide range of conditions. Cheng et al. [19] studied the co-combustion character-
istics and nitrogen oxide emissions of ammonia/propane blends at three mixing ratios:
pure ammonia, and blends with 5% and 10% propane. They investigated the effects of
the ammonia-to-propane ratio, excess air coefficient, and inlet oxygen concentration on
combustion and NOx emission characteristics. The results indicated that as the propane
proportion increased, the concentrations of NOx, NO, and NO; rose, while the oxygen
concentration decreased. Chen et al. [20] utilized ozone addition to elucidate the flame-
enhancement mechanism based on plasma-assisted combustion, investigating through
experiments and numerical simulations the effect of ozone addition on the laminar burning
velocities of NH3/(35%0, /65%N,) and NH3 + CH,/C,yHg/C3Hg + air flames over a wide
range of equivalence ratios. The study shows that blending ammonia with hydrocarbon
fuels can reduce ignition energy and increase the overall burning velocity of the mixture.
Wang et al. [21] systematically measured the laminar burning velocities of NHz /C3Hg/air
mixtures at different equivalence ratios (0.6-1.4), ammonia blending ratios (20%, 50%,
80%), and initial pressures (0.1-0.5 MPa). The results showed that propane can signif-
icantly enhance the combustion intensity of ammonia, while the addition of ammonia
effectively reduces CO and CO; emissions. Liu et al. [22] measured the IDTs of stoichio-
metric NHj3/C3Hg mixtures with varying propane fractions (0-30%) using a shock tube
under conditions of 1305-1890 K and pressures of 1.75 and 10 bar. They developed a new
NHj;-C3Hg kinetic model based on an optimized NH; model and the C3Hg sub-mechanism
from NUIG 1.1. The study found that the newly introduced C/N cross-reactions play a
crucial role in accurately predicting the ignition, flame propagation, and species profiles
of NHj3/C3Hg blends. Nobakht et al. [23] measured soot volume fraction, temperature,
and soot maturity index in propane/ammonia diffusion flames with varying ammonia
addition ratios (fuel mole fraction 0-0.6) at pressures of 1-6 atm, using a co-flow laminar
diffusion burner in a high-pressure combustion chamber, combined with multi-wavelength
extinction and spectral emission diagnostics. The study systematically investigated the
effects of pressure on soot formation and maturity in ammonia/propane mixtures. Experi-
mental results show that ammonia addition reduces soot volume fraction and soot yield at
all pressures, but the relative reduction diminishes with increasing pressure. Meanwhile,
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the influence of pressure on soot maturity is non-monotonic: at low pressures (1-3 atm),
ammonia decreases soot maturity, whereas at high pressures (4-6 atm), this trend weakens
or even reverses, leading to a phenomenon where soot mass is reduced but maturity is
enhanced. Lin et al. [24] measured the IDTs of ammonia/propane blends with ammonia
energy shares of 35% and 70% using a shock tube at stoichiometric conditions, 1 atm, and
temperatures from 1200 to 1800 K. Combined with species concentration data obtained
from a jet-stirred reactor and chemical kinetic simulations, they systematically investigated
the auto-ignition characteristics of ammonia/propane mixtures. The experimental results
indicated that the addition of ammonia had only a minor effect on the IDTs of the blends,
and that propane exerted a weaker promoting effect on the overall reactivity of natural gas
compared with ethane. The developed kinetic model showed good agreement with the
experimental data. Liang et al. [25] investigated the auto-ignition characteristics of ammo-
nia/propane blended fuels under high-pressure conditions. Using a rapid compression
machine, they measured the IDTs for mixtures with different propane fractions (10-100%)
at 750-1100 K and 20-100 bar. Based on the POLIMI-2023 and Aramco 3.0 models, they
developed the SJTU-2025 kinetic mechanism.

Although the ignition characteristics of NH3/C3Hg blends have been investigated
under a range of conditions, the available experimental database remains limited in terms
of fuel composition, equivalence ratio, and temperature—pressure coverage (Table 1). Ex-
isting studies have mainly considered moderate C3Hg blending ratios (10-50%) and lean-
to-stoichiometric conditions, while data for extreme C3Hg blending ratios and fuel-rich
mixtures remain scarce. In addition, the combined effects of C3Hg blending ratio and
equivalence ratio on NHj3/C3Hg ignition behavior have not been systematically examined
over a broad temperature range under low-to-intermediate pressure conditions. These
limitations hinder a comprehensive understanding of the competition between NH3 and
C3Hg oxidation chemistry and its influence on ignition characteristics. To address these
gaps, this study systematically measured the IDTs of NH3/C3Hg mixtures over a wide
parameter range (T = 1263-2117 K, p = 0.14 and 0.5 MPa, ¢ = 0.5, 1.0, and 2.0, with C3Hg
blending ratios of 5%, 30%, and 70%). The selected fuel compositions and equivalence ratios
extend the available database toward extreme C3Hg blending and fuel-rich conditions,
while the broad temperature range enables the ignition behavior to be examined across
different kinetic regimes. Detailed kinetic simulations were further performed to evaluate
representative mechanisms and elucidate the competitive reaction pathways governing the
ignition behavior.

Table 1. Published experimental studies of the IDTs of NH3 /C3Hg mixtures.

Experimental Experimental Settings y
Type CsHg/Fuel (%) T (K) @ P (bar) References
Shock tube 0,10, 20, 30 1303-1890 1.0 175-10  Liu 2024 [22]
Shock tube 30, 65, 100 12001800 1.0 1.0 Lin 2026 [24]
RCM 10, 30, 50 750-1100 05-1.0  20-100  Liang 2026 [25]
Shock tube 5,30, 70 12632117 0520 1450 This work

2. Experiment Methods

The experiments were conducted on a shock-tube platform as illustrated in the
Figure 1. The platform consists of three main components: a stainless-steel tube assembly,
a gas-preparation system, and a photoelectric detection system. The main shock tube is
constructed from stainless-steel pipe with an inner diameter of 100 mm and a wall thickness
of 17.5 mm. To minimize boundary-layer effects, the inner wall of the shock tube was
finished to a roughness of less than 0.8 um. The tube is divided into a 4 m-long driver
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section and a 5.5 m-long driven section, separated by a polyethylene terephthalate (PET)
diaphragm. Further details of the experimental setup can be found in references [26,27].
The calculation of state parameters of fluid in an ideal shock tube has been added to the
Supplementary Materials.

— Data acquisition system
© © © ©
Pressure sensors
Driven section Driver section

PMT :
| |

' Mixing tank
Cs;Hs NHj3

O, Ar

Helium

Figure 1. Schematic representation of shock tube.

Three pressure sensors (PCB113B24) were installed at equal intervals (200 mm) along
the sidewall of the low-pressure test section. The measured pressure signals were fed into
an oscilloscope via a preamplifier. The chemiluminescence optical signal passed through
an optical filter and entered a photomultiplier tube (PMT, Hamamatsu CR131) equipped
with a high-voltage power supply, allowing the OH* spontaneous emission signal to be
transmitted to the oscilloscope. The IDT is defined as follows: the arrival of the reflected
shock wave at PCB3 is taken as time zero, and the intersection point of the tangent at the
position of maximum slope of the OH signal with the horizontal baseline is taken as the
ignition timing, which is the IDT. As shown in Figure 2, the IDT of the 70%NHj3/30%CzHg
mixture under the conditions of T = 1392 K, p = 0.14 MPa, and ¢ = 1.0 is 1180 ps. The
uncertainty in temperature measurement is approximately +15 K. The experimental IDT
data were determined based on the distribution of results from a series of measurements,
with a maximum single-measurement error of +20%. (The detailed uncertainty analysis
has been submitted in the Supplementary Materials.)

The driver gas consisted of a helium—nitrogen mixture with a purity of 99.999%. The
diluent gas was argon with a purity of 99.999% (dilution ratio: 80%), and the Ar oxidizing
environment was simulated using a mixture of 79% argon and 21% oxygen (molar ratio).
The test fuel was a premixed gas prepared from high-purity ammonia (99.99%) and propane
(99.99%). To mitigate the characteristic adsorption of ammonia on stainless steel surfaces—
which could introduce experimental errors—the inner wall of the shock tube was passivated
with pure ammonia prior to each measurement. This study investigated nine different
test conditions of ammonia/propane mixtures; the specific compositions are listed in
Table 2. Furthermore, with ¢ = 1.0, additional experiments were conducted at a pressure of
0.5 MPa to thoroughly investigate the influence of pressure on IDT. The selected pressures
represent near-atmospheric and moderately elevated pressure conditions, respectively,
enabling the pressure dependence of NH3/C3Hg ignition characteristics to be examined
under experimentally reliable conditions.
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Figure 2. Definition of ignition delay time.
Table 2. Experimental mixtures (unit: mole/%).
Mixtures @ P’j;ﬂ:‘e NH; (%) C3Hg (%) Oy (%) Ar (%) p (MPa)
1 N95C5 0.5 5% 1.86885 0.09836 3.78689 94.24590 0.14
2 N70C30 0.5 30% 0.69014 0.29577 3.99296 95.02113 0.14
3 N30C70 0.5 70% 0.16449 0.38381 4.08486 95.36684 0.14
4/5 N95C5 1.0 5% 3.40299 0.17910 3.44776 92.97015 0.14/0.5
6/7 N70C30 1.0 30% 1.31544 0.56376 3.80537 94.31544 0.14/0.5
8/9 N30C70 1.0 70% 0.32020 0.74714 3.97586 94.95680 0.14/0.5
10 N95C5 2.0 5% 5.77215 0.30380 2.92405 91.00000 0.14
11 N70C30 2.0 30% 2.40491 1.03067 3.47853 93.08589 0.14
12 N30C70 2.0 70% 0.60796 1.41858 3.77443 94.19903 0.14

3. Simulation Methods

Simulations of ignition delay time were performed using the Senkin module in the

ANSYS Chemkin-Pro 2022R1 software, employing a constant-volume homogeneous re-

actor model. This approach is justified because the ignition process behind the reflected

shock wave is considered a homogeneous gas-phase reaction. In this study, six reaction

mechanisms, including NH3-CsHg, CEU, and Konnov2023, among others, were selected for

simulation, and the results were compared with shock-tube experimental data. The details

of these reaction mechanisms are listed in Table 3. To accurately investigate the ignition

characteristics in the shock tube, numerical simulations of the IDTs for ammonia/propane

mixtures were carried out under conditions strictly consistent with the experimental setup.

Table 3. Basic information about the referenced model.

Model Species Reactions = Methods-Objects  Years-References
CEU 91 444 Heat flux-LBV 2021 [28]
Wang 188 1604 CVB-LBV 2022 [29]

M-NUIG 356 2309 JSR-NOx 2023 [17]
Konnov2023 498 5719 Heat flux-LBV 2023 [30]
NH;3-C3Hg 356 2443 Shock tube-IDT 2024 [22]
SJTU2025 612 3335 RCM-IDT 2025 [25]
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4. Results and Discussion
4.1. Model Validation

Figure 3 compares the predictive performance of six representative kinetic models from
the literature against experimental data. Basic information on these models is provided
in Table 2. As observed, different mechanisms exhibit variations in predicting the IDTs
of pure ammonia and ammonia/propane blended fuels. The experimental data for pure
ammonia are taken from the work of Gao et al. [31].
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= =
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Figure 3. Comparisons of measured and model-predicted IDTs. (a) N95C5. (b) N70C30. (c) N30C70.
(d) N100CO. (Pure ammonia data from [31]).

Regarding the IDTs of ammonia/propane mixtures, for the N95C5 blend, only the
CEU mechanism shows under-prediction at high temperatures. Its hydrocarbon reactions
and C-N interaction reactions are adopted from the San Diego mechanism [32] and the
Konnov2021 mechanism [33], respectively, with updated rate parameters for the reac-
tion N + NO = Ny + O. The other five mechanisms provide satisfactory predictions for
the IDTs of ammonia/propane at this blending ratio. For the N70C30 mixture, both the
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SJTU2025 mechanism and the M-NUIG mechanism exhibit good predictive performance.
The SJTU2025 mechanism is constructed based on the POLIMI2023 mechanism [34] and
the Aramco3.0 mechanism [35], with additional cross-reaction rates between NH, and C3
alkanes/alkenes. It also incorporates the NH, + CH,O/CH3CHO reactions emphasized by
Shrestha et al. [36]. The predictions of this model show good agreement with experimental
data obtained from a rapid compression machine (RCM). The remaining models signifi-
cantly overestimate the IDTs at low temperatures. For the N30C70 mixture, the predictions
of the SJTU2025 and M-NUIG mechanisms are similar and relatively accurate, while the
other models generally overpredict the IDTs.

However, significant discrepancies are observed among different mechanisms in pre-
dicting the IDTs of pure ammonia. As illustrated in Figure 3d, the Wang mechanism
demonstrates the best predictive performance for pure ammonia. This mechanism primar-
ily includes C1-C4 hydrocarbon sub-mechanisms, an NHj sub-mechanism, C-N interaction
sub-mechanisms, and their mutual couplings. The NHj3 sub-mechanism is based on the
study by Zhang et al. [37], which enables accurate prediction of species identification
and quantitative analysis for NH3/H; mixtures via Fourier Transform Infrared (FTIR)
spectroscopy. The predictions of the M-NUIG mechanism are relatively close to the ex-
perimental values, though slightly inferior to those of the Wang mechanism. M-NUIG
was developed based on the NUIG mechanism [38], with its NH3 sub-mechanism also
derived from Zhang et al. [37]. However, the rate coefficients for NH; + CH4/CyHg were
adopted from Glarborg et al. [39] and updated according to the computational results of
Siddiqui et al. [40]. Therefore, both mechanisms provide reasonably accurate predictions
for the IDTs of pure ammonia.

Overall, the SJTU2025 model demonstrates the best predictive performance and the
M-NUIG model can also provide reasonably accurate predictions for the IDTs of the
mixtures. To quantitatively evaluate the predictive capability of the SJTU2025 mechanism,
the deviations between the simulated and experimental IDTs were further analyzed. A
total of 21 experimental data points with corresponding simulations were considered. The
average absolute relative error (AARE) between the simulated and experimental IDTs was
43.55%, while the Pearson correlation coefficient was 0.956. The high correlation coefficient
indicates that the SJTU2025 mechanism can effectively capture the overall variation trend
of the experimental IDTs. In addition, 90.48% of the simulated IDTs fall within a factor of
two of the corresponding experimental values. Nevertheless, a maximum relative error
of 166.20% was observed under certain conditions, and the mean signed relative error of
35.25% indicates an overall tendency of the mechanism to overpredict the experimental
IDTs. These results suggest that the SJTU2025 mechanism generally reproduces the major
trends of the experimental ignition characteristics, although quantitative discrepancies
remain under some specific conditions. Although the SJTU2025 model still exhibits certain
quantitative prediction deviations under some operating conditions, it is generally able
to capture the variation trend of the experimental results. Therefore, this mechanism is
selected for further analysis and prediction. (The validation of the SJTU2025 model under
other experimental conditions has been added to the Supplementary Materials).

4.2. Effect of the Propane Content

To investigate the effect of propane addition on ammonia ignition, this study measured
the IDTs of various NH3/C3Hg /O, / Ar mixtures.

As shown in Figures 4-6, the measured IDTs are plotted as a function of temperature.
In the experiments, the mole fraction of C3Hg in the NH3/C3Hg fuel mixtures ranged
from 5% to 70%, while the overall equivalence ratio of the mixtures varied from 0.5 to 2.0.
Figure 4 presents the measured IDTs for stoichiometric NH3 /C3Hg mixtures at 0.14 MPa
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IDT(us)

2000 1818

and 0.5 MPa, accompanied by data for pure NH; mixtures from reference [31] for compar-
ative purposes. It can be observed that adding C3Hg to ammonia significantly promotes
the ignition of NH3. Under a pressure of 0.14 MPa, the IDT for fuel mixtures containing
5% C3Hg is approximately 5 times shorter than that of pure NHj, and auto-ignition can
occur at lower temperatures. Furthermore, compared to the fuel mixture with 5% C3Hg,
the experimental results for NH3 /C3Hg blended fuels containing 30% and 70% C3Hg shift
further toward shorter IDTs. A similar trend can be observed in the experimental results
under elevated pressure conditions at 0.5 MPa. As shown in Figure 4b, a notable change is
observed for NH3 /C3Hg mixtures with low C3Hg concentrations. When the C3Hg addition
increases from 5% to 30%, the IDT decreases by approximately 50% at a temperature of
1450 K. However, under 0.5 MPa, the difference in measured IDTs between fuel mixtures
containing 30% and 70% CsHg is relatively small. This indicates that under elevated pres-
sure conditions, especially at higher C3Hg concentrations, the effect of C3Hg addition on
the ignition of NH3/C3Hjg fuel mixtures diminishes.
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Figure 4. IDTs of NHj3 /C3Hg mixtures with different C3HS8 contents. (a) p = 0.14 MPa. (b) p = 0.5 MPa.

(Pure ammonia data from [31]).
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Figure 5. IDTs of NHj3/C3Hg mixtures with different pressures.
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Figure 6. IDTs of NHj3/C3Hg mixtures with different equivalence ratios. (a) N100C0. (b) N95C5.
(c) N70C30. (d) N30C70. (Pure ammonia data from [31]).

4.3. Effect of the Pressure

Figure 5 illustrates the variation of IDTs for different NH3/C3Hg fuel mixtures with
pressure under stoichiometric conditions.

As expected, the IDT shortens with increasing pressure. However, in the low-
temperature region, the differences in IDTs for the N95C5 mixture under varying pressure
conditions are relatively small. For fuel mixtures containing 5% and 30% C3Hg, a compari-
son of the measured IDTs at 0.14 MPa and 0.5 MPa reveals that elevated pressure enhances
reactivity, resulting in a more than two-fold reduction in IDT. In contrast, for conditions
with C3Hg concentrations as high as 70%, the IDTs under the two pressure conditions are
very similar. This indicates that mixtures with high CsHg content exhibit weaker sensitivity
of IDT to pressure variations. It should be noted that these observations are limited to
the investigated pressure range of 0.14-0.5 MPa, and further measurements at additional
pressure levels are required to establish a more comprehensive pressure dependence.

4.4. Effect of the Equivalence Ratio

As shown in Figure 6, the IDTs of NHj3 blended fuels with varying C3Hg contents
were measured across equivalence ratios ranging from 0.5 to 2.
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From Figure 6a,b, it can be concluded that pure ammonia shows negligible sensitivity
to changes in equivalence ratio, whereas the addition of 5% C3Hg significantly amplifies
the influence of equivalence ratio on the IDT of the mixture. Overall, for all NH3/C3Hg fuel
mixtures, the measured IDT increases with increasing equivalence ratio. It can be observed
that in the low-temperature region, the variation in IDT caused by different equivalence
ratios is relatively small. In Figure 6b,d, it is observed under high-temperature conditions
that when the equivalence ratio increases from 0.5 to 1.0, the increase in IDT for the fuel
mixtures is less than 10%; however, when the equivalence ratio rises from 1.0 to 2.0, the
delay time can increase by more than two-fold. In contrast, the effect of equivalence ratio
on fuel mixtures containing 30% C3Hg is less pronounced. Experimental observations
indicate that for this specific mixture, variations in the equivalence ratio within the range
of 0.5 to 2 result in only slight changes in the IDT. Overall, the influence of the equivalence
ratio on IDT becomes more pronounced under high-temperature conditions.

5. Chemical Kinetic Analysis
5.1. Sensitivity Analysis

In order to better understand the influence of propane content and temperature
variation on the ignition process of NH3/C3Hg mixtures, a forced sensitivity analysis was

performed at T = 800 K, 1200 K, and 1600 K, p = 0.14 MPa, and ¢ = 1.0, as shown in Figure 7.
The forced sensitivity coefficient is defined as:

In(t4/7-) In(tq/71-)

= Tn(k /k) _ In(20/05) @

In the equation, T represents the IDT calculated by doubling the reaction rate constant,
while 7_ corresponds to the IDT calculated by halving the rate constant. Here, k4 denotes
twice the reaction rate constant, and k_ denotes half of it. A negative sensitivity coefficient
indicates that the reaction has an ignition-promoting effect, whereas a positive sensitivity
coefficient suggests an ignition-inhibiting effect.

As shown in Figure 7a, at T = 800 K, R702 (C3Hg+ HO, = IC3H; + H,0O;) exhibits the
highest sensitivity and promotes ignition. Its sensitivity shows a nonlinear relationship
with the C3Hg content—the higher the C3Hg content, the stronger the sensitivity of R702
to the IDT. Meanwhile, the sensitivities of other reactions involving C3Hg, such as R685
(C3H8 + OH = NC3H7 + HzO) and R686 (C3H8 + HO, = NC3H7 + HzOz), also show an
increasing trend, further promoting the ignition of the mixture. Notably, as the C3Hg
content increases from 5% to 30%, the sensitivity coefficients of elementary reactions
involving reactive nitrogen intermediates such as NH;, HNO, and NO—including R74,
R133, R141, R73, and R26—exhibit a sharp, nonlinear decline. This is because the C-H
bonds in propane molecules possess significantly lower bond dissociation energies than
the N-H bonds in ammonia molecules. When the propane content increases, the dominant
reaction pathway in the mixture shifts from the dehydrogenation of NHj to the cracking
and dehydrogenation of propane. Radicals such as H, O, and OH preferentially react
with propane, generating i-C3Hy or n-C3Hy radicals, thereby reducing the concentration of
NH, radicals. The resulting C3H7 radicals rapidly undergo 3-scission, producing a large
number of methyl CHj radicals and their subsequent oxidation products (such as HO,,
CH,O0, CO), rather than proceeding through the slower nitrogen-involved chain-branching
reactions. Consequently, with increasing propane content, the sensitivity coefficients of
carbon-containing reactants such as R702 and R686 rise markedly, whereas those of nitrogen-
involved reactions decline sharply due to the drastic drop in both the concentrations of
reactants NH, and NO and the corresponding reaction fluxes.
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Figure 7. Sensitivity of various blends at different temperatures. (a) T = 800 K. (b) T = 1200 K.
(c) T=1600 K.

At temperatures of T = 1200 K and 1600 K, R5 (O; + H = O + OH) exhibits the
highest sensitivity and promotes ignition. As shown in Figure 7b, when T = 1200 K,
the high-temperature chain-branching reaction R5 shows the greatest sensitivity. Under
these conditions, the activity of nitrogen-containing reactions at high temperatures is
lower than that at 800 K. Therefore, while the trend of decreasing sensitivity of nitrogen-
containing reactions with increasing propane content persists when the C3Hg content
rises to 30%, the magnitude of this decline is significantly less pronounced compared
to that observed at 800 K. Furthermore, the dehydrogenation reactions of C3Hg, such as
R683 (C3Hg + H =NC3H7 + Hy) and R699 (C3Hg + H = IC3H7 + Hy), exhibit an ignition-
inhibiting effect, with their sensitivity strengthening as the C3Hg content increases. This
occurs because a higher C3Hg content promotes these dehydrogenation reactions, which
compete with the highly sensitive high-temperature chain-branching reaction R5 for H rad-
icals. It is noteworthy that among the reactions promoting ignition, CHj plays a significant
role. Reaction R264 (CH3 + O, = CHO + OH) serves as the primary consumption pathway
for methyl radicals at high temperatures, generating the active radical OH along with
CH,0. CH,O is a key intermediate that rapidly yields CO, thereby facilitating exothermic
reactions and consequently promoting ignition. Reaction R272 (CHz+ HO, = CH30 + OH)
further contributes by converting the less reactive HO, radical into the active OH radical,
thereby enriching the active radical pool and enhancing ignition. Additionally, the inter-
mediate HCO warrants attention. As the C3Hg content increases from 5% to 30%, reaction
R337 (HCO + Oy = CO + HQOy) initially exhibits an inhibiting effect before shifting to a
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promoting one. This occurs because, at low C3Hg levels, this reaction converts the relatively
reactive HCO into the less reactive HO,, thereby suppressing ignition. However, when the
C3Hg content rises, the concentration of HO; in the radical pool increases, which in turn
inhibits the conversion of HCO to HO;. Consequently, a higher CsHg content promotes
ignition through this pathway. On the other hand, reaction R336 (HCO + M = H + CO + M)
shows a trend that shifts from promotion to inhibition. This is because the pyrolysis of HCO
generates H radicals, which accelerate ignition. Yet, an increase in C3Hg content elevates
the concentration of H radicals, thereby inhibiting the progress of R336 and resulting in an
overall ignition-inhibiting effect.

At T = 1600 K, R5 exhibits the highest sensitivity and promotes ignition. Under
high-temperature conditions, the activity of nitrogen-containing reactions is further re-
duced; consequently, their sensitivity coefficients show little variation with increasing C3Hg
content. The sensitivity coefficient of the high-temperature chain-branching reaction R5
displays a trend of initially increasing and then decreasing as the C3Hg content rises. This
occurs because when the propane content increases from 5% to 30%, thermal decomposition
reactions such as R677 (C3Hg + M = CHj3 + C;Hs + M) are promoted, generating substantial
amounts of CHj and C,Hs radicals. These alkyl radicals further produce active H radicals,
thereby enhancing the progress of reaction R5. When the propane content rises from 30% to
70%, the increased ignition-promoting sensitivity of reaction R677 under these conditions
leads to extensive pyrolysis of propane at ultra-high temperatures and blending ratios,
producing a large quantity of CHj radicals. The high concentration of CH3 radicals further
reacts via R272 to generate active OH radicals. The elevated concentration of OH radicals,
in turn, exerts an inhibitory effect on the progress of reaction R5. This explains why the
sensitivity of R5 first rises and then declines with increasing C3Hg concentration. It also
accounts for the notable increase in the sensitivity of reaction R272 when the C3Hg content
reaches 70% compared to that at 30%.

In summary, temperature plays a decisive role in the ignition kinetics of NH3/C3Hg
mixtures. In the intermediate temperature regime of 800 K, the addition of C3Hg leads
to a sharp decline in the sensitivity of nitrogen-containing reactions by competing with
ammonia for reaction pathways. As the temperature rises to 1200 K and 1600 K, the
decrease in sensitivity of nitrogen-containing reactions becomes notably more gradual,
indicating that elevated temperatures systematically diminish the activity and importance
of nitrogen-related chemistry. Meanwhile, the sensitivity of the core chain-branching
reaction H + Oy = O + OH exhibits a complex coupling effect between temperature and
blending ratio. At 1200 K, it shows the highest sensitivity and decreases monotonically
with increasing propane content, whereas at 1600 K, it follows a non-monotonic trend—first
rising and then falling. This reveals the critical regulatory role of the dynamic balance
between H-atom production and consumption under high-temperature conditions in the
ignition process.

5.2. Reaction Pathway Analysis

Figure 8 presents the main reaction pathways for the three mixtures—N95C5, N70C30,
and N30C70—at T = 1600 K, p = 0.14 MPa, and ¢ = 1.0, with the analysis conducted when
20% of the initial NH3 has been consumed. A reaction flux-based pathway analysis was
employed to identify the dominant consumption and formation routes of key nitrogen- and
carbon-containing species. Specifically, the reaction flux of each elementary reaction in the
SJTU2025 mechanism was evaluated at the selected reaction state, and the contribution of
an individual reaction pathway was determined by normalizing its flux with respect to the
total consumption or formation flux of the corresponding target species. Only the major
reaction pathways contributing to the evolution of the key species are presented in Figure 8.
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The black, red, and blue pathways represent N95C5, N70C30, and N30C70, respectively.
This analysis enables a direct comparison of the dominant reaction pathways among mix-
tures with different NH3/C3Hg ratios. As shown in Figure 8a, within this reaction network,
NHj is primarily consumed via H-abstraction reactions involving OH, O, and H radicals,
producing NH; radicals. Among these, the reaction NH3 + OH = NHj; + H,O serves as the
dominant consumption pathway for NH3, accounting for approximately 50% of the total
NHj3 consumption. The NH; radicals generated from the dehydrogenation of NHj3 exhibit
high reactivity and can further react with H radicals to form NH radicals. Additionally,
interactions between NH, radicals can consume NH; via the reaction 2NH, = NH; + NH,
producing NH radicals and regenerating NH3. NH radicals then undergo radical recom-
bination with NH, through the reaction NH, + NH = N,H, + H, yielding N,H,. NyH)
is readily hydrogenated by H or NH;, or decomposes via pyrolysis to release H-atoms,
ultimately converting into NNH radicals. NNH subsequently decomposes once more to
form the stable N, molecule.
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Figure 8. The reaction pathways of various mixtures under the conditions of 1600 K, 0.14 MPa, ¢ = 1.0
and 20% NH3 consumption. (a) NHj. (b) C3Hg.
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For the N95C5 fuel blend, the primary reaction pathway for NH; consumption is
NH; — NH; — NH — NoHy(—cNyHy /tNoHp) — NNH — Nj. It is worth noting that in
this mixture, the reaction path involves the conversion of NH radicals into both cis-
and trans-NyHj isomers. This occurs because the propane content is low, and nitrogen-
containing reactions dominate the chemistry under these conditions. When the C3Hg
content increases to 30%, a new consumption pathway emerges for NHz: NH; — NHp
— CH3NH; — CH;NHj. Due to the higher propane content, CH3 radicals—key inter-
mediates from C3Hg—react with NH; radicals to form the C-IN cross-species CH3NH,.
This species further reacts with active radicals such as H, OH, and NH, to regenerate NHs
and produce another C-N cross-species, CH,NH;. When the propane content reaches
70%, CH,NH, further undergoes a dehydrogenation reaction with O, to produce CH,NH.
Notably, as the propane content increases, the competition between C-containing radicals
and N-containing radicals weakens the conversion of N-containing radicals to NO, thereby
effectively reducing NO formation.

Figure 8b illustrates the reaction pathways of C3Hg under the same conditions. C3Hg
is primarily consumed via two main routes:

1. C3H8 — NC3H7 — C2H4 — C2H3 — C2H2 — CO.
2. C3H8 — C2H5 — C2H4 — C2H3 — C2H2 — CO.

When the C3Hg content is 5%, the reaction pathway corresponds to route 1. Under
these conditions, the chemistry is dominated by NH3. High-temperature decomposition of
NH; generates active H radicals and NH, radicals, with NH, further reacting to produce
O and OH radicals. Consequently, CsHg is primarily consumed through dehydrogena-
tion reactions involving H, O, and OH radicals, yielding NC3sHy radicals. NC3H;y then
decomposes to yield C;Hy, which subsequently reacts with radicals to form C,Hj. At this
stage, ammonia decomposition serves as the primary source of radicals, while hydrocarbon
reactions play a secondary role.

When the C3Hg content increases to 30%, third-body reactions gradually replace
dehydrogenation as the primary consumption pathway for C3Hg, shifting the reaction
route to path 2. The higher concentration of C3Hg dilutes the influence of ammonia on
the radical pool, leading to a decrease in the concentration of H radicals. Under these
conditions, C3Hg mainly decomposes via third-body effects to generate active CHjz radicals
and CyHs radicals. The C,Hs radicals then undergo a C-N cross-reaction with NH; radicals
to form CH3NH,. This indicates that at 30% C3Hg content, the influence of third-body
reactions outweighs that of H, O, and OH initiated hydrogen abstraction, thereby giving
rise to a new reaction pathway.

However, it is noteworthy that when the C3Hg content increases to 70%, the reaction
pathway of C3Hg reverts to route 1. The consumption of H, O, and OH radicals in the
pathway gradually rises, indicating that hydrogen-abstraction reactions regain a larger
share. Meanwhile, the consumption of NH; radicals decreases significantly, suggesting that
the system has shifted from an NH;-generation-dominated stage to an NH,-consumption-
dominated stage. The influence of primary NH3 decomposition on the radical pool weakens,
which implies that the reaction has entered a phase dominated by deeper conversion of
nitrogen species and oxidation of hydrocarbon intermediates. Notably, as the C3Hg concen-
tration increases, substantial amounts of H radicals are generated via the dehydrogenation
reaction CsHg — NCsHy + H, while pyrolysis and oxidation of C3Hg also contribute sig-
nificantly to the production of O and OH radicals in the radical pool. Simultaneously,
the concentration of C,Hj rises markedly, and C,Hy serves as an important precursor to
CH,O. Under these conditions, a new oxidation pathway emerges: C;Hy — CH3(—HCO)
— CH,0 — HCO — CO. Among these steps, HCO + O, = CO + HO; is highly exothermic,
which accelerates temperature-sensitive reactions and concurrently produces HO; radicals.
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These HO; radicals can further participate in chain-branching reactions, thereby increasing
the propagation rate of the chain reactions and ultimately promoting ignition.

5.3. Rate-of-Production Analysis

Rate-of-production (ROP) analysis of NH3 was conducted under the conditions of
T=1600K, p = 0.14 MPa, and ¢ = 1.0. The results are shown in Figure 9a—d. As illus-
trated in Figure 9a, during the initial stage of the reaction, due to the absence of rad-
icals at the start, R24 (NH3 = NH; + H) serves as the primary consumption pathway
for NH3. Its consumption rate remains essentially constant over time, and this reaction
produces active H radicals, providing the initial buildup of the radical pool. The con-
sumption rates of all other elementary reactions involving NHj begin from zero and
gradually increase. Among the pathways where NHj is consumed via radical dehydro-
genation, R26 (NH;3 + OH = H,O + NHy) is the primary consumption route, followed by
R27 (NH3 + O = NH;, + OH) and R25 (NH;3 + H = Hy + NH3). These three chain-initiating
reactions generate active NH; and OH radicals, thereby enriching the radical pool. Ad-
ditionally, under the current scale of coordinates, the consumption rate of NHj3 by R37
(NH; + NH = NHj3 + N) is almost negligible. As the reaction proceeds, the consumption of
NH; by H gradually exceeds that by O. As ignition approaches, R26 remains the primary
consumption pathway for NHj3, followed by R25 and R27. It is worth noting that the
generated NH; radicals can reform NHj via reaction R41 (2NH; = NH3; + NH), which acts
as a reaction that inhibits NHj3 consumption.

As shown in Figure 9b, due to the higher reactivity of C3Hg compared to NHj3, adding
only 5% C3Hg can generate a greater variety of active species during the early stage of the
reaction, thereby initiating chain reactions more efficiently. This significantly enhances the
consumption rates of R25, R26, and R27. It is noteworthy, however, that the addition of
C3Hg increases the concentrations of H and OH radicals in the radical pool. As a result, in
the initial reaction stage, the consumption rate of NHj3 via R25 exceeds that via R26, unlike in
the case of pure ammonia. CHj is a key intermediate from C3Hg decomposition; therefore,
the dehydrogenation reaction R3280 (NH; + CH4 = NH3 + CHj3) cannot be ignored in
NH; consumption, with its consumption rate comparable to that of R27 during the initial
reaction stage. In the early phase, NH; radicals produced from NHj3 dehydrogenation
can react with HNO radicals and CH,O (an intermediate from C3Hg) to regenerate NHj,
thereby continuously inhibiting NH3 consumption throughout the reaction. Among these,
reaction R3283 (NH; + CH,0O = HCO + NHj3) exhibits the strongest inhibitory effect on
NHj; consumption. However, as the concentration of NH, radicals increases, the inhibitory
effect of reaction R41 eventually surpasses that of R3283. As ignition approaches, the
consumption of NH3z by OH consistently exceeds that by H. Moreover, near the moment
of ignition, the primary consumption pathways for NH3 remain consistent with those
observed for pure ammonia in Figure 8a. Although the peak values of R26, R25, and R27
increase, their order of magnitude remains unchanged.

As shown in Figure 9¢,d, the results indicate that with an increase in C3Hg con-
tent, the reactions promoting NH; decomposition during the initial stage remain con-
sistent with those observed for the 5% C3Hg case in Figure 9b. Notably, due to the el-
evated C3Hg content, the concentrations of HO, radicals and C,Hy—an intermediate
from C3Hg—rise. Among the reactions that inhibit NH3 consumption, the roles of R3282
(NH; + CoHy = NH3 + CoH3) and R3289 (NH; + HOp = NH;3 + O,) become more pro-
nounced compared to cases with lower C3Hg content. Near the ignition moment, the
primary consumption pathways of NH3 remain consistent with those shown in Figure 9b.
However, the peak values of R26, R25, and R27 appear earlier in time and are somewhat
reduced in magnitude. It is noteworthy that in the three mixtures with different C3Hg con-
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tents, the net consumption rate of NHj exhibits a declining trend to varying degrees during
the initial stage. The higher the C3Hg content, the more pronounced this trend becomes.
This occurs because, at this stage, the increased concentration of CzHg-related intermediate
species leads to a higher reaction rate for their recombination with NH, to regenerate NHj,
surpassing the rate of NH3 consumption. As the reaction progresses, the concentrations of
H, O, and OH radicals in the radical pool rise, significantly accelerating the consumption
of NHj via reactions R26, R25, and R27. Consequently, the net consumption rate returns to
an upward trend as the reaction proceeds.
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Figure 9. ROP of NHj. (a) N100C0. (b) N95C5. (c) N70C30. (d) N30C70.

6. Conclusions

In this study, shock tube experiments were conducted to systematically measure the
IDTs of NH3/C3Hg mixtures across a wide range of parameters (T = 1263-2117 K, p = 0.14
and 0.5 MPa, ¢ = 0.5, 1.0 and 2.0, with C3Hg blending ratios of 5%, 30%, and 70%). These
measurements, for the first time, extend the range of operating conditions beyond those in
previous studies. Furthermore, detailed kinetic analyses were performed using existing
chemical kinetic models to investigate the auto-ignition characteristics of NH3/C3Hg
mixtures. The main conclusions are summarized as follows:

The addition of C3Hg substantially shortens the IDT of NH;3/CsHg mixtures, with
the strongest promoting effect observed at 5% Cs;Hg. As the C3Hg fraction increases
from 30% to 70%, the IDT-shortening effect gradually weakens. Increasing pressure from
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0.14 to 0.5 MPa generally reduces the IDT, whereas propane-rich mixtures exhibit weaker
pressure sensitivity. The effect of equivalence ratio is relatively small between ¢ = 0.5
and 1.0 but becomes more pronounced between ¢ = 1.0 and 2.0, particularly for the
70% C3Hg mixture.

Sensitivity analysis indicates that the dominant ignition-controlling reactions change
with temperature and C3Hg content. At low temperature, R702 (CsHg + HO, = i-C3Hy
+ Hy0O,) is the dominant ignition-promoting reaction, highlighting the importance of
C3Hg/HO; chemistry. With increasing temperature, the dominant promoting reaction
shifts to R5 (O, + H = O + OH), reflecting the increasing importance of chain-branching
chemistry. Meanwhile, the sensitivity of nitrogen-containing reactions decreases markedly
with increasing C3Hg content at 800 K, while this effect becomes less pronounced at
higher temperatures.

Reaction pathway analysis shows that C3Hg addition does not fundamentally change
the dominant NHj3-to-N; oxidation pathway, which proceeds mainly through NHs —
NH; — NH — NyH; = NNH — Nj. The initial consumption of NHj is dominated by
H-abstraction reactions, particularly NHs + OH = NH; + H,O. The subsequent conversion
of NH, through reactions with NH/H radicals promotes the formation of NoH, and NNH,
ultimately leading to N; formation. When the C3Hg content exceeds 30%, however, an
additional C-N coupling pathway becomes important, in which CHj radicals derived
from C3Hg oxidation react with NH; to form CH3NH),, thereby introducing an additional
interaction between the carbon and nitrogen reaction networks.

The dominant fuel-consumption characteristics also depend on the C3Hg blend-
ing ratio. For N95C5 and N30C70, fuel consumption is mainly promoted by H-
abstraction/dehydrogenation reactions involving active radicals, whereas N70C30 is more
strongly affected by thermal decomposition through third-body reactions. These results
demonstrate that the ignition behavior of NH3/C3Hg mixtures is governed by the competi-
tion between C3Hjg oxidation, NH3-to-Ny conversion, and C-N coupling chemistry, with
their relative contributions varying with temperature and mixture composition.
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