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ABSTRACT: An urgent requirement for high-precision numerical
simulation of modern aero-engines is the development of a highly
simplified and accurate reaction mechanism for aviation kerosene.
However, there is still lack of a reduced mechanism that can effectively
capture the low- and high-temperature characteristics of RP-3 aviation
kerosene. In light of this, in this study, a novel methodology for
developing skeletal mechanism by combining the detailed C0−C4
mechanism and C5−Cn high-carbon molecular skeletal mechanism
was proposed and applied. To construct the RP-3 skeletal mechanism, a
surrogate fuel consisting of 54% n-dodecane, 22% 2,5-dimethylhexane,
14% 1,3,5-trimethylbenzene, and 10% decalin was utilized. Based on the
proposed methodology, a skeletal mechanism comprising 153 species
and 858 reactions has been developed. Various combustion character-
istics of each surrogate component and the RP-3 aviation kerosene, such as the ignition delay, concentration of material components,
laminar flame, and NO emission, were examined to validate the developed mechanism. The proposed methodology in this study
offers a novel approach to develop mechanisms for high-carbon fuels. Additionally, the developed skeletal mechanism serves as a
foundation for the design and optimization of aero-engines.

1. INTRODUCTION
The worldwide energy and environmental crises are of utmost
concern, and as a result, safety, high efficiency, and low-carbon
environmental protection have become the primary focus of
aero-engine design optimization. Improving the combustion
efficiency of aero-engine combustors and reducing pollutant
emissions have become urgent issues for the development of
new-generation aero-engines. Therefore, it is imperative to
conduct fluid dynamics calculations (CFD) that couple
reaction dynamics mechanisms to the combustion process of
aviation fuel in aero-engines in order to provide strong support
for aero-engine design and optimization. However, the
composition of aviation fuel is exceedingly complex, and
constructing the chemical reaction mechanism of all
components for numerical simulation research is nearly
impossible under the current conditions. As a solution, the
surrogate fuel, which selects a few typical representative
components to simulate the physical and chemical properties
of real fuels, has become an effective approach.
As the most widely used aviation fuel in China, RP-3

aviation kerosene has garnered increasing attention from
researchers. Various studies have been conducted to construct
the reaction mechanism of the RP-3 surrogate fuel. Zhang et
al.,1 Mao et al.,2 and Zheng et al.3 have, respectively, developed
detailed chemical reaction mechanisms for RP-3 aviation
kerosene’s two-component, three-component, and four-com-

ponent surrogate fuels. These surrogate fuel models can better
simulate the ignition characteristics of RP-3 aviation kerosene.
Although the above-mentioned detailed reaction mecha-

nisms for RP-3 aviation kerosene provide accurate fuel
oxidation combustion details, the multidimensional combus-
tion simulation using this mechanism requires a considerable
amount of computational resources and time. This makes it
challenging to accept and use with current computing
resources. Therefore, developing reduced or skeletal mecha-
nisms with a compact structure and reliable performance is
crucial to realizing an efficient combustion simulation. Several
researchers have attempted to obtain reduced mechanisms for
RP-3 at high-temperature combustion condition. For instance,
Zeng et al.4 developed a reduced mechanism that includes 150
species and 590 reactions. Liu et al.5 obtained an RP-3
surrogate mechanism with 59 species and 158 reactions by
using various mechanism reduction schemes.
Although the reduced mechanism described above has

greatly facilitated numerical simulation research of aviation
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kerosene combustion, it is primarily aimed at high-temperature
reaction conditions of flame propagation, with few reports on
the reduced mechanism that reflects low-temperature ignition
characteristics. Ranzi et al.6 proposed the utilization of lumping
procedures and reduction methods to derive the skeletal
mechanism for 231 species of aviation kerosene. This approach
significantly decreases the size of the mechanism in
comparison to the detailed one. Nevertheless, the resulting
species mechanism remains too extensive for practical
applications in CFD simulations. Currently, Liu et al.7 and
Liu et al.8 have, respectively, developed the three-component
and four-component surrogate fuel skeletal mechanisms of RP-
3 aviation kerosene based on the decoupling methodology.9

However, the product distribution of combustion intermediate
species is the most significant influencing factor affecting the
combustion radical pool, which, in turn, affects the
phenomenological behavior of combustion kinetics of fuels.10

Zhang and Sarathy11 indicated that the C2−C3 reduction
mechanism and the C4−Cn skeletal mechanism in the
decoupling method cannot accurately describe the reactions
of various key intermediate species. Therefore, although the
construction of the skeletal mechanism using the decoupling
method is simplified, its accuracy still needs improvement.
Additionally, the currently developed reaction mechanism of
RP-3 aviation kerosene lacks the construction of the formation
mechanism of nitrogen oxides, which limits research on its
pollutant emissions.
In order to address the issue of the accuracy of the

decoupling methodology, this study presents a novel approach
for constructing skeletal mechanisms. By utilizing this new
method, a skeletal reaction mechanism for RP-3 aviation
kerosene, which is suitable for both high- and low-temperature
conditions, was developed and the NOx generation mechanism

was integrated. The validity of the mechanism was
subsequently confirmed through extensive experimental data.

2. METHODOLOGY OF CONSTRUCTING SKELETAL
MECHANISM

2.1. Theory for Methodology. Currently, there are
various approaches available for the development of compact
reaction mechanisms that are suitable for CFD simulations, as
depicted in Figure 1. The most commonly used approach is the
mechanism reduction method, which involves the elimination
of unnecessary components and reactions from the detailed
mechanism under specific conditions. However, for high-
molecular-weight fuels, the size of the resulting reduced
mechanism is still too large to be applied to CFD simulations.
Another approach is the decoupling methodology, where the
mechanism is primarily composed of three parts: the C0−C3
core mechanism, consisting of the detailed C0−C1 mechanism,
and the reduced C2−C3 mechanism, and the C4−Cn
submechanism. This methodology can lead to the develop-
ment of a reaction mechanism with an extremely compact size,
but its accuracy still needs to be improved. To address this
issue, Zhang and Sarathy et al.11 adopted an upgraded
decoupling methodology, which involves integrating the
detailed C0−C4 core mechanism and the reduced C5−Cn
mechanism to develop a small-scale high-temperature chemical
reaction mechanism. However, this method still faces
challenges in developing a compact, low-temperature reaction
mechanism.
Therefore, this paper proposes a novel methodology that

combines the compactness of the decoupling methodology and
the high precision of the upgraded decoupling methodology to
develop a skeletal reaction mechanism for the RP-3 surrogate
fuel. The primary strategy of this methodology is as follows:

Figure 1. Different methods for contrast diagram.

Figure 2. Main reaction path model of the fuel.
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(1) construct the C5−Cn high-carbon molecular skeletal
mechanism of the fuel based on the detailed C0−C4
mechanism; (2) optimize the reaction coefficient of the C5−
Cn skeletal mechanism using experimental data; (3) eliminate
redundant species and reactions in the detailed mechanism of
C0−C4 through mechanism simplification. In this new
methodology, the C5−Cn skeletal submechanism reduces the
overall size of the reaction mechanism, while the detailed C0−
C4 core mechanism contains abundant key species and
reactions that can improve the prediction accuracy.

2.2. Developing of Reaction Mechanism. Based on the
idea of directly matching the molecular structure and
functional groups,12−14 n-dodecane (nC12H26), 2,5-dimethyl-
hexane (C8H18-25), 1,3,5-trimethylbenzene (T135MB), and
decalin were selected as the surrogate components. The
formulation of surrogate fuel was determined by matching four
functional groups: CH3, CH2, CH, and phenyl. The mole
fractions used were 54% nC12H26, 22% C8H18-25, 14%
T135MB, and 10% decalin. For a detailed explanation of the
surrogate fuel selection and proportion determination, refer to
ref 15.

Using the new methodology, the skeletal mechanism of the
RP-3 surrogate fuel was constructed. The main reaction path of
the mechanism is shown in Figure 2. The AramcoMech 3.0
mechanism16 was selected as the core mechanism for C0−C4.
The high-temperature direct cracking pathway of paraffins was
added based on the reaction pathways of n-dodecane and iso-
octane by Fang et al.17 and Chang et al.,9 and the intermediate
species of high-temperature cracking were optimized to obtain
the skeletal mechanism of nC12H26 and C8H18-25. The C4−Cn
skeletal mechanism of T135MB mainly refers to the reaction
pathway constructed by Liu et al.,7 while the C5−Cn skeletal
mechanism of decalin mainly refers to the reaction pathway
constructed by Fang et al.17 Additionally, C6H6, an important
substance for pyrolysis, was added to the C5−Cn skeletal
mechanism of decalin. The C4 species and related reactions
were added to the mechanism of the four components to
improve the prediction accuracy of the mechanism. Finally, the
NOX generation mechanism in GRI 3.018 was coupled to the
skeletal mechanism to obtain the final coupled skeletal
mechanism of RP-3 surrogate fuel.
The directed relation graph with error propagation

(DRGEP)19 method was utilized to reduce the C0−C4

Figure 3. Comparison between surrogate mechanism predicted values and experimental data of ignition delay time for (a) n-dodecane, (b) 2,5-
dimethylhexane, (c) 1,3,5-trimethylbenzene, and (d) decalin. Symbols represent the experimental values.23−27 Solid lines represent the
computational values of surrogate mechanism.
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mechanism, followed by the full species sensitivity analysis
(FSSA)20 for further reduction. Both methods utilize the
ignition delay time as a target parameter, with reaction
conditions set at equivalence ratio φ = 0.5−2, pressure P = 1−
50 atm, and temperature T = 700−1800 K. The selection of
initial retained species has a significant impact on the final
reduction effect. In this study, OH, HO2, CO, and CH2O were
selected as retained species, in addition to the initial fuel,
oxygen, and final products, to better preserve the low-
temperature reaction mechanism.21 H radicals and other high
flame speed-sensitive substances such as CH4 of T135MB and
C2H2 of decalin were also used as retained species to improve
the prediction accuracy for high-temperature flames. Similar to
the reduction strategy of the C0−C4 mechanism, the detailed
NOx reaction chemistry has been reduced by DRGEP and
FSSA. NO and NO2 were selected as retained species. The
reduction process prioritized maintaining high accuracy for
each mechanism of component, followed by coupling the
mechanisms of component to obtain the RP-3 skeletal
mechanism consisting of 153 species and 858 reactions. This
surrogate skeletal mechanism is provided in the Supporting
Information.

3. CANDIDATE COMPONENT MECHANISM
VALIDATION

The multicomponent surrogate mechanism should accurately
describe the combustion characteristics of each component
before the validation of describing the surrogate mixture
combustion process. Therefore, this section focuses on
verifying the mechanism of each surrogate component in
fundamental combustion experiments. The combustion
process with surrogate fuel was simulated using the
CHEMKIN software.22 The validation process includes
assessing the ignition delay time, jet stirred reactor (JSR)
component concentrations, and laminar flame speed to ensure
comprehensive results.

3.1. Ignition Delay Time Validation. The ignition delay
time simulation data for nC12H26, C8H18-25, T135MB, and
decalin were compared with experimental data.23−27 The
comparison between the simulated and experimental values is
shown in Figure 3. Figure 3(a) displays the comparison of the
ignition delay time of nC12H26 with the experimental value for
φ = 0.5 and 1.0, respectively. It is evident that the skeletal
mechanism of nC12H26 can accurately reflect the high- to low-
temperature ignition characteristics. Due to the simplification
of the skeletal mechanism, the accuracy of predictions in the
low-temperature range (below 750 K) is compromised when φ

Figure 4. Comparison between surrogate mechanism predicted values and experimental data of species molar fraction distribution for (a) n-
dodecane, (b) 2,5-dimethylhexane, (c) 1,3,5-trimethylbenzene, and (d) decalin. Symbols represent the experimental values.24,28−30 Solid lines
represent the computational values of the surrogate mechanism.
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= 1.0. Figure 3(b) shows the variation in the ignition delay
time of C8H18-25 under equivalence ratios of 0.5, 1.0, and 1.5.
The mechanism can predict the high- and low-temperature
ignition delay times of C8H18-25 with high precision,
particularly for the NTC (negative temperature coefficient)
phenomenon in the low-temperature region. Figure 3(c)
demonstrates that under different pressures and equivalence
ratios, the predicted ignition delay time of the T135MB
mechanism in the high-temperature region agrees well with the
experimental data. Figure 3(d) depicts that when the
equivalence ratio is φ = 1.0, and P = 12 and 20 atm, the
predicted values of decalin in both high- and low-temperature
regions are in good agreement with the experimental data.

3.2. Species Concentration Validation. The oxidation
data of nC12H26, C8H18-25, T135MB, and decalin at various
temperature ranges were used to verify the skeletal mechanism
in a JSR. The intermediate species profiles of the four surrogate
components were sufficiently validated. The JSR simulation
data for these components were then compared with
experimental data,24,28−30 and the results are presented in
Figure 4(a−d). The analysis revealed that the nC12H26
mechanism in the surrogate mechanism accurately reflects

the concentration trend of H2, CH2O, C2H4, and C2H2, and
the predicted values are in good agreement with the
experimental values. Similarly, the mechanism of C8H18-25
accurately reflects the changing trends of the O2, H2O, CO,
and CO2, and it is in good agreement with the experimental
values. The comparison between predictions and experimental
data for T135MB is shown in Figure 4(c), and there is
satisfactory agreement between predictions and experimental
data on the concentrations of T135MB, CO, CO2, and CH4.
Additionally, Figure 4(d) shows that the decalin mechanism
correctly reflects the change trend of CO2 and O2, but the
error in the CO prediction is relatively large. Hence, there is
potential for further enhancing the decalin mechanism to
improve CO prediction. Overall, the results suggest that the
skeletal mechanism of the four components has high accuracy
in predicting JSR species concentrations.

3.3. Laminar Flame Speed Validation. Laminar flame
speed is a critical parameter that provides valuable insights into
fuel diffusivity, reactivity, and heat release. Hence, the laminar
flame speeds of the four surrogate components were
sufficiently validated. The comparison between the simulated
and experimental values25,31−34 is presented in Figure 5. Figure

Figure 5. Comparison between surrogate mechanism predicted values and experimental data of laminar flame speed for (a) n-dodecane, (b) 2,5-
dimethylhexane, (c) 1,3,5-trimethylbenzene, and (d) decalin. Symbols represent the experimental values.25,31−34 Solid lines represent the
computational values of surrogate mechanism.
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5(a−d) clearly indicates that the predicted values of laminar
flame speeds for four surrogate components are in excellent
agreement with the experimental values.

4. SURROGATE FUEL MODEL VALIDATIONS AND
DISCUSSION

In the previous section, the reliability of each component’s
skeletal mechanism was comprehensively verified. As a result,
this section focuses on simulating the fundamental combustion
characteristics of RP-3 fuel, including ignition delay time,
species concentrations, and laminar flame speed, by combining
the surrogate formulation and corresponding mechanism using
the CHEMKIN software.22 The surrogate model predictions
were extensively validated against experimental data in a
subsequent section.

4.1. Validation of Ignition Delay Times. The ignition
delay time was simulated based on the experimental conditions
of Mao et al.,2 Yang et al.,35 and Zhang et al.1 Figure 6 (a−c)
displays the ignition characteristics of the RP-3 surrogate fuel
mechanism at temperatures ranging from 650 to 1450 K and φ
= 0.5, 1.0, and 1.5, which were compared with the experimental
values. For high-temperature conditions, the predicted values
of the ignition delay time for the RP-3 surrogate mechanism

are in excellent agreement with the experimental values at all
equivalence ratios. In the low-temperature region, the
predicted ignition delay time of the RP-3 surrogate mechanism
agrees well with the experimental data at φ = 1.0. However, at
φ = 1.5, there is a slight undersizing in the prediction of the
NTC phenomenon for the RP-3 fuel.
The sensitivity of the ignition delay time for the RP-3

surrogate mechanism was investigated, as depicted in Figure 7.
The ignition delay time sensitivity coefficient was calculated
under the conditions of P = 20 bar, φ = 1, and T = 700 and
1050 K, using the RP-3 surrogate fuel skeletal mechanism.
Figure 7(a) reveals that in the low-temperature range, the
isomerization of OOQOOH to generate ketone hydroperoxide
and OH, as well as the decomposition of ketone hydro-
peroxide, exhibit the highest sensitivity. The dehydrogenation
of the reaction “Decalin + OH = >RDecalin + H2O” has a
positive sensitivity coefficient and significantly inhibits ignition.
Figure 7(b) demonstrates that at a temperature of 1050 K, the
dehydrogenation reactions of base fuel nC12H26, C8H18-25,
and decalin with HO2, the consumption reaction of CH3, the
cracking of C4H71−1, and the reaction of multiradical HO2 to
H2O2 exhibit the most sensitive response.

Figure 6. Comparison between the surrogate model predicted values and the experimental data of the ignition delay time for RP-3 fuel at P = 10
bar and equivalence ratios of (a) 0.5, (b) 1.0, and (c) 1.5. Symbols represent the experimental values.1,2,35 Solid lines represent the computational
values of surrogate fuel.
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4.2. Validation of Species Concentrations. The
oxidation of RP-3 fuel was investigated by Liu et al.8 using a
jet stirred reactor (JSR) operating at P = 1.0 atm, φ = 0.5 and
1.0, temperatures ranging from 550 to 1100 K, and a residence
time (τ) of 2.0 s. The partially stirred reactor (PSR) model was
employed to simulate the concentration of the main species in
the JSR. Figure 8 illustrates the comparisons between the
surrogate simulations and experimental results of RP-3 fuel for
initial reactants, major intermediate species, and products. The
surrogate fuels for both φ = 0.5 (Figure 8(a),(b)) and 1.0
(Figure 8(c),(d)) can accurately predict the changes in
concentrations of O2, H2O, CO, CH3OH, and CO2 as the
initial temperature increases. Notably, the surrogate fuel
successfully captures the negative temperature coefficient
(NTC) behavior observed in the concentration profiles of
initial reactants, major intermediate species, and products from
600 to 700 K. Additionally, the surrogate fuel adequately
captures the trend of H2 and CH4 concentrations but

overestimates the peak concentration of C3H6 in the low-
temperature region. This is because only the parent fuel,
oxidizers and products (CO2 and H2O), and the radicals of H,
OH, HO2, CO, and CH2O were employed as the reduction
targets. Some paths dominating the formation of C3H6 might
be deleted in the mechanism reduction process, which leads to
discrepancies between the measured and calculated results.
Overall, the RP-3 surrogate mechanism effectively predicts the
oxidation characteristics of RP-3 fuel in the JSR.

4.3. Laminar Flame Speed Validation. The laminar
flame speeds were calculated under various pressure and
temperature conditions and compared to the experimental
data,8,36 as shown in Figure 9. The results indicate that, for
equivalent ratios φ = 1.0 to 1.4, the simulated values using the
skeletal mechanism are in good agreement with the
experimental values at all temperature conditions. However,
within the range of equivalent ratio φ = 0.6 to 1.0 at T = 420
K, the simulated values using the skeletal mechanism are

Figure 7. Sensitivity analysis of ignition delay time of RP-3 model fuel skeletal mechanism at P = 20 bar, φ = 1.0, T = 700 K (a) and T = 1050 K
(b).
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Figure 8. Comparison between the surrogate model predicted values and the experimental data of species concentration in the JSR for RP-3 fuel at
equivalence ratios of (a, b) 0.5 and (c, d) 1.0. Symbols represent the experimental values.36 Solid lines represent the computational values of the
surrogate fuel.

Figure 9. Comparison of laminar flame speed with experimental values8,36 for RP-3 model fuel skeletal mechanism at P = 0.1 MPa, T = 400, 420,
and 450 K.
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slightly higher than the experimental values. Additionally, at a
temperature of T = 400 K, the simulated values using the
skeletal mechanism accurately match the experimental data
across a wide range of equivalence ratios. In conclusion, the
four-component surrogate fuel skeletal mechanism proves to
be an effective predictor of the laminar flame speed for the RP-
3 fuel.

4.4. Verification of NO Formation Mechanism. To
investigate the NOx emissions of the RP-3 surrogate fuel under
different pressure and temperature conditions, the experimen-
tal data from the literature37 were utilized, as shown in Figure
10. The experiment was conducted in a jet stirred combustion
reactor, with the following parameters: a total flow rate (m) of
1.3 × 10−3 kg/s for the premixed gas, τ ranging from 4.4 to 12
ms, controlled inlet temperatures (Tin) of 550 and 650 K,
varying φ from 0.4 to 1.2, and pressure inside the agitator set at
2 and 3 bar, respectively. As shown in Figure 10, the calculated
emissions agreed well with the experimental results at different
pressures and inlet temperatures. However, under P = 2 bar
and Tin= 550 K, a slight shift to a lower equivalence ratio was
observed in the calculated NOx production. This is mainly
limited by the precision of the NOx mechanism of GRI 3.0.

5. CONCLUSIONS

(1) A novel methodology for developing skeletal mechanism
by combining the detailed C0−C4 mechanism and C5−
Cn high-carbon molecular skeletal mechanism was
proposed in this study. This methodology combines
the compactness of the decoupling methodology with
the high accuracy of the updated decoupling method-
ology.

(2) A refined RP-3 fuel skeletal mechanism was developed
using the proposed methodology. This mechanism
consists of 153 species and 858 reactions. The
verification results indicate that the developed RP-3
fuel skeletal mechanism performs well in predicting the
ignition delay time, species oxidation concentration, and
laminar flame speed of each component and RP-3 fuel.

Furthermore, the model fuel mechanism accurately
predicts the NO and CO emissions of RP-3 fuel.

(3) The strong agreement observed between the simulation
and experimental results validates the compactness and
accuracy of the innovative methodology proposed in this
study. Furthermore, it offers a practical approach for
elucidating the mechanisms underlying high-carbon
model fuels.
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