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Development of aviation and aerospace fuels requires deep insight into the pyrolysis and combustion
mechanisms. However, rapid and complex reactions during fuel combustion make it difficult to
accurately describe the free radicals, reaction paths and other relevant details in large-scale reaction
systems through experiments or quantum mechanics. The molecular dynamics (MD) simulation based
on reaction force-fields (ReaxFF) is an effective method to solve the above problems, which can reveal
the overall reaction mechanism in the fuel combustion process by dynamically describing the breakage
and formation of bonds. Here in, the recent progress of ReaxFF MD in exploring the pyrolysis and
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combustion mechanism of aviation fuels, aerospace fuels and energetic additives is summarized,
especially for aviation kerosene model substitutes, high-density aviation fuels, aerospace fuels and
energetic additives under various conditions. Finally, the shortcomings of ReaxFF MD simulation in
describing fuel pyrolysis or combustion systems are discussed, and the application prospect of ReaxFF
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1 Introduction

The construction of a reasonable physical model and chemical
kinetic mechanism of aviation and aerospace fuels will help
researchers to deepen their understanding of the pyrolysis and
combustion process of aerospace fuel, and then play a guiding
role in engine design and optimization. Researchers have
proposed a large number of physical replacement models'™
and related chemical mechanisms for aviation fuel through
experimental studies.*” These studies enable people to under-
stand the thermophysical and thermochemical properties of
aviation fuel, but there is still a lack of details about the fuel
reaction path and free radicals in the combustion process. At this
extreme temperature and pressure, chemical reactions take place in
picoseconds and the reaction paths are coupled, which brings great
difficulties to the detection of free radicals, intermediates and
reaction paths; even with the latest instruments, it is difficult to
capture them completely.® However, the development of computa-
tional chemistry makes up for the shortcomings of experiments.
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MD simulation in the fuel field is prospected.

Quantum chemical (QC) simulation is a widely used mole-
cular simulation method based on quantum mechanics (QM).
It obtains a high-precision solution at the electronic scale by
solving the Schrodinger equation, which allows it to accurately
predict the potential barrier of the reaction.””® However, the
high computational cost limits the quantum chemical simula-
tion to the simple system of small molecules and picosecond
time scale. In addition, the defect of the preset reaction path
makes this simulation method unsuitable for complex macro-
molecular systems such as coal and biomass. The molecular
dynamics (MD) simulation method can calculate the trajectory
of atoms by solving Newtonian equations, which makes it
possible to apply it in large-scale systems’® with lower cost
and shorter time than quantum chemical simulation methods.
However, it is worth noting that molecular dynamics simulation
is lacking in the study of chemical reaction processes, which
limits its further application.

Quantum chemical simulation and molecular dynamics
simulation have their strengths and weaknesses, and the
urgent need to study large-scale reaction systems promotes
their integration, thus developing a new simulation method -
reaction molecular dynamics simulation method. The ReaxFF
reaction force field developed by van Duin et al.'® expresses
bond length in terms of bond order. Based on this method,
ReaxFF can dynamically describe the breakage and formation
of bonds in the reaction process. And in this process, a smooth
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and continuous transition can be achieved between non-
bonded states and bond states without the existence of energy
or force discontinuities. The ReaxFF potential parameters are
optimized by the data obtained from experiments and quantum
chemistry calculations, which makes the ReaxFF MD simulation
close to the accuracy of quantum chemistry calculations. The
same calculation method as molecular dynamics simulation
makes ReaxFF MD simulation several orders of magnitude faster
than quantum chemistry calculation, which greatly reduces the
cost. More importantly, ReaxFF MD simulation does not rely on
prior chemical knowledge, which makes it widely used in
complex reaction systems such as coal,'" biomass,"” and fuel."?

The application of ReaxFF is closely related to the development
and improvement of its reaction force field. As one of the earliest
branches of ReaxFF, the reaction force field related to the com-
bustion branch'* has been continuously updated and expanded
in recent years. In order to study the initial reaction of the
hydrocarbon gas phase at high temperature, Chenoweth et al.'®
developed the CHO-2008 force field by adding the transition state
information and relevant quantum mechanical data during
hydrocarbon oxidation to the initial training set of hydrocarbons.
And the CHO-2008 force field was used for methane, propylene,
o-xylene and benzene oxidation systems, and achieved satisfactory
results. So far, the CHO-2008 force field is still one of the most
widely used reaction force fields."®™® Ashraf et al>® developed
the CHO-2016 force field based on the CHO-2008 force field,
improving the range of applications and simulation accuracy of
ReaxFF. Compared to the CHO-2008 force field, the CHO-2016
force field maintains the prediction accuracy of the CHO-2008
force field for large hydrocarbons. On this basis, the CHO-
2016 force field provides a richer set of radicals and reaction
pathways, systematically improving on the lack of prediction
accuracy of the CHO-2008 force field in describing the oxidation
of small hydrocarbons to carbon dioxide. In addition, the short-
comings of the CHO-2008 force field regarding the overprediction
of the rate of hydrogen extraction by oxygen and thus the under-
estimation of the initial temperature of hydrocarbon oxidation
have been effectively addressed. In order to explore the combus-
tion of hydrogen at low temperature and high pressure, Cheng
et al.”* developed the OH-2014 force field, which improved the
lack of prediction of H;O and other intermediates in the CHO-
2008 force field, and provided a feasible tool for studying the
reaction mechanism of H, at real temperature. In addition, they
have developed adaptive Accelerated ReaxFF Reaction Dynamics
by combining reaction molecular dynamics with acceleration
dynamics and have tested a hydrogen combustion system using
the HO-2014 force field to achieve satisfactory results at a low cost.
They showed that this approach may have significant advantages
in the future for describing longer reaction systems at lower
temperatures. Kowalik et al.>* have added a parametric descrip-
tion of the N atom to the CHO-2016 force field, resulting in the
development of a CHON-2019 force field that is more suitable for
probing the specific details of the transformation of polymers into
carbon fiber structures. They explored the formation kinetics of
N, and its interaction with related free radicals during the
carbonization of polymers using the improved CHON-2019 force
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field, determining the formation path of all-carbon rings, and put
forward new insights into understanding how polymers evolve
into graphene structures. ReaxFF has absorbed a large amount
of metal®™® and non-metallic elements®®**” in the process of
continuous application to new fields, and developed a large
number of force fields, which makes it applicable in most
scientific research fields.

During the simulation of ReaxFF MD, specific parameter
settings such as temperature, pressure and time step affect the
results of the simulation. In view of the cost of the simulation,
ReaxFF MD is generally set at a much higher temperature than
the experimental temperature, but numerous studies have
shown that an increase in temperature only accelerates the
reaction and has a small effect on the reaction process, and
the simulation results are in qualitative agreement with the
experimental values. The effect of pressure on the reaction
process is not as significant as that of temperature, but an
increase in pressure increases the probability of molecular
collisions, which also has an accelerating effect on the reaction
process. However, given the stability of the system, the pressure
is generally only set when simulating larger reaction systems.
The choice of time step determines the accuracy of the simula-
tion results. Jensen et al.*® explored the effect of time step setting
on the reaction by testing six carbon-based molecules using
different time steps. The results showed that smaller time steps
were required at higher temperatures to obtain accurate simula-
tion results. The Chenoweth parameter is sufficient for accurate
simulations at temperatures below 3000 K with a time step of
0.1 fs. At present, most of the studies on the molecular dynamics
of fuel pyrolysis and combustion use this time step (0.1 fs).

Recent articles'*?°" provide a comprehensive review of the
development of ReaxFF and its applications in various fields.
However, these articles are too sketchy in describing the reaction
mechanism of the pyrolysis and combustion of aviation fuel.
Moreover, there are few studies on the pyrolysis and combustion
mechanism of aerospace fuels and their energetic additives.
Therefore, this review intends to sort out the studies on the
application of ReaxFF in exploring the reaction mechanism of
pyrolysis or combustion of aviation fuels, aerospace fuels and
energetic additives. In the second part, the progress of using
ReaxFF to study the pyrolysis and combustion mechanism of
aviation kerosene model substitutes and high-density aviation
fuels is introduced. In the third part, the use of ReaxFF in
exploring the pyrolysis and combustion mechanism of aerospace
fuels and energetic additives is introduced. Finally, the content
of the full text is summarized, the shortcomings of ReaxFF are
discussed and the development of ReaxFF is prospected.

2 Pyrolysis and combustion
mechanism of aviation fuels
The study of single component pyrolysis systems with ReaxFF
MD provides comprehensive and unobtrusive information on

the mechanism of component pyrolysis and reaction products.
These chain, cycloalkane and aromatic hydrocarbon components
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are the basis for the model compounds of aviation paraffin. The
study of these single components has provided a wealth of
information that has led to a better understanding of the
overall mechanism of aviation paraffin combustion. In contrast
to single-component pyrolysis, radicals, intermediates and
other species formed by the first component to be pyrolysed
in multi-component pyrolysis may attack other reactant mole-
cules, causing changes in the reaction pathway and thus
affecting the reaction mechanism and products. A comparison
of multi-component and single-component pyrolysis systems
can demonstrate the differences between the two and thus
reveal the influence of the interaction of the different compo-
nents on the reaction process and improve the understanding
of the overall mechanism of aerospace paraffin combustion.
Overall, the combination of the single- and multi-component
models of ReaxFF MD provides a clearer and more comprehen-
sive picture of the overall reaction mechanism of aviation
kerosene and provides a basis and guidance for the design
and optimisation of engines.

2.1 One-component pyrolysis and combustion mechanism of
aviation fuels

The general fuels currently used in domestic and foreign
aviation fields are RP-3 and Jet A/Jet A-1 series kerosene. The
research on the combustion mechanism of real aviation kerosene
at high temperature can provide a reference for the optimization
and improvement of the engine. However, considering the com-
plexity of the composition of real aviation fuel, this is an almost
impossible task. Therefore, the alternative model selected based
on the physical and chemical properties of aviation kerosene has
become an acceptable solution for the research of aviation
kerosene. A large number of researchers have proposed different
multi-component aviation kerosene substitution models, such as
the four-component RP-3 aviation kerosene substitution model
proposed by Yu et al,** the three-component Jet A-1 aviation
kerosene substitution model proposed by Dagaut et al.,”* the
three-component Jet A aviation kerosene substitution model
proposed by Dooley et al.** and so on. Although there are a variety
of alternative models for aviation kerosene, most of them include
alkanes, naphthenes and aromatic hydrocarbons. And undis-
turbed kinetics and reaction mechanism can be obtained by
simulating these components separately. These works, combined
with the research of multi-component models, can provide a
clearer and more comprehensive understanding of the reaction
mechanism of aviation kerosene.

2.1.1 Pyrolysis and combustion mechanism of alkanes in
aviation fuels. The most commonly used alkanes in aviation
kerosene substitution models are n-octane,” isooctane,*
n-decane,**3*
are devoted to revealing the pyrolysis and combustion mechanism
of these basic components of aviation fuel.

Liu et al.*® explored the thermal decomposition mechanism
of n-octane in the liquid state, the effect of temperature and the
formation mechanism of three main thermal decomposition
products through reaction molecular dynamics and density
functional theory calculation. Eight thermal decomposition

n-dodecane5,32 and n-hexadecane.” Several studies
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paths of n-octane were determined and it was found that the
end of the n-octane molecule was not easy to react, and
the increase of temperature greatly promoted the reaction.
The major products, H, and CH,, are mainly from the attack
of H and CHj; free radicals and the binding reaction between
free radicals. On the other hand, ethylene mainly comes from
B-scission reactions of macromolecules. Wang et al.*® applied
the optimized reaction force field to the pyrolysis of isooctane,
and they used a time step of 0.1 fs in the simulation, which
showed that the cleavage path of the C-C bond connected
to quaternary carbon occupies the highest proportion in the
pyrolysis path of isooctane. And it can be observed from the
number of isooctane pyrolysis products and intermediates that
C2 species play an important role in the pyrolysis of isooctane.
Liu et al* investigated and compared the combustion mecha-
nism, reaction performance and coking status of six octane
isomers. The results show that both n-octane and isooctane
undergo the stage of isomerization during combustion, but the
activity of isooctane decreases due to the existence of a branched
chain compared with n-octane, and the trend of coking is obvious
with the increase of the branched chain.

Liu et al.*® simulated the pyrolysis process of n-decane and
focused on the formation of soot nanoparticles during the
pyrolysis of n-decane. The results show that the dissociation
energy of the C2-C3 bond of the n-decane molecule is the
lowest, and the cleavage of the C2-C3 bond is the most likely
path for the decomposition of the n-decane molecule. In
addition, it is also found that the formation of soot nano-
particles needs to go through four stages: initial carbon ring
formation, polycyclic aromatic hydrocarbon (PAH) growth, PAH
aggregation nucleation and carbon core surface growth, as
shown in Fig. 1(a). Zhou et al.*® explored the decomposition
process of n-decane under the action of an electric field. The
decomposition pathway and proportion distribution of
n-decane are shown in Fig. 1(b). The study found that the electric
field enhanced the polarization of n-decane at low temperature.
It also significantly promoted the decomposition of n-decane,
and the number of PAHs was significantly reduced during the
decomposition of n-decane, as shown in Fig. 1(c). These works
provide a reference for the development of anti-coking methods
in the combustion process of aviation fuel. Wang et al.*® tested
the effects of several additives on the pyrolysis of n-decane and it
was found that 1-nitropropane greatly reduces the decomposi-
tion and activation energy of reaction molecules during the
pyrolysis of n-decane, and thus plays the highest role in promoting
the pyrolysis of n-decane. This work provides a reference precedent
for the screening of fuel additives.

Wang et al.'® simulated the pyrolysis and combustion pro-
cess of n-dodecane. The results show that the pyrolysis path of
n-dodecane is C-C bond breakage, dehydrogenation and H
extraction of small molecular free radicals. In addition, it is
also found that the effect of density/pressure on the pyrolysis of
n-dodecane is not as significant as that of temperature and
there is a threshold for the effect of density/pressure on
pyrolysis. The importance of formaldehyde molecules can be
observed from the oxidation simulation process of n-dodecane,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Mechanism of soot formation by pyrolysis of n-heptane at 3000 K;*® (b) initial pyrolysis path and proportion of n-decane under an electric

field;*° and (c) the largest molecule structure evolution during the reaction process.

which is consistent with the existing kinetic models. The
common reactive molecular dynamics studies of fuel combustion
properties are carried out at high temperatures, but these tem-
peratures deviate from the temperature for practical industrial
applications. To obtain atomic-scale information of fuel combus-
tion processes at industrially relevant temperature and time scales,
Bal et al.*' studied the pyrolysis and oxidation of n-dodecane at low
temperature to 700 K and ultra-long time to 39 seconds by collective
variable driven super dynamics (CVHD"?). The simulation results
are consistent with the previous studies. This work provides a
reference for exploring the reaction mechanism of reaction
molecular dynamics under experimental conditions.

Chen et al.** studied the pyrolysis process of n-hexadecane at
high temperature, which showed that the eight pyrolysis paths
of n-hexadecane involved C-C bond breakage, and the existence
of double free radicals accelerated the reaction during the
pyrolysis of n-hexadecane. In addition, the optimum conditions
for the pyrolysis of n-hexadecane to ethylene and hydrogen
were determined by exploring the effects of temperature and
pressure on the pyrolysis process. Subsequently, the research
group” further studied the pyrolysis process of n-hexadecane
under the action of three kinds of catalysts. The results showed
that the introduction of hydroxyl groups on the surface of the
catalyst was beneficial to the increase of ethylene production.
On the other hand, the addition of aluminum stabilized the
structure of the catalyst, promoting the dehydrogenation of
reactant molecules and inhibiting the formation of the C-O
bond. These works provide a reference for the application of
heavy hydrocarbons in industry.

As the most basic component of aviation fuels, the research
work on the pyrolysis and oxidation mechanism of endothermic
hydrocarbon fuel saturated alkanes provides an opportunity to
deeply understand the ignition and combustion properties of
aviation fuel, further achieve full combustion and avoid coking
of aviation fuel in the engine.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.1.2  Pyrolysis and combustion mechanism of naphthenic
hydrocarbons in aviation fuels. Naphthenes have become one
of the indispensable model substitutes for describing aviation
fuels because of their unique properties. Cyclohexane and its
derivatives are widely used in many aviation kerosene model
substitutes.*>*® Naphthenes have received extensive attention
due to their high content in practical fuels and some works
have been done on naphthene pyrolysis*’ > and combustion.>?

Liu et al.*’ studied the detailed pyrolysis process of methyl-
cyclohexane and found that there are four initial decomposi-
tion paths of methylcyclohexane, as shown in Fig. 2(a). It can be
observed that the first type of reaction C;H;, — *C,;Hy,* has the
highest proportion. It can be seen from Fig. 2(b) that the main
product (i.e., C;H,, double radical) is further decomposed to
produce ethylene and propylene, which is different from the
previous study. Another work®® studied the pyrolysis mechanism
of methylcyclohexane in the presence of suspended functional
fossil graphene tablets (FGS). As shown in Fig. 2(c), the func-
tional groups on FGS significantly reduce the potential barrier of
methylcyclohexane dehydrogenation, accelerate the decomposi-
tion of reaction molecules and produce more small molecular
free radicals, thus increasing the conversion of methylcyclohex-
ane to low-carbon species. Liu et al>® further studied the
oxidation process of methylcyclohexane and clarified the oxida-
tion mechanism of methylcyclohexane. Through the research,
they found a new fuel consumption route in which methylcyclo-
hexane is isomerized first and then decomposed into small
molecular olefins. In addition, they also determined the impor-
tant role of intermediates CH,O and H,O, in the product
formation process. Another study®” reveals the growth of poly-
cyclic aromatic hydrocarbons (PAHs) during n-hexane combustion.
The research results show that the formation of PAHs involves the
process of entanglement of long carbon chains into rings and
growth by molecular chain attachment. In addition, the optimal
temperature range for the growth of PAHs has also been found

Energy Adv.,, 2023, 2,54-72 | 57
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through research. These works enrich the data of high temperature
cracking or oxidation of cycloalkanes and provide support for the
establishment of the overall reaction mechanism and kinetic
model of cycloalkanes.

2.1.3 Pyrolysis and combustion mechanism of aromatic
hydrocarbons in aviation fuels. Aromatic hydrocarbons are very
common in the alternative model*** of aviation kerosene. In
order to understand the properties of aromatic hydrocarbons
more comprehensively, the process of pyrolysis or combustion
of aromatic hydrocarbons has been studied'”””*°" under var-
ious conditions.

Cheng et al.'” explored the oxidation process of toluene and
found three paths for the initial reaction of toluene, namely, (1)
dehydrogenation of toluene induced by oxygen and other small
molecular free radicals, (2) the cleavage of the C-H bond of
methyl to benzyl, and (3) the cleavage of the C-C bond of
methyl to benzene to form phenyl. In these three paths, the first
reaction mainly occurs when oxygen is sufficient, and the
proportion of the other two reactions increases when oxygen
is insufficient. Tan et al.>® explored the effect of an applied
electric field on the oxidation of toluene, and the results show
that the electric field significantly promoted the oxidation
process of toluene, so that toluene reacted at 2100 K where
no reaction had occurred before. And the oxidation rate of
toluene at 2100 K is consistent with the oxidation rate at 2900 K
without an electric field. In addition, the authors also studied
the effect of the electric field on the initial oxidation path of
toluene. The results show that although the electric field
promoted the formation of initial radicals and made toluene
decompose faster, the effect of the electric field on the two
reaction paths seemed to be indistinguishable. Finally, the
authors further show that the electric field does not take into
account the possible effect of the reaction molecular

58 | Energy Adv, 2023, 2, 54-72

polarization, which may cause the simulation results to deviate
from the correct value. The authors suggest that researchers
take note of this in subsequent studies. Fu et al>® then
evaluated the effect of an external electric field on the oxidation
and pyrolysis of toluene. The results showed that the electric
field promoted the oxidation of toluene but did not signifi-
cantly promote the pyrolysis of toluene. The internal reason
was that the electric field increased the entropy change of the
reactants and transition state, but the pyrolysis of toluene was
driven by heat, so the effect was not obvious. These works are
helpful to deepen people’s understanding of the mechanism of
pyrolysis and oxidation of toluene.

Wei et al.>* studied the oxidation of benzene molecules on
palladium nanoparticle catalysts. Fig. 3(a) shows the detailed
process of benzene molecules being oxidized by palladium
nanoparticles. As shown in Fig. 3, benzene molecules are first
adsorbed on palladium nanoparticles, and then benzene mole-
cules get rid of hydrogen atoms through several steps to form
CeH, which is oxidized to form an important intermediate
C¢HO. CgHO is further oxidized to form small molecular
species, and the path is shown in Fig. 3(b). Statistical analysis
of the ring-opening path shows that the ring-opening reaction
of CcHO occurs at oxygen-containing sites in 88% of cases.
Further study revealed the detailed path of CqHO oxidation,
and demonstrated that the core substance of the C¢HO oxida-
tion process is C2 species, and the final oxidation product is
CO,. This work provides an idea for the study of the oxidation
mechanism of benzene molecules in the presence of catalysts.

Another study conducted by Qian et al.>® explored the cause
of explosion caused by the mixing of hydrogen peroxide
and1,3,5-trimethybenzene (TMB). The study shows that the
explosion process can be divided into two parts. First, H,O,
due to its instability decomposes into OH and OOH free

© 2023 The Author(s). Published by the Royal Society of Chemistry
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radicals, and the hydrogen extraction reaction and binding
reaction caused by the attack of the OH radical on TMB
molecules lead to the cracking of the benzene ring. Subse-
quently, the small molecular species formed by TMB decom-
position undergo further oxidation reaction. A huge amount of
heat is released, causing the risk of explosion. This study
confirmed that the existence of OH free radicals determines
the speed of the whole reaction process, and controlling the
number of OH free radicals can effectively reduce the risk of
explosion. This work provides inspiration for the development
of further explosion suppression methods in similar systems.
Chaudret et al®® studied the initial reaction paths of
naphthalene and mono naphthalene and dimethyl naphtha-
lene and the formation of coke molecules. It is revealed that the
initial reaction paths of these substances are hydrogen disso-
ciation and the reversed radical disproportionation mutation,
and the position and number of methyl substituents will affect
the kinetics and thermodynamics of the reaction. These results
are supported by quantum mechanics. In addition, the for-
mation of coke molecules involves the activation of the
naphthalene derivative, dimerization or trimerization to form
low molecular weight coke molecules, and condensation to
form high molecular weight coke molecules. The information
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about the pyrolysis mechanism of complex aromatic hydrocarbon
molecules, the effect of the number and position of substituents
on pyrolysis, and the formation process of coke molecules
obtained in this work provide a reference for the study of complex
aromatic hydrocarbon molecules.

2.2 Pyrolysis and combustion mechanism of multi-
components of aviation fuels

The study®7° of the aviation kerosene multi-component or
alternative model can provide information on the influence of
multi-component interaction on the overall fuel combustion,
and then help improve the combustion kinetic model and
mechanism of aviation kerosene.

Song et al.®® investigated the effect of mixing ratio on the
mixed oxidation of toluene and n-decane. Compared with the
single-molecule oxidation simulation, the initial reaction pathway
of n-decane was not affected in the mixed oxidation simulation,
while the oxidation pathway of toluene was changed. This is
mainly because compared with toluene, n-decane is more likely
to react when heated, and then a large number of highly reactive
radicals are generated, which changes the oxidation path of
toluene. The effect of H/C ratio on the representative intermediate
HCHO was further discussed. The results show that the existence

Energy Adv., 2023, 2, 54-72 | 59


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.o