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Abstract. It is of great significance to further investigate the pyrolysis reaction
mechanism of heavy oil at various temperatures by simulating the organic model
molecular pyrolysis reaction network during heavy oil development. This article
employs molecular dynamics simulation methods to examine the high-tempera-
ture pyrolysis reaction pathways and networks of heavy oil model molecules
(C29H54). The types of reactions, particularly the reaction network at a temper-
ature of 1500 K, were theoretically analyzed through kinetic simulations con-
ducted at different temperatures of 1000 K and 1500 K. This research aims to
provide a novel approach for studying the combustion of heavy oil and the con-
version of organic molecules at elevated temperatures, as well as to offer recom-
mendations for enhancing the recovery rate of heavy oil.
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1 Introduction

China has extremely abundant heavy oil resources, and how to efficiently develop and
utilize heavy oil resources has become an urgent problem that needs to be solved in the
upstream and downstream industries of the petroleum industry. Many heavy oil extrac-
tion methods have been developed both domestically and internationally, among which
steam injection and steam flooding are currently the most commonly used extraction
methods in the world!'?]. Although this method has a good effect on conventional heavy
oil, the increase in the production of ultra-heavy oil is relatively small. For ultra-heavy
oil, underground upgrading and viscosity reduction technology involves injecting a cat-
alytic viscosity reducer during steam injection. Under the synergistic effect of high-
temperature water and catalytic viscosity reducer, the asphaltene and resin in heavy oil
undergo cracking, irreversibly reducing the viscosity of heavy oil and improving its
quality to a certain extent, thereby reducing its viscosity and making it easy to recoverl>
4. At present, utilizing this technology to extract ultra-heavy oil has become a hot topic
of concern.
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In the distribution of heavy oil in China, the characteristics of heavy oil in Karamay,
Xinjiang are very prominent. The content of cycloalkanes in heavy oil is as high as
69.7%, and cycloalkane-based heavy oil is known as the "rare earth" in petroleum. The
heavy oil in Karamay is the highest quality naphthenic base heavy oil. It is an indispen-
sable rare high-quality raw material for refining aviation kerosene, low pour point die-
sel oil, ultra-low temperature refrigeration oil, special asphalt, high-end rubber oil, and
other special oil products. It has irreplaceable unique value in important industrial
fields, major national strategic projects, national defense undertakings, and aerospace
projects®7l. The study on the reaction mechanism of oxidative cracking of Karamay
heavy oil can be of certain significance for the process improvement of viscosity reduc-
tion, modification, and catalysis of heavy oil.

2 Methodology

2.1 Simulation Details

Using Materials Studio 8.0 software, models with different numbers of monomers were
constructed using the Amorphous Cell module, and energy optimization was performed
to make their structure and performance similar to actual materials. Then, molecular
dynamics simulations were conducted using the Reaxff force field in the LAMMPS
platform® 4, while using ChemTracy 2.00!>17),

Analyze the trajectory of the reaction network and gain a deeper understanding of
the oxidation cracking mechanism and other processes based on the analysis results.

2.2 Modeling

The modeling and molecular structure of heavy oil systems utilize the molecular struc-
ture of heavy oil models provided in reference *. The molecular density of heavy oil
is 0.9436g/cm3, with a monomer formula of C,9Hss4 and a total of 4150 atoms in the
system. The cracking temperature is set to 1000K and 1500K.

3 Result and Discussion

3.1 Reaction Mechanism under 1000K Temperature Conditions

From Table 1, it was found that there are 14 reaction paths, mainly isomerization reac-
tion, pyrolysis reaction, and dehydrogenation reaction. The number of isomeric reac-
tions is the highest and the reaction rate is the highest. In the reaction, most reactions
are positive, and there are also reverse reactions occurring. Due to the low reaction
temperature, the forward reaction is not very active, and the reverse reaction slows
down the forward reaction rate.
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Table 1. Statistical Table of Reaction Pathways under 1000K Reaction Conditions

R<ID> Reactions Rate Constants K (s-1) N
RO Ca9Hs4 -> Ca9Hsa 4.80x10° 12
R1 Ca9Hs4 -> Ca9Hsa 6.40x10° 16
R2 Ca9Hs4 -> C24Haz + CsHiy 2.00x10° 5
R3  CooHss -> Ca4Has + CsHin 4.00x108
R4 C29Hs4 -> C29Hs4 2.40x10° 6
RS C29Hs4 -> CooHsa 5.60x10° 14
R6 Ca9Hs4 -> CooHs3 + H 4.80x10° 12
R7 Ca9Hs4 > C29Hs3+ H 4.00x108 1
R8 C29Hs4 -> CooHs3 + H 1.60x10° 4
R9 Ca9Hs4-> CooHs3 + H 2.80x10° 7

R10 Ca9Hs4 -> C29Hs4 1.20x10° 3
R11 Ca9Hs4 -> C29Hs4 2.00x10° 5
R12 C29Hs4 -> Co9Hsa 1.60x10° 4
R13 Ca9Hsq -> Ca9Hs; + H 4.00x108 1

Under this condition, the reaction temperature is lower, the types and quantities of
products are fewer, and the rate is not high. Only the reaction path is found, and no
reaction network is found. From the perspective of reaction times, the reaction paths
RO, R1, R4, R5, R10, R11, and R12 are isomeric reactions; R2 and R3 are pyrolysis
reactions; R6, R7, R8, R9, and R13 are dehydrogenation reactions.

In isomerization reactions, R1 has the highest reaction rate and the number of times.
By analyzing the planar configurations of reactants and products, it is known that the
cleavage and ring opening of C-C bonds are involved. Through the analysis of the py-
rolysis reaction, it is found that the R2 reaction product is generated by the dissociation
of the C-C bond on the ringside chain. The reaction rate and number of times of this
reaction are relatively high. In the dehydrogenation reaction, y-H of the central benzene
ring of the reactant dissociates the C-H bond, which gives CaoHs; some activity!'3-2,

3.2  Reaction Mechanism at 1500K Temperature

In the calculation, it was found that there are 34reaction paths, which are isomerization
reactions, pyrolysis reactions, and dehydrogenation reactions. The number of isomeric
reactions is the highest and the reaction rate is the highest. In the reaction, most reac-
tions are positive, and there are also reverse reactions that occur. Some reaction prod-
ucts (such as free radicals CH3e, C,Hse, He, etc.) provide conditions for the reaction.

Table 2. Statistical Table of Reaction Pathways under 1500K Reaction Conditions

R<ID> Reactions Rate Constants K (s-1) N
RO Ca9Hs4 -> Ca9Hs4 1.43x1012 1
R1 Ca9Hs4 -> Ca9Hs4 9.75x1013 78
R1” Ca9Hs4 -> C29Hsa 3.09x10'° 77

R2 Ca9Hs4 -> Co9Hs4 4.01x108 1
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R3 Ca9Hs4 -> C29Hs4 2.45x1010 61
R4 C29Hs4 -> C20Hs4 8.03x108 2
R5 C29Hs4 -> C29Hs4 2.73x1010 68
R6 Ca9oHs4 -> CoHs3 + H 4.01x108 1
R7 C29Hs4 -> C24Haz + CsHiy 2.29x101° 57
R8 Ca9Hs4 -> C24Has + CsHin 5.62x10° 14
R9 Ca9Hs4 -> CaoHs4 3.29x101° 82
R10 Ca9Hs4 -> C27Ha9 + CoHs 4.01x108
R11 C29Hs4 -> C2oHs3 + H 2.01x10° 5
R12 Ca9Hss4 -> Co9Hsz + H 2.77x1010 69
R13 Ca9oHs4 -> CoHs3 + H 6.02x10° 15
R14 C29Hs4 -=> C2oHs3 + H 1.61x10° 4
R15 C29Hs4 -> CooHs3 + H 4.01x108 1
R16 Ca9Hs4 -> CaoHs3 + H 3.61x10° 9
R17 C29Hs4 -> CooHs3 + H 2.41x10° 6
R18 Ca9Hss4 -> Co9Hsz + H 3.21x10° 8
R19 Ca9oHs4 -> CoHs3 + H 2.09x10'° 52
R20 CooHss > CooHsz + H 3.61x10° 9
R21 Ca9Hs4 -> C2oHs3 + H 1.93x10'° 48
R22 Ca9Hs4 -> C20Hs4 1.57x1010 39
R23 C29Hs4 -> CooHsa 2.97x1010 74
R24 C29Hs4 -> C29Hs4 2.89x1010 72
R25 Ca9Hss4 -> Co9Hsz + H 5.22x10° 13
R26 C29Hs4 -> C2oHs3 + H 2.81x10° 7
R27 CooHs4 -> C2oHs3 + H 1.61x10° 4
R28 C2oHs4 -> CooHs3 + H 2.01x10° 5
R29 Ca9oHs4 -> CaoHs3 + H 8.03x108 2
R30 Ca9Hs4 -> CasHs1 + CH3 4.01x108 1
R31 Ca9Hs3 + H -> C29Hs4 8.48x10!! 1
R31" CooHss -> CaoHs3 + H

According to the analysis of Table 2, under 1500K reaction conditions, the isomeri-
zation reaction and dehydrogenation reaction have the highest number of reactions. Af-
ter increasing the reaction temperature, there is a significant increase in reaction type,
reaction frequency, and reaction rate. In the reaction, the number of isomerization re-
actions is the highest, followed by dehydrogenation reactions, pyrolysis reactions are
the most frequent, and hydrogenation reactions are the least.

In the isomerization reaction, R1 has the highest number of times and rate, with a
reaction rate of 9.75x10'3(S™"). The structural changes of the reactants and products
involve the isomerization of six-membered rings into eight-membered rings after ring
opening. Compared with other pyrolysis reactions, R7 has the highest number of reac-
tions and rate, reaching a rate of 2.29x10'%S™"). The product CsH;;- of this reaction is
produced by the dissociation of the C-C bond on the side chain of the reactant. In the
dehydrogenation reaction, the number and rate of R12 reactions are the highest, reach-
ing a rate of 2.77x10'°(S™!). In the dehydrogenation reaction, the number and rate of



236 T. Yang et al.

R12 reactions are the highest, reaching a rate of 2.77x10'°(S™"). The dehydrogenation
position of this reaction is at the gamma position on the side ring.

In the above reactions, there are some charged products (CHs ¢, C,Hs ¢, H ¢) in the
generated products, all of which play a role in activating and accelerating the reaction.

Reactionl .. Reaction5 w Reaction9

Fig. 1. Reaction Path Diagram

There are many products in the early and late stages of the reaction, with a total of
34 types of products. Isomerization, pyrolysis, and dehydrogenation reactions have a
higher frequency and reaction rate. As shown in the Fig.1, using algorithms and graphic
recognition, two reaction networks were discovered in 32 reactions, including C-C and
C-H bond dissociation, cycloalkane ring opening, and dehydrogenation reactions. Dur-
ing the isomerization reaction in this group, both the opening and closing of cycloal-
kanes and dehydrogenation reactions occur. As the reaction proceeds, along with the



Study on the Thermal Decomposition Mechanism of Saturated Hydrocarbons 237

dissociation of C-C and C-H bonds, isomerization and cleavage reactions occur simul-
taneously. In the reaction, the generation of free radical molecules accelerates the pro-
gress of the reaction, leading to a hydrogenation reaction. Compared with the experi-
ment, it was found that there is a reverse reaction in the reaction network, which is
difficult to observe in the experiment.

"~ Ri*s

Fig. 2. Schematic diagram of reaction network under 1500K reaction condition. R1-s, R6-s,
R4-s, R1*-s represent the products of the reverse reaction of R1, R6, R4, and R1, respectively.

According to the Fig.2, the reaction network is R1-s— R6-s—R4-s — R1*-s — R1-
s. By identifying the reaction network under temperature conditions, it can be seen that
in the pyrolysis reaction of Cx9Hss, the higher the temperature, the more reaction types
and reaction paths there are. The recognition of reaction networks can provide theoret-
ical support for the catalysis of Cy9Hss molecules and the corresponding treatment of
heavy oil.

4 Conclusion

The reaction rates of products in pyrolysis reactions vary at different temperatures, the
reaction rate and number of reactions at higher temperatures are greater than those at
lower temperatures, and there are also many reaction products and types. This can be
explained by insufficient contact collisions in the early stage and sufficient reactions in
the later stage. The discovery of the reaction network provides a conversion basis for
the Cy9Hss reaction and theoretical guidance for further viscosity reduction and en-
hanced oil recovery of heavy oil. multiple types of reactions were found in the many-
reaction pathways, such as dehydrogenation, hydrogenation, and small molecule acti-
vation reactions.
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