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ABSTRACT

The active cooling technology of endothermic hydrocarbon fuels is a key way to solve the thermal
protection of high-speed aircraft engines, but the condensation coking problem during engine shut-
down is a bottleneck that affects the reusability of aircraft. In this study, a self-designed apparatus was
used to separately analyze the condensation coking during the fuel cooling process, and the coking
characteristics under different temperature conditions were obtained. The condensation coking
mechanism of fuel during cooling process was proposed based on the changes in physical properties of
coking precursors obtained by the group contribution method. When the temperature drops to 300 °C,
not only the gas yield and conversion increase to 71.42% and 89.75% respectively, but the coke mass on
the inner surface of the tube also significantly increases from 0.39 to 1.92 mg. Meanwhile, as the
temperature further decreases, the morphology of coke gradually transforms into amorphous carbon
with a higher degree of graphitization. During the cooling process, due to the liquefaction of coking
precursors, their physical properties such as viscosity, density, and saturated vapor pressure undergo
sudden changes at 300 °C, leading to enhanced intermolecular physical interactions and promoting the
physical aggregation of coking precursor molecules, which are deposited on the inner wall of the tube.
This work provides a theoretical basis for the subsequent study of condensation coking mechanisms and
inhibition methods.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

fuel cooling process not only increases the frequency of mainte-
nance and cleaning but also reduce heat transfer efficiency and

In recent years, with the rapid development of aviation and
aerospace, industries reusable aircraft has become a major
research focus (Kim et al., 2022; Luo et al., 2021; Van et al., 2013;
Yan et al., 2024). This technology aims to enable multiple start-
stop cycles in engines, requiring high reliability and durability
(Ning et al., 2013). However, the issue of carbon deposition during
engine shutdown is a significant bottleneck affecting reusability
(Gong et al., 2023; Zhang et al., 2024). Accumulated coke during
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lead to instability thrust, influencing the multiple cycle use of the
engine (Feng et al., 2019; Xiong et al., 2019). Therefore, addressing
the carbon deposition issue during the cooling process is critical to
achieving reliable engine reusability.

In terms of experimental research, it has been shown that the
coking mechanism of hydrocarbon fuels differs significantly at
different experimental conditions (Guisnet and Magnoux, 2001;
Liu et al,, 2021; Zhu et al., 2018). The coking mechanism is pri-
marily categorized into three types: thermal cracking coking,
oxidation coking, and catalytic coking (Konda et al., 2022; Shukla
and Koshi, 2012; Vuchuru et al., 2023). Thermal cracking coking
is the process in which free radicals generated from the pyrolysis
continuously dehydrogenate and polymerize to form coke
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Nomenclature

v coking rate, mg-m?-s~!

A cross-sectional area, m?

T unit time, s

y gas yield, %

m total mass of liquid products, g
m total mass of reactant, g
Mreacted  total consumption mass of reactant, g
X conversion rate, %

p pressure, MPa

Dc critical pressure, MPa

1% molar volume, m>3/mol

Ve critical molar volume, m3/mol
T temperature, K

Ty boiling temperature, K

T critical temperature, K

Tor TB/Tk

T: reduced temperature

Pvpr reduced vapor pressure

N total number of kth groups

tck contribution to critical temperature
pck contribution to critical pressure

thk contribution to critical boiling temperature
vck contribution to critical molar volume
Natoms total number of atoms

a b parameters in PR EoS

M molecular weight, g/mol

R universal gas constant, J/(mol-K)

fO 1 A2) parameters in Ambrose-Walton equation
N molecular number per unit volume, mol/m?
[ average velocity of molecules, m/s

D effective diameter of molecules, m

V4 average collision frequency, s

Greek symbols

P density of fluid, g-cm 3

M viscosity of fluid, mPa-s

n* viscosity correction factor

@ acentric factor

Subscripts

c critical

1 liquid products

k groups type

deposits. Oxidation coking is mainly caused by the self-oxidation
reaction of dissolved oxygen in the fuel to form coke. Catalytic
coking is mainly the process that coking precursors continuously
grow into coke under the catalysis of metals (Chen et al., 2024;
Richter and Howard, 2000; Wang et al., 2025).

In order to further explore the coking mechanism, numerous
scholars have conducted detailed simulation studies of these
processes, founding that the nucleation and aggregation of small
molecules are identified as critical steps in coke formation
(Gleason et al., 2021; Moran et al., 2021; Song et al., 2009; Wang
et al,, 2023; Yin et al., 2023; Yuan et al., 2019; Zhang et al., 2023;
Zhao et al,, 2021). Based on the different aggregation principles
of coking precursor molecules (DeWitt et al., 2011, Wang et al,,
2021a), three nucleation modes have been identified: physical
nucleation, non-nucleation, and chemical nucleation (Chung and
Violi, 2011; Mao et al,, 2017). At present, due to limitations of
experimental equipment, it is difficult to obtain coking pathways
through experiments (Liu et al., 2015; Sharma et al., 2021; Sun
et al., 2017), which has led many scholars to obtain coking char-
acteristics through thermodynamic and kinetic. During pyrolysis
and coking processes, the different structural characteristics of
coke, such as pore structure and microscopic anisotropy, can lead
to changes in adsorption thermodynamic parameters (Efimov
et al,, 2024; Litvinova et al., 2024). In addition, the pyrolysis ki-
netics model is directly related to the rate and mechanism of
coking process (Sharikov et al., 2023).

Although the studies mentioned above have illuminated the
mechanisms of fuel coking at various temperatures during heat-
ing, there are still some differences in the coking behavior between
the high-temperature process and the cooling process of fuel.
Currently, research on this cooling-process coking behavior is
relatively limited. Studies have shown that the coking behavior of
asphaltene molecules during cooling is different from that during
pyrolysis. Asphalt molecules undergo different aggregation pat-
terns with different cooling rates (Khalaf and Mansoori, 2018; Yu
et al,, 2023). Meanwhile, the coking behavior of fuel during the
cooling process is closely related to the products during the fuel
pyrolysis and the material of tube. The content of cracking
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products (methane and ethane) can affect the molecular aggre-
gation rate, and the different wall energies of the tube can affect
the rate at which molecules aggregate and deposit on the tube wall
(Liu et al., 2023; Wang et al., 2024). The coking behavior of fuel
during the cooling process has been demonstrated, however, the
coking mechanism of the cooling process of high temperature
fuels still needs to be further investigated.

A large number of high-temperature coking experiments have
shown that unstable system pressure during the cooling process
can lead to tube blockage, affecting the system to undergo multiple
cycles, as shown in Fig. S1. Therefore, there is an urgent need for a
new experimental method to study the fuel coking process during
cooling and elucidate potential coking mechanisms.

This article uses a self-designed device to separate the high-
temperature cracking and cooling processes, in order to obtain
the coke produced during the cooling process, and measure its
quality, morphology, and elemental distribution. By using the
group contribution method and Fortran physical property calcu-
lation method to track the changes in the physical properties of
coking precursors, the potential coking mechanism of fuels during
the cooling process is further revealed. This study provides a new
perspective for solving the coking problem during the fuel cooling
stage and lays the foundation for improving the long-term reus-
ability of engines.

2. Experimental and calculation methods
2.1. Experimental materials and apparatus

Chinese No. 3 jet fuel (RP-3) is a typical aviation fuel, and n-
decane is one of the main components of RP-3 (Abdalla et al.,
2020; Huang et al., 2023; Mao et al., 2019). Therefore, n-decane
(mass fraction >99%) was used as a substitute for aviation kero-
sene in this study. The thermal cracking section tube (inner
diameter 2 mm, length 800 mm) and the condensation section
tube (inner diameter 4 mm, length 420 mm) used in the experi-
ment are both made of SS304 stainless steel material. The
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experimental system is shown in Fig. 1, and the experimental
conditions are displayed in Table 1.

This experimental device is used to study the characteristics of
coke formation during fuel cooling process, which is divided into
high temperature section and cooling section. An electric heating
system in the high-temperature section is used to simulate the
thermal cracking process of fuel. A self-made condenser is used to
simulate the formation of coke during the cooling process.
Throughout the entire experiment, the condensing medium is
continuously introduced into the device at a constant flow rate
through a high-pressure constant flow pump to ensure the cooling
rate of the fluid. There are two buckles designed at both ends of the
condenser tube. After the experiment is completed, the reaction
tube can be disassembled for subsequent characterization of the
coke, as shown in Fig. S2.

2.2. Analysis of cracking products

2.2.1. Thermal cracking of n-decane

Gas chromatography was used to determine the pyrolysis
products of n-decane at different outlet temperatures. The gas
yield (y) refers to the ratio of the gas mass to the total mass of the
gas-liquid phase products per unit time. It is a key indicator for
evaluating the degree of fuel cracking during the pyrolysis process
and is defined as follows:

y=1-m/m (1)

The conversion rate (x) is defined as the ratio of the mass of
reactant reacted to the total mass of reactant in the cracking re-
action, as shown in Eq. (2):

X= mreacted/m (2)

2.2.2. Coke characterization

In this experiment, the coke mass along on the inner wall of the
tube was measured using the oxidation method. As shown in Fig. 2,
the coke of the reaction tube reacts with oxygen to be oxidized into
carbon dioxide. By employing the Lambert-Beer absorption law,
the concentration of carbon dioxide is ultimately calculated,
determining the mass of coke.

The coking rate (v) is defined as the mass of coke formed per
unit area per unit time and is calculated using the following
formula:

Check valve 3 Coriolis flowmeter
Filter
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U:mc/At (3)

To further observe the differences of coking under various
conditions, Scanning Electron Microscope (SEM), Energy Disper-
sive Spectroscopy (EDS), and Raman spectra were employed to
characterize the morphology, elemental composition, and graph-
itization degree of the coke.

2.3. Calculations of key properties

2.3.1. Critical parameters

The critical parameters of a substance are prerequisites for the
forming of the coefficients a and b in the PR EoS, and are also key
parameters for calculating the physical properties of substances
(viscosity, density, and saturated vapor pressure). For stable or
metastable species, these parameters can easily be obtained
through experimental measurement or from published literature
and data. However, for most coking precursors, experimental
measurement is challenging and estimates are required. Given
knowledge of the chemical structure of a species, group contri-
bution methods are widely regarded as the most reliable estima-
tion methods, such as those suggested by Constantinou
(Constantinou and Gani, 1994), Fedors (1982), and Joback (Joback
and Reid, 1987), as illustrated in Fig. 3.

This research utilizes the Joback method for estimating critical
temperature, critical pressure, and critical volume, providing
critical parameters for subsequent physical property calculation.
The formulas are as follows:

29 -1
Te=T, {0.584 + O.QGS{ZNk(tck)} — {ZNk(tck)} ]
k k

(4)
-2
Pe= [0.113 + 0.0032N;t0ms — {ZNk(pck)H (5)
k
Ve=17.5+ ) Ny(vck) (6)
k

It is worth noting that the calculate of T, requires the standard
boiling point T, of the substance, which can be estimated using the
Joback method.
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Fig. 1. Apparatus of supercritical hydrocarbon fuel pyrolysis and coking experiment.
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(7) 2.3.2. Viscosity and density

For high-pressure processes, the ideal gas equation of state is
no longer suitable for measuring the density of substances. Cubic
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equations of state (EoS) are often used to describe the pressure-
volume-temperature (P-V-T) relationships of high-pressure
fluids, due to the simple form and good predictive ability for
large-scale fluid properties. Consequently, for this study, we chose
to use the Peng-Robinson (P-R) equation of state to measure the
density of substances (Peng and Robinson, 1976).

___RT a (8)
(M/p—Db)  (M/p)* + 2b(M/p) — b?
0.457247R2T? T 2
a=—"""" "¢ 14+j[1—4/= 9
e ) g
b:0.0778RTc (10)
Pc
j=0.37464 + 1.54220 — 0.26992 > (11)

Viscosity is a direct result of molecular collisions, and accurate
calculation of material viscosity is crucial in the phase transition
process. The viscosity of fluids under supercritical conditions is
calculated using the method proposed by Chung et al. (1984),
which employs empirical correction factors to account for the
impact of high fluid density on viscosity. The primary equation for
calculating viscosity in this method is:

.36.344(MT,)'/?
Vi3

(12)

n* is a parameter related to the fluid density and specific vol-
ume. The methods for calculating the parameter can be found in
Tables S1 to S3.

2.3.3. Saturated vapor pressure

Three-parameter corresponding states method proposed by
Ambrose and Walton is used to calculate saturated vapor pressure
(Ambrose and Walton, 1989), which offers high accuracy for hy-
drocarbons. The saturated vapor pressure based on critical tem-
perature (T¢), critical pressure (p¢), and acentric factor (w) is
calculated as follows:

In ppr =F© + of D + w?2f? (13)
wi—ln(pc/1.01325) +fO(T,,) (14)
B SO (Tyy)
7o) _=5.97616¢ 11.29874:15 — 0.60394:5 — 1.06841<°
_ I
(15)
fit)_—5.03365¢ 1 1.11505¢15 — 54121725 - 7.466287°
_ T
(16)
f 0647717 +2.41539:15 — 4269795 + 3252505
_ I
(17)
c=1-T, (18)
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3. Results and discussion
3.1. Cracking characteristics

The cracking characteristics were analyzed to explore the
impact of cooling process on fuel cracking, as displayed in Fig. 4.
Gas yield and conversion of fuel are indirect indicators reflecting
the depth of fuel pyrolysis. As shown in Fig. 4(b), when the
condensation temperature is 600 °C, the gas yield and conversion
are 65.46% and 86.36%, respectively. As the temperature drops to
300 °C, these two indicators are 71.42% and 89.75%, respectively.
The system pressure remains constant, and the gas yield and
conversion slightly increase with the decrease of temperature.
Under these conditions, the density and viscosity of the pyrolysis
products will also increase. This will result in a decrease in flow
rate and an increase in residence time, and ultimately promote fuel
cracking.

Fig. 4(c) shows the mole fraction changes of gas products at
different outlet condensation temperatures. Among them, the
content of methane and propylene shows the most significant
change. As the temperature decreases, the methane content first
decreases from 29.48% to 21.21% and then increases to 26.06%,
while the trend of propylene is completely opposite, increasing
from 11.24% to 16.48% and then decreasing to 13.05%.

The highly active small molecules produced by cracking are
easily combined to form methane. However, propylene, as an in-
termediate in the reaction, is easy to undergo secondary reactions
and further converted into other substances during the cooling
process. Under high temperature conditions, fuel undergoes
cracking to produce a large amount of small molecule substances.
As the cracking reaction continues to deepen, secondary reactions
will occur, and some products will further crack to other sub-
stances (Vandewiele et al., 2014, Wang et al., 2021b). Propylene, as
an unsaturated hydrocarbon in cracking reactions, has high reac-
tivity due to its unsaturated structure. Double bonds are easily
broken again or react with other molecules to form smaller and
more stable molecules (such as ethylene and methane). Methane
increases relatively at lower temperatures due to its simple and
stable properties.

In this study, only the key liquid phase that affect the coking
process are discussed. Fig. 4(c) shows the mass fraction changes of
main liquid-phase products at different outlet condensation
temperatures, which are also the primary coking precursors. As
the temperature decreases, the mass fraction of benzene first de-
creases from 60.06% to 50.97%, and then increases to 57.55%. In
addition, although the mass fractions of 1,4-cyclohexene and
cyclohexene are small, the trend of content change is the same as
that of benzene.

These changes indicate that condensation has a significant
impact on the cracking products and their conversion processes. In
order to further study the effect of condensation on coking, this
article analyzes the coking products produced at different
condensation temperatures through coking experiments and ex-
plores their influence on coking formation. In future research,
molecular dynamics simulations will be combined to conduct the
analysis of the thermodynamics and kinetics of condensation
coking in depth (Jia et al., 2014).

3.2. Coking characteristics

Coking experiments with different outlet condensation tem-
peratures were conducted under conditions of the flow rate of 1 g/
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Fig. 5. The distribution of coke at different outlet condensation temperatures: (a) coking mass; (b) coking rate along the tube.

s and the coking duration of 10 min. As shown in Fig. 5, the mass of During the cooling process, the total mass of coke exhibits a
coke deposits is significantly affected by the changes in port flow trend of first decreasing, then increasing and finally slow
rate, and the data fluctuates greatly and remains unstable. decreasing as outlet condensation temperature decreases. Specif-
Therefore, the middle section of 12-33 cm is more suitable for ically, as the condensation temperature decreases from 600 to
exploring the coking in the cooling process. 450 °C, the coke mass along the tube decreases from 0.39 to
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0.15 mg, and the coking rate decreases from 0.021 to 0.008
mg-cm~2.s~1. However, as the temperature further decreases to
300 and 200 °C, the coke mass and coking rate increase sharply,
reaching 192 and 120 mg, 0.102 and 0.064 mg-cm s,
respectively.

It should be pointed out that the coke mass and coking rate of
coke produced at 200 °C are lower than those at 300 °C, which may
be attributed to differences in cooling rates. When the tube length
and cooling inlet temperature are the same, the lower fuel tem-
perature indicates the faster cooling rate. When the cooling rate is
fast, the fuel stays in the high-temperature region for a shorter
period of time, producing fewer coking precursors. Similarly, when
hydrocarbon fuel enters the condenser tube, the fuel temperature
changes rapidly in a short period of time, resulting in unstable fuel
flow inside the tube. Therefore, there is a peak in coking mass.

The mass of coke increases as the condensation temperature
decreases, probably due to physical aggregation of coking pre-
cursors. Coking precursors refer to substances that can occur
chemical reactions to form coke. To further understand the ag-
gregation of precursors during the cooling process, the critical
temperature parameters of the main coking precursors were ob-
tained using Fortran programming based on the physical property
calculations and critical property estimation methods described in
section 2.3, as shown in Table 2.

Table 2 lists the critical temperature of several common coking
precursors at the pressure of 3.5 MPa, which is also the maximum
temperature allowed for gas liquefaction. Under this pressure
condition, the critical temperature of most coking precursors is
within the range of 200-300 °C. But below this temperature, a
phase change occurs, altering physical properties (including vis-
cosity, density, etc.), thereby affecting the fuel pyrolysis and coking
process of the fuel. This also tentatively explains the phenomenon
of high coke mass at the range of 200-300 °C in Fig. 5.

To further investigate the impact of condensation on the coking
process, techniques such as SEM and EDS were used to explore the
micro-morphology and elemental composition of coke deposits on
the inner walls of microchannels, and the coke characteristics
were further analyzed. This analysis aims to reveal the differences
between condensation coking and cracking coking, providing a
basis for constructing a coking mechanism of fuel during the
cooling process.

Fig. 6(a) shows the morphology of coke deposits during two
different stages of high-temperature cracking and cooling. Under
the fuel cracking at high temperature of 750 °C, coke is basically
spherical carbon. At medium temperatures of 450 and 500 °C, the
coke morphology is primarily filamentous carbon. As the tem-
perature is further reduced to 200 and 300 °C, the coke mainly
exhibits the amorphous structure.

The results indicate that there are significant differences in the
morphology of coke produced at different temperatures. During
the cracking process, the coking is mainly in the form of bulk phase
coking. The free radicals generated after fuel cracking undergo
addition reactions to form PAHs, which further grow into particles
or spherical coke through dehydrogenation reactions. As the
condensation temperature decreases, the coking is mainly metal

Table 1
Experimental parameters of the cooling process.
Conditions Value
Mass flow, g/s 1.0
Inlet fuel temperature, °C 750
Outlet fuel temperature, °C 200, 300, 450, 500, 600
System pressure, MPa 3.5
Cooling section length, mm 420
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Table 2

The critical temperature parameters of the main coking

precursors.
Substance T, °C
Cyclopentene 233.0
3-Methylcyclopentene 235.9
1-Methylcyclopentene 235.0
Benzene 289.5
1,4-Cyclohexadiene 264.8
Cyclohexene 287.4
1-Phenylpropyne 405.9

catalytic coking. Under the catalytic action of active metals such as
iron (Fe) and nickel (Ni), a large number of filamentous carbons are
formed on the surface of the substrate, until the active sites are
covered and deactivated. As the temperature further decreases, the
coking precursor undergoes liquefaction and its physical proper-
ties change. The molecules interaction leads to the random ag-
gregation of molecules. With the continuous aggregation and
accumulation of molecules, large molecular clusters are eventually
formed and deposited on the tube wall, resulting into the forma-
tion of amorphous coke.

EDS was used to acquire the elemental analysis of the coke, as
shown in Fig. 6(b). Elemental analysis of the coke produced by the
fuel cracking reveals that the content of carbon element accounts
for about 97.51%. Meanwhile, almost no signals of metal elements
are detected, indicating that a certain thickness of coke layer is
formed. However, from the observations of the production of coke
during the cooling process, the iron content in the coke layers
reaches about 50%, even exceeding 55% at the condensation tem-
perature of 200-300 °C, suggesting that the coke layers formed
under these conditions are relatively thin.

Comparing the distribution of coke mass during the cooling
process shown in Fig. 5, the coke mass is significantly higher at
200-300 °C than that of other condensation temperatures. In order
to further verify the elemental distribution of coke, EDS point
measurements were performed on these two temperatures. It is
found that the carbon element content at 200 and 300 °C is about
82.3% and 84.8%, which are 9.4 times and 8.0 times higher than
that of surface scanning, respectively.

This finding reveals the coke formed during the cooling process
is not as uniform as the coke produced during the thermal
cracking. The coke formed during the cooling process is more
concentrated at a certain position on the pipe wall, while the coke
produced during the thermal cracking process uniformly adheres
to various positions on the pipe wall. The inhomogeneity of coke
produced by cooling may mainly be caused by the physical ag-
gregation of coking precursors.

Raman spectroscopy is a highly effective tool for detecting the
degree of graphitization of coke, with the D and G peaks being the
most important characteristic peaks. The peak area ratio (Ip/Ig) of
the D and G peaks can be obtained by peak fitting. In carbon ma-
terials, graphitization degree refers to the degree of ordered
arrangement of carbon atoms in coke. The Ip/I; value can be used
as a quantitative indicator of the degree of graphitization. A lower
Ip/Ig value indicates a stronger G peak, and the graphite structure
in the coke is more ordered with a higher degree of graphitization.

Fig. 6(c) shows the changes in the graphitization degree of coke
under different conditions. The Ip/Ig values of coke produced by
the fuel cracking reaches above 2.8, indicating that the coke have
low graphitization degree. As the condensation temperature
gradually decreases, the graphitization degree of coke produced by
the cooling process increases. When the condensation tempera-
ture of 200-300 °C, the Ip/I; values of coke are around 2.0.
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Fig. 6. Characterization of coke obtained at the cracking temperature of 750 °C and different condensation temperatures of 600, 500, 450, 300 and 200 °C, respectively. (a) SEM

image; (b) EDS scan; (c) Raman spectral.

During the thermal cracking process, the coking precursor is in
a gaseous state, resulting in violent molecular motion and disor-
dered arrangement of carbon atoms (Miroshnichenko et al., 2023).
The structure of coke contains more defects and irregularities,
resulting in poor hardness, strength, and wear resistance, as well
as lower electrical and thermal conductivity. Therefore, the
graphitization degree of coke is low. On the contrary, during the
cooling process, due to the liquefaction of the coking precursor, the
molecular interactions increase, and the carbon atoms are ar-
ranged in an orderly manner (Heintz, 1985). It exhibits better
hardness, strength, wear resistance, as well as higher electrical and
thermal conductivity, resulting in a higher graphitization degree of
the coke.
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The properties of coke are closely related to the degree of
graphitization. As the temperature gradually decreases, it trans-
forms into a liquid state and the molecular interactions increase.
Carbon atoms gradually arrange in an orderly manner, forming
stable and strong covalent bonds. Therefore, the hardness and
strength of coke is enhanced, which is difficult to deform when
subjected to external forces. In the graphite structure, carbon
atoms form a stable hexagonal network, in which electrons can
freely move, resulting in higher electrical and thermal conduc-
tivity (Heintz, 1985, Miroshnichenko et al., 2023). Liquefaction not
only increases the arrangement density of carbon atoms, but also
promotes the flow of electrons, leading to an increase in conduc-
tivity. Moreover, due to the strong interaction between graphite
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layers, heat can be efficiently conducted between these layers,
thereby improving thermal conductivity.

In summary, there are significant differences in the character-
istics of coke produced by thermal cracking and cooling. The
coking rate gradually increases with the decrease of condensation
temperature during the cooling process, reaching a peak between
200 and 300 °C. The coke formed within this temperature range is
mainly amorphous, with uneven distribution and high graphiti-
zation degree. Once the coke adheres to the pipe wall, it will have a
significant impact on the stability of the system.

3.3. Influence factors

In this section, the main factors affecting coke formation during
the cooling process were explored by combining experimental
measurements with physical property calculations.

3.3.1. Molecular interactions

The molecular interactions include Van der Waals forces,
hydrogen bonds, and covalent bonds (Murgich, 2002; Tsuzuki
et al,, 2000). In this study, molecular interactions mentioned
mainly refer to the Van der Waals force. During the cooling pro-
cess, the coking precursor molecules undergo liquefaction. The
changes in the physical properties of the coking precursors after
liquefaction can also affect the intermolecular forces, thereby
influencing the coke formation. Based on the calculation methods
in Section 2.3, combined with the mixing rule (see supplementary
material), the viscosity and density of the coking precursors can be
obtained as a function of temperature.

The results show that whether it is a pure substance or a
mixture. As the temperature approaches the liquefaction tem-
perature of the coking precursors, both viscosity and density in-
crease significantly. The increase in density and viscosity slows
down molecular movement, resulting in longer residence time and
enhancing the likelihood of molecular interactions and aggrega-
tion. The slow molecular motion helps the molecules to contact
and aggregate more easily into larger molecular groups or aggre-
gates, which are then deposited on the tube walls when reaching a
certain size.

The saturated vapor pressure (pyp) of major coking precursors
as a function of temperature at the system pressure (psystem) Of
3.5 MPa is illustrated in Fig. 7(c). When psystem is less than pyp, the
liquid tends to evaporate, reducing intermolecular aggregation
and leading to a decrease in molecular interactions. However,
during the cooling process, as the temperature decreases, the
saturated vapor pressure also diminishes accordingly. When psy.
stem is higher than pyy,, the vapor is in an unstable state, with part of
the gas tending to condense to a saturated state, which promotes
intermolecular aggregation and enhances the molecular in-
teractions. Particularly, the more obvious the supersaturation
state, the stronger the effect of molecular aggregation.

Overall, the liquefaction of coking precursor molecules during
the cooling process has changes in physical properties that affect
molecular aggregation (see Fig. 8). The increase in viscosity and
density leads to an increase in the residence time of molecules. At
the same time, liquefaction reduces the degree of disorder in the
system, increases intermolecular forces and the tendency of
polymerization, affects the structure and morphology of aggre-
gates, thereby promoting the process of molecular aggregation and
nucleation.

3.3.2. Molecular thermal motion

The influence of molecular thermal motion on molecular ag-
gregation is both complex and variable. Under specific conditions,
it can facilitate contact and aggregation between molecules, but
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also hinder the formation of stable aggregates due to excessive and
vigorous motion (Yuan and Wu, 2022). The collision frequency, a
physical quantity indicating the intensity of the thermal motion of
reactive molecules, is given by a formula that shows:

Z=/2nvnd? (19)

As temperature increases, the average velocity of molecules
also increases, thereby increasing the collision frequency and the
possibility of molecules aggregation through physical forces.
However, the rise in temperature also intensifies the thermal
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Fig. 8. Changes in physical properties of coking precursors after mixing in experiments: (a) density; (b) viscosity.

motion of molecules, which affects the aggregation and even
hinders the formation of aggregates.

The two main factors influencing molecular aggregation are
intermolecular forces and thermal motion. There exists a para-
doxical relationship between the two factors. On the one hand,
intermolecular forces encourage molecules to cluster together; on
the other hand, thermal motion tends to drive them apart. The
group contribution method was used to calculate the critical
properties of different coking precursor molecules. By comparing
the changes in viscosity, density, and saturated vapor pressure of
precursors, it was found that the critical temperature of coking
precursors is the main factor determining the molecular nucle-
ation mode. In addition, molecular dynamics simulations were
used to simulate the cooling process of benzene molecules
through LAMMPS software, as shown in Fig. S3. It was found that
the critical temperature is a key parameter that affects molecular
interactions and molecular thermal motion by tracking the
changes in density, potential energy, and Kinetic energy of
benzene.

When the temperature exceeds the critical temperature of the
coking precursor, molecular motion becomes stronger, resulting in
higher collision frequencies and weaker intermolecular forces. The
phenomenon of molecular aggregation is not obvious. When the
temperature is lower than the critical temperature of the coking
precursor, both viscosity and density increase. As the potential
energy increases, the molecular kinetic energy gradually decreases
and falls below the potential energy. This means that intermo-
lecular forces are enhanced, promoting the formation of larger
molecular aggregates. When the cluster size is large enough, coke
will be produced. The temperature determines the contribution of
both to condensation coking, thereby affecting the formation and
growth of coke.

3.4. Condensation coking mechanism

Research on coking characteristics during the cooling process
indicates that the formation process and properties are signifi-
cantly different from that of coke produced at high temperatures.
It can be seen that temperature is a key factor affecting the
pathway of coke formation. According to the experimental results
and critical physical property calculations of coking precursors, the
nucleation process can be roughly divided into three regions: (i)
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physical nucleation (white), (ii) non nucleation (light purple), and
(iii) chemical nucleation (deep purple), as shown in Fig. 9.

When the temperature is above 500 °C, the formation and
growth of coke mainly occur through chemical nucleation.
Nucleation essentially does not occur between the temperature of
400 and 500 °C, due to the equilibrium state of molecular ther-
modynamics and kinetics. As the temperature decreases below
400 °C, the formation and growth of coke mainly proceed through
physical nucleation. The green pentagram and purple solid line are
the critical temperatures and simulated lines of coking precursors
obtained through the group contribution method, while the purple
dashed line is the approximate initial cracking temperature of n-
decane obtained based on experimental data.

Based on extensive experimental research, nucleation is
considered an important process for the generation and further
growth of coke. Combining experimental results and theoretical
analysis, the coking mechanism during the cooling process is
proposed, as shown in Fig. 10.
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Fig. 10. Coking mechanism of endothermic hydrocarbon fuel during cooling process.

When the condensation temperature is high, small molecular
free radicals and coking precursors undergo hydrogen abstraction
reactions to generate polycyclic aromatic hydrocarbons. Then they
form spherical coke on the substrate surface. As the condensation
temperature decreases, molecules form dimers/trimers due to
thermal collision. However, these aggregates are quite unstable
easily dissolve in collisions with other monomers due to the in-
tensity of thermal motion, hence most of them exist in the form of
monomers.

When the condensation temperature is lower, this is also the
difference from the coke produced at high temperatures. The
nucleation process of coke is divided into three parts: pre-
nucleation, mid-nucleation, and post-nucleation. In the pre-
nucleation stage, as the temperature decreases, the physical
properties of coking precursors begin to change, inducing a phase
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transition in the molecules. The physical forces between molecules
cause them to randomly and freely aggregate, forming small di-
mers or trimers molecular clusters. In the mid-nucleation stage,
which is the critical nucleation stage, the molecular clusters reach
a certain critical size and become stable enough to continue
attracting more molecules, thus forming stable aggregates. In the
post-nucleation stage, the stable nuclei formed continue to attract
surrounding molecules, promoting cluster growth. Once the size of
the molecular clusters increases to a certain extent, the clusters
rapidly deposit on the tube walls, forming the amorphous coke.
In general, the aggregation and deposition mechanism of
incipient coke particles induced by condensation during the py-
rolysis of hydrocarbon fuels can be obtained. When the coking
precursor entering the cooling process, the average thermal mo-
tion rate and kinetic energy between molecules are reduced due to
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the decrease in temperature. The interaction between molecules
gradually becomes significant, and there is a trend of attraction
and proximity between molecules. As the maximum liquefaction
temperature approaches, some molecules begin to form aggre-
gates or cores in a supersaturated state. Under the influence of
intermolecular forces and thermal motion, the aggregates
continuously form and dissociate until reaching an equilibrium
state. After the temperature continues to decrease below the
maximum liquefaction temperature, the molecules begin to
liquefy, and the attraction between molecules is strong enough to
overcome the thermal motion between molecules. At the same
time, the physical properties of molecules, such as density, vis-
cosity, and saturated vapor pressure, change towards the direction
of molecular aggregation, making the interactions between mol-
ecules stronger and continuously allowing molecules to enter the
aggregates. As the temperature further decreases, aggregates
continue to grow and aggregate. When the size and stability of
aggregates reach a certain level, they deposit on the pipe wall to
form coke.

4. Conclusion

The condensation coking characteristics was investigated by
controlling the cooling process. The experimental results indicate
that there is a significant difference in the coking characteristics
between condensation and thermal cracking. The gas yield and
conversion of fuel increase with the decrease of condensation
temperature, reaching 70.86% and 88.97% at 200 °C, 71.42% and
89.75% at 300 °C, respectively. At the same time, the mass fraction
of the main coking precursor also increases to 55% at lower
condensation temperatures. In addition, the coking rate gradually
increases with the decreasing condensation temperature, reaching
the peak of approximately 0.102 mg-cm 2-s~! between 200 and
300 °C. The amorphous coke formed in this temperature range has
the characteristics of uneven distribution and high graphitization
degree.

The aggregation and deposition mechanism of incipient coke
particles induced by condensation during the fuel pyrolysis is
proposed with the experimental results and theoretical analysis.
The decrease in temperature leads to the liquefaction of coking
precursors, changes the physical properties, thereby enhancing the
physical interactions between molecules. The molecules begin to
aggregate to form molecular clusters, which deposits to form
irregular coke reaching a certain size.

This work explains the reasons for pressure instability during
the multiple cycles of heating and cooling process, providing
theoretical support for the inhibition of condensation coking,
which is beneficial for achieving the reuse of high-speed aircraft.
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