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n-Decane is the most commonly used component in surrogate to study the properties of RP-3 aviation
kerosene for regenerative cooling systems and the engine injection systems. In this paper, the equilib-
rium molecular dynamics (EMD) and the reverse non-equilibrium MD (RNEMD) methods are adopted
and compared in the prediction of the thermal conductivity of the sub/supercritical n-decane. Four dif-
ferent united atom (UA) force field models and four all-atomic force field models are compared in the
EMD simulations. It is found that the UA models predict much better than the all-atom force field models
and EMD methods show better prediction accuracy than the RNEMD methods with the same UA models.
The SKS model has the best prediction accuracy among all the force field models for EMD and RNEMD
simulations. The MD results are compared with experimental data of RP-3 aviation kerosene; it is
obtained that the overall averaged absolute relative deviation (AARD) of EMD simulations with the
SKS force field model for the single component substitute of aviation kerosene by n-decane is 2.05%.
Moreover, the radial distribution functions are calculated via MD simulations to make a better under-
standing of the temperature dependences of the thermal conductivity at sub/supercritical pressure of
n-decane at a molecular level. The findings of this work could provide important guidance for the inves-
tigation of thermal conductivity of n-alkanes and n-alkane-based fuels.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

With the development of scramjets, more attention has been
paid to the physical parameter analysis, flow heat transfer and
thermal cracking of hydrocarbon fuel in the regenerative cooling
channel of aero engine cooling systems [1–4]. Aviation fuel has
been used as a cold source to reduce the temperature of the turbine
cooling air through a heat exchanger. As a typical aviation fuel, avi-
ation kerosene has gained more research interest for its heat trans-
fer characteristics under supercritical pressure. However, aviation
kerosene is made up of hundreds of hydrocarbons with complex
components, including paraffins, cycloalkanes, olefins, and aro-
matic hydrocarbons, and it is impossible to study and analyze
the entire components. In practical studies, the ‘‘alternative fuel”
method based on the mixture of several typical basic components
to represent the physical and chemical properties of real fuels has
been proposed and widely used [5–7].
Many theoretical studies have been made on the surrogate
single- or multi-component blend of pure hydrocarbons for alter-
natively describing the complex aviation fuels. By using a kinetic
model, Violi et al. [8] proposed the 6-component alternative fuel
for French aviation kerosene JP-8 and discussed the chemical
dynamics model of jet fuel. Dagaut [9] utilized a kinetic model to
investigate the reaction mechanisms and found a 3-component
alternative fuel model for JP-8. Huber et al. [10] mathematically
built a mixture model explicit in the Helmholtz energy and pro-
posed a 7-component alternative model to simulate the thermo-
physical properties of aviation fuel S-8. Liu et al. [11] studied the
n-decane chemical reaction mechanism using pre-evaporation
combustion models, and found that n-decane can be used as a
one-component surrogate fuel for RP-3 aviation kerosene to model
the combustion characteristics. Yan et al. [12] presented a two-
component surrogate fuel model with 92% n-decane and 8% n-
propyl benzene for combustion of RP-3 kerosene surrogate fuel
using the direct relation graph method. Liu et al. [13] formulated
a 5-component surrogate fuel by an optimization algorithm to
reproduce the ignition and laminar combustion properties of RP-
3 kerosene. Based on the extended law of corresponding states,
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Xu et al. [14] calculated the thermophysical properties of aviation
kerosene RP-3 and found that simple surrogate models containing
the n-decane species can provide reasonable accuracy. For RP-3
kerosene, n-decane is the most commonly used surrogate compo-
nent in the study of its thermophysical and chemical properties.
The critical pressure of n-decane is 2.103 MPa and the critical tem-
perature is 617.7 K [15].

Molecular dynamics (MD) simulations provide an alternative
way to study the thermophysical properties of alkanes [16,17]. In
recent years, MD simulations have become important in studying
the transport properties of working fluids [18–20]. Thermal con-
ductivity is an important thermodynamic parameter in the thermal
management system design, and accurate prediction and analysis
of the thermal conductivity of the aviation fuel are required. For
thermal conductivities of n-decane, some experimental works
[21,22] have been reported, however the experimental data is lim-
ited and studies carried out above 390 K is very few [23]. Although
many MD studies have been conducted on the thermophysical
properties of alkanes, such as density, shear viscosity, and self-
diffusion coefficient, however, MD studies of the thermal conduc-
tivity of alkanes are rare [24]. To the best of the authors’ knowl-
edge, no MD study on thermal conductivities of n-decane was
conducted at sub/supercritical pressure. Moreover, the prediction
accuracy of MD simulations depend not only the methods but also
the force field models adopted; thus a comparison of MD methods
and the different force field models for the prediction of the ther-
mal conductivity of alkanes is necessary.

In this study, equilibrium molecular dynamics (EMD) method
and the reverse non-equilibrium MD (RNEMD) method are
adopted and compared in the prediction of the thermal conductiv-
ity of the sub/supercritical n-decane. Four different united atom
(UA) force field models and four all-atomic field models are com-
pared in the EMD simulations. One-component surrogate by n-
decane for RP-3 aviation kerosene is also discussed. The numerical
data and uncertainty estimates are provided in the supplementary
material to allow readers to compare the obtained calculations.

2. Models and methodology

2.1. Force field models

Four united atom force field (UA) models are adopted and com-
pared in our MD simulations, including SKS [25,26], TraPPE-UA
[27], NERD [28], and OPLS-UA [29]. In the UA models, each CH2

and CH3 is represented by a pseudoatom, which is combined with
other pseudoatoms to represent linear chain molecules [19], as
shown in Fig. 1.

The unit sizes of CH3 and CH2 are expressed by rCH3 and rCH2

respectively, and the action sites of force field parameters of differ-
ent elements are determined by the standard Lorentz-Berthelot.

eij ¼ ðeiiejjÞ1=2 and rij ¼ rii þ rjj

2
ð1Þ

n-Decane molecules are nonpolar under these simulation condi-
tions, and the long-range electrostatic forces and Coulomb forces
are ignored. The energy system is calculated using the above four
model force fields as shown in the following formula.

V ¼ VðrÞ=kB þ VðhÞ=kB þ Vð/Þ=kB þ VðrijÞ ð2Þ
where VðrÞ,VðhÞ, Vð/Þ and VðrijÞ represent contributions of bond
stretching, angle bending, torsion angle and van der Waals interac-
tions [27], respectively. The Lennard-Jones(12–6) potentials are
used to describe the van der Waals interaction. Each term of Eq.
(2) can be expressed as follows:
2

VðrÞ=kB ¼ Kr

2
ðr � beqÞ2 ð3Þ

VðhÞ=kB ¼ Kh

2
ðh� heqÞ2 ð4Þ

Vð/Þ=kB ¼ V0 þ V1ð1þ cos/Þ þ V2ð1� cos2/Þ þ V3ð1
þ cos3/Þ ð5Þ

VðrijÞ ¼ 4eij
rij
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� �12
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� �6
" #
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where beq, heq and / denote equilibrium lengths of bond, equilib-
rium values of angle, and dihedral angles, respectively.
Vifi ¼ 0;1;2;3g are forcefield-specific coefficients. The non-
bonded interactions are described by the last two terms, in which
rij denotes the inter-atom distance, and rij and eij denote the inter-
action parameters of L-J potential which represent the energy
parameter and scale parameter, respectively. The united force field
parameters for the n-decane models are shown in Table 1.

In addition, four all-atom force field are also adopted for com-
parison with the UA models in our MD simulations, including
COMPASS [30], OPLS-AA [31], AMBER [32], and L-OPLS [33], the
details of the parameters of these models can be found in Refs.
[30–33].

2.2. EMD and RNEMD method

For EMD simulation with the Green-Kubo method, the thermal
conductivity can be calculated as the integral of the heat flow auto-
correlation function [34], as follows:

k ¼ 1
3kBVT

2

Z 1

0
J
!ð0Þ � J

!ðtÞ
D E

dt ð7Þ

where V is the volume of the system, kB is Boltzmann constant, and

T is the temperature of the system. J
!

represents the heat current at

time t, J
!ð0Þ � J

!ðtÞ
D E

denotes the heat current autocorrelation func-

tion (HCACF), where J
!ðtÞ ¼ P

i v
!

i e
!

i þ 1
2

P
i;j;i–j r

!
ijð F!ij � v!ijÞ. e!i is

the total energy including kinetic energy and potential energy,
and it can be expressed as e!i ¼ 1

2mi v!i þ 1
2

P
j–iuð r!ijÞ, where

uð r!ijÞ denotes the energy between two adjacent atoms. v!i, r
!

ij

respectively represent the kinetic energy of ith atom and the dis-
tance between atoms at different positions.

The RNEMD method proposed by Muller-Plathe [35] which can
be applied to calculate thermal conductivity according to the Four-
ier law as follows:

k ¼ � JZ
dT=dz

ð8Þ

where JZ , dT=dzrespectively represents the heat flux in the z direc-
tion and the temperature gradient obtained along the z direction.

2.3. Simulation details

All MD simulations are performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package [36].
The EMD simulations are carried out in 3D cubic box with periodic
boundary conditions applied along the x-, y- and z-directions to
avoid edge effects on the bulk fluid [25]. The time step is set as
1 fs. The cut-off distance for L-J interactions are chosen as
rc ¼ 3:5r[28]. For the simulations with all-atom models, columbic
interactions for a distance of two atoms shorter than 1.8 nm are
calculated directly [37], while those further are calculated through



Fig. 1. (color online). Simulation system for the calculation of thermal conductivity of n-decane via UA models.
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the particle–particle/particle-mesh (PPPM) method [38] with a
precision of 10�5 [39]. The minimization of energy is carried out
through the steepest descent method [37]. The simulations ini-
tially run for 500 ps in an isochoric-isothermal (NVT) ensemble
to control the system temperature. Then it is switched to the
isobaric-isothermal (NPT) and equilibrate the system at a given
pressure and temperature for 500 ps. Finally, the micro-canonical
ensemble (NVE) is used and simulations run for 500 ps for relax-
ation, and the following 2.5 ns is used for production and output.
In the RNEMD simulations, the simulation box filled with 500 n-
decane molecules of size 3L � 3L � 20L(3L = 29 Å) is used [24].
Simulations details including the boundary conditions, time step,
rc , and ensembles are the same as those which have been used dur-
ing EMD simulations, except an final 5 ns is used to generate
outputs.

3. Results and discussion

3.1. Prediction results by EMD simulations

The strategies of EMD simulations are adopted similar to those
in our previous studies [40–42]. To overcome the uncertainties of
the results associated with the EMD simulations, the thermal con-
ductivity is averaged over six independent runs where initial
velocity has been changed prior to each run. In earlier studies
[40,43] for transport properties of fluids, it has been found that five
or more independent simulations are enough and can ensures a
good balance of accuracy and efficiency for the simulations. To
Table 1
Parametric model of the united atom force fields.

Model SKS [25,26]

rCH3 ðÅÞ 3.93
rCH2 ðÅÞ 3.93
eCH3 ðKÞ 114.0
eCH2 ðKÞ 47.0
Kr ðK=Å2Þ 96,500

beq ðÅÞ 1.54
Kh ðK=rad2Þ 62,500

heq (�) 114.0
V0 ðKÞ 0
V1 ðKÞ 355.04
V2 ðKÞ �68.19
V3 ðKÞ 701.32

3

select the appropriate correlation time [44], the normalized HCACF
of n-decane is calculated. Fig. 2(a) shows the normalized HCACF in
six independent runs of EMD simulations with the SKS model, in
which the red line represents the averaged normalized HCACF of
the six independent runs, while other lines represent the normal-
ized HCACF results in each individual run. In Fig. 2(b), the averaged
normalized HCACF of EMD simulations with four different UA
models are compared. It can be observed that the normalized
HCACF decays to zero at around 7500 fs for EMD simulations with
different UA models. Therefore we select a correlation time of
7500 fs in the EMD simulations of the thermal conductivity.

In Fig. 3(a), the red line represents the averaged thermal con-
ductivity of the six independent runs, while other lines represent
the thermal conductivity results for each individual run. Fig. 3(b)
represents the averaged thermal conductivity of EMD simulations
with different UA models. To test the influence of the system size
on simulation, series EMD simulations are conducted with differ-
ent system sizes (n-decane molecules are taken as N = 125, 250,
500 and 1000) at a pressure of 3 MPa and temperature of
298.87 K. The calculated thermal conductivities are compared with
the reference data from National Institute of Standards and Tech-
nology (NIST) [42], as shown in Fig. 4. It can be observed that the
calculated thermal conductivity is in good agreement with NIST
data and not sensitive to the system size.

Since the prediction accuracy of the MD simulations method
largely depend on the force field model adopted, evaluation of
the prediction accuracy of different force field models is necessary.
To clarify the discussion, the absolute relative deviation (ARD)
TraPPE-UA [27] NERD [28] OPLS-UA [29]

3.77 3.91 3.905
3.93 3.93 3.905
98.1 104.0 88.1
47.0 47.0 59.4
96,500 96,500 96,500

1.54 1.54 1.54
62,500 62,500 62,500

114.0 114.0 112.0
0 0 0
355.04 355.04 355.03
�68.19 �68.19 �68.19
701.32 701.32 791.32



Fig. 2. (color online). The normalized HCACF: (a) Six independent runs of EMD simulations with the SKS model; (b) The averaged normalized HCACF with four different UA
models.

Fig. 4. (color online). Computed thermal conductivity of n-decane with different
system sizes.
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between the MD simulation results and those of data from NIST are

calculated as ARD ¼ ksim � kNIST
��� ���=kNIST � 100%, where ksim and kNIST

denote the thermal conductivity values from MD simulation and
the NIST data, respectively.

Thermal conductivities of n-decane are calculated via EMD sim-
ulations with different force field models at a pressure of 3 MPa.
Since the typical temperature of RP-3 aviation kerosene in the
cooling channel for scramjet applications is less than the critical
temperature (Tc = 645.04 K), we choose the temperature range of
350–600 K in our MD simulations. Firstly, four all-atoms force field
models, including the AMBER model, COMPASS model, L-OPLS
model and OPLS-AA model, are compared with the TraPPE-UA
model. The values of the computed thermal conductivities are
compared to the corresponding NIST data [45], as shown in
Fig. 5. For TraPPE-UA, AMBER, COMPASS, L-OPLS and OPLS-AA
model, the averaged ARDs (AARDs) between the MD simulation
results and NIST data are 5.01%, 119.26%, 137.72%, 153.02%, and
138.18%, respectively. It can be concluded that all-atom force field
results are heavily overestimated and almost fails to predict ther-
mal conductivities of the n-decane, while the TraPPE-UA model is
able to accurately replicate the NIST results. Such a significant
overestimation of the thermal conductivity for all-atom force field
models also has been observed in earlier studies [39,46] for some
of the alkanes. Zhang et al. [46] guessed that the better perfor-
Fig. 3. (color online). Thermal conductivity calculated by numerical integration of the a
runs;(b) the averaged thermal conductivity with different UA models.

4

mance of UA model possibly could be explained by the remove
of high-frequency degrees of freedom from the simulation, which
utocorrelation function. (a) The calculated thermal conductivity in six independent



Fig. 5. (color online). Comparison of thermal conductivity calculated by EMD simulation with four all-atoms force field models and an UA model of TraPPE-UA.
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act as quantum–mechanical oscillators in their ground state and do
not contribute to thermal conduction. Nazarychev et al. [39] sug-
gested that all-atommodels overestimate the thermal conductivity
in the highly disordered liquid state because of the shorter phonon
free path and the lower scattering of phonons due to the signifi-
cantly larger number of atoms in the all-atom systems compared
to the UA model. However, these explanations may be not convinc-
ing. For example, it is questionable whether high-frequency
degrees of freedom and the shorter phonon free path cause the
overestimation of the thermal conductivity for all-atom force field
models. The reasons for such an overestimation of the thermal con-
ductivity of n-decane for all-atom force field models should be fur-
ther explored.

We further compare the different UA models in the EMD simu-
lations for the thermal conductivity of n-decane. Here four UA
models, including SKS, TraPPE-UA, NERD and OPLS-UA, are adopted
and compared. During these simulations, the temperature range is
298.87–512.46 K, and the pressure is 3 MPa. It should be noted that
the temperatures are selected to be the same as those which have
been used in Ref. [47] for RP-3 aviation kerosene. Thus, our results
can be used in future investigations of alternative fuel model for
Fig. 6. (color online). EMD simulation results a

5

RP-3 aviation kerosene. As seen from Fig. 6, the averaged absolute
relative deviation (AARD) calculated by the four models is less than
10%. SKS model has the best overall performance, with an AARD
value of 3.67%, indicating that SKS model is able to describe the
thermal conductivity of n-decane more accurately.

3.2. Prediction results by RNEMD simulations

In the RNEMD simulations, we initially set up a simulation box
containing 500 n-decane molecules. The total number of n-decane
molecules in the system is same to that in our EMD simulations.
The corresponding simulation box size is 3L � 3L � 20L(3L = 29 Å
), as shown in Fig. 7. The simulation box is subdivided into 20 slabs
(each with width of L) along the z coordinate. Slab 1 and slab 20 are
defined as the cold slab and slab N/2 + 1 as the hot slab. Thermal
energy is extracted at a constant rate from cold slab and added
to hot slabs. First, the influence of the kinetic energy swap rate
on the computed thermal conductivity is evaluated, Since the
above section has shown that the SKS model has the best perfor-
mance among the compared force field models in predicting the
thermal conductivity of n-decane, the SKS model is selected for
nd deviations for four selected UA models.



Fig. 7. (color online). Simulation system for the RNEMD simulation of thermal conductivity of n-decane.

Fig. 9. (color online). n-Decane thermal conductivity of different swap rates at
512.46 K.
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the RNEMD simulations. Here the kinetic energy swap rate Ns

means kinetic energy exchange is performed every Ns steps in
the RNEMD simulations.

Fig. 8 shows the n-decane temperature profile with different
swap rates between 500 and 10000 at 512.46 K. The corresponding
temperature differences and the computed thermal conductivities
are shown in Fig. 9. It can be observed that a swap rate Ns = 5000 is
appropriate. In fact, overfrequency switching disturbances should
be avoided, as they will lead to a larger temperature gradient in
the simulation box. DT is too big and can lead to fluid in the coldest
slab act like supercooled liquid, while slowing the movement of
molecules in the slab. The resulting temperature profile computed
at different given temperatures (Ns = 5000) for n-decane is plotted
in Fig. 10.

Then four UA-force field models (SKS, TraPPE-UA, NERD&OPLS-
UA) have been used during RNEMD simulations to predict the ther-
mal conductivity of n-decane for the same previous molecular sit-
ting and boundary conditions. The thermal conductivity of n-
decane at supercritical pressure of 3 MPa is predicted by RNEMD
method and compared with the reference value given by NIST as
shown in Fig. 11. The thermal conductivities calculated by RNEMD
with SKS model are compared with the NIST data. It can be seen
that the predicted values by the SKS model are more consistent
with the NIST data compared with other models, and the AARD
of the SKS model is 6.0%.

3.3. Comparisons of EMD, RNEMD results, NIST data, and the RP-3
experimental data

To make a comprehensive comparison of the prediction perfor-
mance for the thermal conductivity values of n-decane between
Fig. 8. (color online). n-Decane temperature profile of different swap rates at
512.46 K.
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EMD and RNEMDmethod, a series of EMD and RNEMD simulations
are conducted at pressures of 0.1 MPa and 5 MPa, respectively. The
calculated thermal conductivity results are compared with NIST
data as shown in Fig. 12 where the thermal conductivity of RP-3
at given pressures and temperatures are also provided. When com-
pared with the NIST data, the AARDs from the EMD and RNEMD
simulation results at pressure of 0.1 MPa are 1.52% and 3.16%,
respectively; the AARDs of EMD and RNEMD simulation results
at a pressure of 5 MPa are 4.76% and 11.09%, respectively. The cor-
responding simulations results at pressure of 3 MPa calculated
Fig. 10. (color online). Resulting temperature profile with kinetic energy swap rates
equal to 5000 time steps for n-decane.



Fig. 11. (color online). Thermal conductivities calculated by RNEMD simulations and their deviations with different force field models. (a) Simulation results; (b) ARDs.
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above are also provided in Fig. 12(b). It can be concluded that the
EMD methods show better prediction accuracy than the RNEMD
methods. Moreover, the EMD and RNEMD simulation results can
also be compared with the experimental data of RP-3 aviation ker-
osene [47] for the MD study of one-component surrogate fuel for
RP-3. When compared with the experimental data of RP-3 aviation
kerosene, the AARDs of EMD and RNEMD simulation results at dif-
Fig. 12. (color online). EMD and RNEMD simulation results for n-decane comp

7

ferent pressures and temperatures are 2.05% and 6.34%,
respectively.

3.4. Local structures

The particle radial distribution function (RDF) can reflect the
local structure of the fluid, which is described as [48]:
ared with NIST data and experimental data of RP-3 at different pressures.
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gabðrÞ ¼
1

4pqbr2
dNabðrÞ

dr

� �
ð9Þ

where qb is the number density of species b and Nab is the mean
number of b-type particle lying in a sphere of radius r centered
on a a-type particle.

Here the RDFs of n-decane molecules are calculated with the
SKS force field at a pressure of 3 MPa and temperatures ranging
from 298.87 to 512.46 K, as shown in Fig. 13. The RDFs of pseu-
doatoms CH3-CH3 and CH2-CH2 are calculated at different temper-
ature and shown in Fig. 13(a).and 13(b), respectively. It can be
observed that the magnitudes of the primary peaks of
gðrÞCH3�CH3

and gðrÞCH2�CH2
are sensitive to the temperatures. With

the increasing of temperature, the magnitudes of the primary peak
decrease. This means that the higher the temperature, the higher
the kinetic energy of the molecules, hence the smaller the aggrega-
tion. For gðrÞCH3�CH3

, it can be observed apparently that the primary
peaks are shifted from 4.15 Å to 4.5 Å when temperatures increase
from 298.87 K to 512.46 K. With the increase of temperature, the
thermal motion of molecules intensifies, and the system becomes
loose and disorderly. Since the pseudoatoms CH3 locate at the
end of each n-decane molecules chain, the shift of the primary
peaks of gðrÞCH3�CH3

indicates that the end to end distances of the
n-decane molecules chains become larger with the increasing of
the temperature, thus decreasing the thermal conductivity.

4. Conclusions

In this paper, EMD and RNEMD simulations are conducted and
compared in the prediction of the thermal conductivity of n-decane
at sub/supercritical pressure. Four different UA force field models
and four all-atomic field models are assessed in the simulations.
The main conclusions are derived as follows:

� The UA force field models exhibit much better performance
than the all-atom force field models for the prediction of the
thermal conductivity of the n-decane at sub/supercritical
pressure..

� EMDmethods show better prediction accuracy than the RNEMD
methods with the same UA force field models.

� The SKS force field model has the best prediction accuracy
among all force field models.
Fig. 13. (color online). RDF between different pseudoat

8

� The results by EMD simulations with SKS force field model are
in good agreement with the referenced NIST data, and the over-
all AARD for the single component substitute of RP-3 aviation
kerosene by n-decane is below 3%.

n-Decane is the most commonly used components in surrogate
of RP-3 aviation kerosene for studying the thermophysical proper-
ties under subcritical and supercritical conditions in the regenera-
tion cooling systems and the engine injection systems. In fact, a
MD study directly on the surrogate multi-component blend of
hydrocarbons is necessary, and may be more valuable. However,
for the studies of the mixtures via MD simulations, the thermo-
physical properties of each components in the mixtures should
be studied separately first to find the appropriate force field model
and simulation strategies. The finding of this work could provide
important guidance for the investigation of thermal conductivity
of n-alkanes and n-alkane-based fuels.
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