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Abstract Self-diffusion and structural properties of n-
alkanes have been studied by molecular dynamics simula-
tion in the temperature range between the melting pressure
curve and 600 K at pressures up to 300 MPa. The simulated
results of lower n-alkanes are in good agreement with the
existing experimental data, and support the reliability of
results of the simulations of self-diffusion coefficients
obtained at the extreme conditions. We predict the self-
diffusion coefficients for methane, ethane, propane and n-
butane at the similar reduced temperatures and pressures to
draw a comparison between them. Then the correlation
between self-diffusion and structural properties are further
investigated by calculating the coordination numbers. More-
over, we define four distances and their corresponding rel-
ative deviations to characterize the flexibility of long-chain
n-alkanes. The simulated results show that the self-diffusion
of n-alkane molecules is mainly affected by the close pack-
ing, and the flexibility has a strong impact on the self-
diffusion of longer n-alkane molecules.
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Introduction

Diffusion coefficients are essential to evaluate mass transfer
rates, and the wide range of state and large variation of
species in industrial technology development and in aca-
demic research need a great deal of diffusion data [1-4].
Generally, there are three methods to obtain diffusion coef-
ficients: experimental determination, theoretical or empiri-
cal study and molecular dynamics simulation. It is very
difficult and expensive to determine diffusion data experi-
mentally over wide 7 and p ranges because of rigorous
experimental condition. Also, several reliable correlation
parameters needed for empirical or theoretical studies are
difficult to obtain. Computer simulation which has attracted
rather more attention and can be applied in much wider T’
and p ranges, has already become one of the most important
methods for obtaining diffusion coefficients of fluids. More-
over, such simulations can render structural properties to be
applied in the explanation of the transport properties [5—8].

The fluids of crude oils contain molecules with a wide
range of sizes and species, and many mineral oils are mainly
composed of alkanes. The composition of the oil determines
its property, so it is desirable to study the diffusion and local
structure of alkanes. Over the years, different methods have
been employed to investigate alkanes. Harris and Trappe-
niers [9] reported the self-diffusion coefficients and densi-
ties for liquid methane at 110, 140 and 160 K. They found
that the reduced diffusivity isotherms fell on a common
curve when plotted against reduced density. Liidemann et
al. [10, 11] measured the self-diffusion coefficients for a
series of alkanes between the melting pressure curve and
450 K at pressures up to 200 MPa by the application of the
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pulsed field gradient NMR technique, and analyzed the data
with the rough hard sphere and the interacting sphere model.
Dymond et al. [12, 13] showed that a simultaneous fit is
possible for thermal conductivity, viscosity, and self-
diffusion coefficient data of n-alkanes up to pressure of
650 MPa, by a correlation method based on consideration
of the exact hard-sphere theory of transport properties.
Some molecular dynamics (MD) simulation results for the
self-diffusion coefficient of n-butane and n-octane have
been reported in the literature [14, 15]. Jorgensen and cow-
orkers [16, 17] developed and tested the famous optimized
potentials for liquid simulations (OPLS) potential functions
for hydrocarbons through quantum chemical calculation and
Monte Carlo simulations. Another common approach for n-
alkanes is the anisotropic united atom (AUA) potential
[18-20]. Krishna and van Baten used MD simulation to
investigate the self-diffusivities of pure C1-C6 alkanes at
300 K for comparison with corresponding exchange coef-
ficients in micro- and meso-porous materials [21].

Although several theoretical and experimental investiga-
tions have been devoted to pure liquid n-alkanes, some
fascinating issues still remain. For instance, the critical
temperature of methane is far lower than that of other n-
alkanes, and the critical pressure of methane is lower than
that of ethane, while the critical pressure of other n-alkanes
decreases with increasing number of carbon. To the best of
our knowledge, questions concerning the relation between
the macroscopic self-diffusion and the microscopic structure
of n-alkanes over a wide temperature and pressure range
have not yet been definitively answered. For this reason,
detailed knowledge of self-diffusion and structure of n-alka-
nes (In this paper, we only studied the n-alkanes, so the
alkanes mentioned below are all n-alkanes. ) is reported
using computer simulation techniques. In this work, a set
of MD simulations were performed to obtain the self-
diffusion and structure for the fluid n-alkanes in the temper-
ature range between the melting pressure curve and 600 K at
pressures up to 300 MPa. The simulation results were com-
pared with the known experimental data to validate our
predictions, and were analyzed by the rough hard sphere
(RHS) model [22]. Then, the coordination numbers were
calculated to investigate the correlation between the self-
diffusion and structural properties. And we define four dis-
tances and their corresponding relative deviations to study
the flexibility of long-chain n-alkane. Finally, this work
strived to clarify the correlations between molecular struc-
ture and the translational dynamics in those fluids.

Computational methods

Simulations were performed with the TINKER V4.2 molec-
ular modeling software using the optimized potentials for
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liquid simulation (OPLS) force field. In order to improve the
accuracy of the simulation results, there are a few differ-
ences in method details for different n-alkanes. We applied
OPLS-AA force field for methane, and OPLS-UA force
field for other n-alkanes. To consider whether the larger
system more is in line with the measured diffusion data, in
the beginning of our work, the molecule numbers of pure n-
alkanes in the cubic simulation box were tried to be 300 and
500. Compared with observed self-diffusion coefficients, we
found that the simulated diffusion data obtained from
300 molecules are close to that from 500 molecules.
However, 500 molecules are time-consuming, so we
only choose 500 molecules for methane, ethane and
propane, while for the other n-alkanes, the molecule
numbers in the cubic simulation box were 300. The
cutoff distance of potential function was taken to be
1.0 nm. The long range electrostatic interactions were
taken into account by means of the Ewald summation
[23]. The Beeman algorithm for integration of the equa-
tions of motion was employed. The temperature and
pressure coupling were performed with the Berendsen
algorithm. The periodic boundary conditions were used
for all the simulations. The time step was set to be 1 fs.
Initially, runs of 2x10° time steps were taken to re-
equilibrate the system, and then runs of 1x10° time
steps were used to calculate the properties.

The MD simulation was performed in the NV'T ensemble
for calculating the diffusion coefficients and structural prop-
erties. The density is needed to determine the box size when
performing NVT ensemble simulation. Correct density will
help to obtain accurate self-diffusion coefficients. Therefore,
it is necessary to investigate the density of n-alkanes. Most
of the density data used in the simulation were taken from
NIST Chemistry WebBook [24]. If the density data are not
available in the literature, MD simulations were performed
in the NpT ensemble for calculating the density, with runs of
8x10° time steps.

Results and discussion
The heat of vaporization

To confirm the parameters adopted in this work, the inter-
molecular potential energy was simulated and the heat of
vaporization at the boiling point temperature was also cal-
culated. Both of them are listed in Table 1, along with
comparisons to the experimental values [25]. The heat of
vaporizations AH,,, ~ —E+RT is calculated from the simu-
lations, neglecting the slight change in the intramolecular
energies of molecules due to gas—liquid transition [17].
Table 1 shows that the simulation results are in good agree-
ment with experimental data.
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Table 1 Average intermolecular potential energies (kJ-mol™), heat of
vaporizations (kJ-mol™), compared with experimental heat of vapor-
izations at the boiling point temperature T},

Alkanes Ty (K) Einter AH,,, AH,,(exp)
Methane 111.67 =7.09 8.02 8.19
Ethane 184.55 —13.06 14.60 14.69
Propane 231.05 -16.13 18.05 19.04
n-Butane 272.65 -19.34 21.61 22.44
n-Pentane 309.21 —22.77 25.34 25.79
n-Hexane 341.88 —26.03 28.87 28.85
n-Heptane 371.55 —29.17 32.26 31.77
n-Octane 398.82 —30.42 33.74 3441
n-Nonane 423.97 —32.99 36.52 37.18
n-Decane 447.3 —35.41 39.13 39.58

The experimental data are taken from ref. [25]

Diffusion coefficients

The self-diffusion coefficient is calculated from the long-
time limit of the mean-square displacement (MSD) by the
following equation.

(Ir(t) = r(O))

D = lim ,
6t

1—00

(1)

where 7(¢) is the position of a molecule at time #, and the
average is carried out over the time origin for autocorrela-
tion and over all the molecules as usual.

As mentioned above, in this work, the MD simulation
was performed in the NVT ensemble for calculating the
diffusion coefficients. Additionally, we took a few tests by
running in the NVE ensemble with the same density as NVT
ensemble (but probably not exactly the same temperature as
NVT ensemble). The results are listed in Supplementary
materials (Supplementary Tables S-1 and S-2). It is obvi-
ously that the simulated self-diffusion coefficients in the
NVE ensemble are about two orders of magnitude smaller
than the experimental data. Because of the abnormal devia-
tion, herein, it is inappropriate to study the n-alkanes in the
NVE ensemble.

The self-diffusion coefficients of CH,, C,Hg, CsHg, n-
C4H,y obtained from MD simulation and the measured
values are collected in Tables 2, 3, 4 and 5. The average
relative deviations between the experimental data [10] and
the simulated self-diffusion coefficients for CH4, C,Hg,
CsHg, n-C4H,g are 5.1 %, 5.4 %, 4.6 %, 5.5 % respectively.
Generally, the simulation results agree well with exper-
imental values, so we can use the simulation method to
obtain the self-diffusion coefficients at very high tem-
peratures and pressures, under which it is rather difficult
to do experiment. In the present work, we predict the
self-diffusion coefficients for CH4, C,Hg, C3Hg, n-C4H; o
at similar reduced temperatures and pressures to make a
comparison between them, under such conditions there
have been no experimental data.

Additionally, we also simulated the self-diffusion coeffi-
cients for long-chain alkanes, from n-CsH;, to n-C;oHj,,
and compared the simulated data with the measured values
[26] (for n-C;oH,,, compared the simulated data with the
calculated data [13] simultaneously), which are listed in
Tables 6, 7, 8, 9, 10 and 11. In Table 11, at low temper-
atures, the simulation seriously overestimates the self-
diffusion coefficients, while the calculated data are in good
agreement with the measured values. With increasing tem-
perature, the relative error between the simulated data and
the measured values significantly decreases, while the rela-
tive error between the calculated data and the measured
values significantly increases. At high temperatures and
low pressures, the calculation more overestimates the self-
diffusion coefficient than the simulation does. In Tables 6, 7,
8,9, 10 and 11, the relative deviations between the experi-
mental data and the simulated self-diffusion coefficients for
n-CsHy, to n-CoH,, are all rather large, not the same as the
short-chain n-alkanes discussed above. The relative devia-
tion increases obviously as the carbon chain increases, or the
temperature decreases, or the pressure increases. Such rela-
tive deviations are due to the flexibility of long-chain n-
alkanes, and will be discussed later.

It is known that the critical temperature of methane
(190.56 K) is much lower than that of ethane (305.33 K),
propane (369.83 K) and r-butane (425.125 K), which is not
like the series of amines being studied in the previous study

Table 2 Comparison of experi-

mental and simulated self- T (K) 11 MPa 31 MPa 107 MPa 207 MPa 300 MPa

diffusion coefficients D for

methane in 10° m2s™! Exp. MD Exp. MD Exp. MD Exp. MD Exp. MD
295 158 165 57.4 56.2 26.1 25.7 17.7 17.2 - 13.5
364 252 267 923 95.1 39.2 385 26.2 25.0 - 19.5
403 315 328 118 118 - 453 - 29.4 - 23.2

The experimental self-diffusion 454 345 416 146 153 59.3 56.2 40 36.1 - 28.1

coefficients are taken from ref. 500 _ 491 _ 182 _ 65.5 _ 41.4 _ 32.9

[10]
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Table 3 Comparison of experi-

mental and simulated self- T (K) 25 MPa 50 MPa 100 MPa 200 MPa 300 MPa

diffusion coefficients D for eth-

ane in 107 m2s! Exp. MD Exp. MD Exp. MD Exp. MD Exp. MD
136 1.66 1.74 1.42 1.47 1.09 1.20 0.70 0.719 - 0.493
202 6.04 6.16 5.05 5.08 3.80 4.09 2.76 2.62 - 1.93
294 18.7 17.6 14.0 13.8 10.3 10.6 7.30 7.18 - 5.16

The experimental self-diffusion 454 71.6 67.9 43.2 40.0 30.5 27.4 20.8 17.5 - 13.2

coefficients are taken from ref. 500 _ 90.6 _ 50.3 _ 33.6 _ 21.2 - 16.0

[10]

[27]. Moreover, the critical pressure of methane (4.60 MPa)
is lower than that of ethane (4.87 MPa), while the critical
pressure of other n-alkanes decreases with increasing num-
ber of carbon. Therefore, we draw a comparison between
them at the following similar reduced temperatures: 152 K
(7,=0.80) and 258 K (7,=1.35) for methane, 243 K (7=
0.80) and 413 K (7,=1.35) for ethane, 294 K (7,=0.80) and
500 K (7,=1.35) for propane, 338 K (7,=0.80) and 575 K
(T,=1.35) for n-butane. On the other hand, we choose the
following similar reduced pressures: 11 MPa (p,=2.39)
and 207 MPa (p,=45.01) for methane, 11 MPa (p,=2.26)
and 219 MPa (p,=44.95) for ethane, 10 MPa (p,=2.35)
and 191 MPa (p,=44.97) for propane, 9 MPa (p,=2.37)
for n-butane.

In Figs. 1 and 2, the influences of temperature and
pressure upon the self-diffusion coefficients obtained from
MD for the four n-alkanes at similar reduced temperatures
and reduced pressures are compared. Obviously, the self-
diffusion coefficients of CH4, C,Hg, C3Hg, n-C4H o are
approximately equal at the same reduced temperature and
reduced pressure. As shown in Fig. 1, the self-diffusion
coefficient decreases with increasing pressure and the trend
is more pronounced at lower pressures, especially under the
condition of low pressures and high temperatures. In Fig. 2,
the self-diffusion coefficient increases as the temperature
increases, and the trend is more pronounced at lower tem-
peratures, especially near the critical temperature.

Description of D by the RHS model

In order to explore the nature of n-alkanes further, we
analyzed the simulated self-diffusion coefficients for n-

alkanes by the RHS model. The hard sphere diffusion coef-
ficient Dy ys for a dilute gas composed of hard spheres is
according to the theory of Chapman [28] and Enskog,

3 (kT\'?
8pa? <m7t) ’
with p the number density, o the hard sphere diameter,
kg the Bolzmann’s constant, 7' the temperature, and m
the mass of the sphere. In denser fluids, correlations
between the particles have to be taken into account,
which is done by fitting the Dyg obtained from com-

puter simulations as a function of the packing fraction
n=po° to a polynomial [29].

(2)

Dons =

Dys = Do usP(n)

(3)

P(n) = (1 —n/1.09)[1 + n*(0.4 — 0.83n%)] (4)

In real liquids, attractive interactions as well as deviations
from spherical symmetry lead via rotation-translation cou-
pling to a retardation of translational mobility. According to
Chandler [30], the experimental diffusion coefficient Deyp
should thus correspond to the diffusion coefficient of a
rough hard-sphere Dryg given by

Deyp ~ Drus = ADys (4 < 1),

(5)

where A characterizes the extent of a rotation-translation
coupling. This leaves two free parameters for the de-
scription of self-diffusion data as a function of density
and temperature: the diameter of the hard sphere o and
the parameter 4.

Table 4 Comparison of experi-

mental and simulated self- T (K) 25 MPa 50 MPa 100 MPa 200 MPa 300 MPa

diffusion coefficients D for pro-

pane in 10° m2s! Exp. MD Exp. MD Exp. MD Exp. MD Exp. MD
112 0.249 0.261 0.199 0.218 0.144 0.152 - 0.128 - 0.0961
203 2.79 2.94 237 2.47 1.821 1.80 1.186 1.35 - 1.07
294 9.095 9.08 7.036 7.45 5.65 5.68 3.832 3.94 - 3.28

The experimental self-diffusion 453 329 335 22.8 23.1 15.97 16.0 10.63 11.8 - 9.57

coefficients are taken from ref. 500 _ 455 _ 203 _ 19.8 _ 14.2 _ 11.5

[10]
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Table 5 Comparison of experimental and simulated self-diffusion
coefficients D for n-butane in 10° m*s™"

Table 7 Comparison of experimental and simulated self-diffusion
coefficients D for n-hexane in 10 m*s™*

T (K) 5 MPa 50 MPa T (K) 5 MPa 50 MPa
Exp. MD Exp. MD Exp. MD Dev. (%) Exp. MD Dev. (%)
193 1.86 2.04 1.50 1.54 214 1.15 1.43 243 0.74 1.02 37.7
251 4.75 4.66 3.56 3.45 271 2.76 3.42 23.7 1.99 2.47 24.1
295 7.61 7.96 5.84 5.59 313 4.83 5.51 14.1 3.37 3.95 17.1
332 10.8 11.5 8.08 7.55 370 8.23 9.01 9.5 5.43 6.21 14.3
382 20.0 18.6 12.0 10.9 443 14.6 16.4 12.6 8.69 9.88 13.7

The experimental self-diffusion coefficients are taken from ref. [26]

The RHS-diameter o and rotation-translation coupling
parameter A derived from the fits for n-alkanes are
complied in Table 12, and they are in good agreement
with published data [10, 11]. Generally, the diameter o
decreases slightly with increasing temperature, as is
typical for all other substances studied [31-35], and
increases with increasing number of carbon. The
rotation-translation coupling parameter A4 includes the
influence on self-diffusion coefficient of all factors ig-
nored in the RHS model, e.g., the effect of attractive
forces, deviations from spherical symmetry and aniso-
tropic interactions. While the parameter 4 is smaller,
there is a stronger influence of rotation-translation cou-
pling upon the diffusion. The parameter 4 for n-alkanes
generally increases with increasing temperature, and
decreases with increasing number of carbon. It suggests
that the influence of rotation-translation coupling upon
the diffusion increases with decreasing temperature or
increasing number of carbon.

Coordination numbers

The local structures of these fluids were further investi-
gated in terms of coordination numbers n(r) at the
temperatures and pressures similar to the states of

Table 6 Comparison of experimental and simulated self-diffusion
coefficients D for n-pentane in 10”° m*s ™!

T(K) 5MPa 50 MPa
Exp. MD Dev. (%) Exp. MD Dev. (%)
193 1.12 1.48 325 0.81 1.13 39.8
252 2.90 3.56 22.8 2.35 2.69 14.7
293 5.07 5.73 13.0 3.76 4.24 12.8
355 9.78 10.2 4.0 6.18 7.10 14.9
450 28.8 24.3 —-15.5 12.2 12.9 5.8

The experimental self-diffusion coefficients are taken from ref. [26]

studying self-diffusion coefficients, and the n(r) is cal-
culated from the following equation.

r

r’g(r)dr, (6)

n(r) = 4np, L

where po is the number density, g(r) is the radial dis-
tribution functions, » represents the cut-off distance
corresponding to the first minimum of the radial distri-
bution function.

The average coordination numbers n(r) of CHy, C,Hg,
CsHg and n-C4H; at the temperatures and pressures similar
to the conditions of studying the self-diffusion coefficients
are plotted in Figs. 3 and 4. The average coordination
number of CHy is in good agreement with the result (n(r)=
12) of Habenschuss [36]. Generally, the average coordina-
tion numbers of the four alkanes are approximately equal at
the same reduced temperature and reduced pressure. As
shown in Fig. 3, the average coordination number increases
when the pressure rises, and the trend is more pronounced at
lower pressures, especially at high temperatures. In Fig. 4,
the average coordination number decreases when the tem-
perature rises, and the trend is remarkably near the critical
temperature at lower pressures.

Table 8 Comparison of experimental and simulated self-diffusion
coefficients D for n-heptane in 10° m*s ' at saturation vapor

pressure

T (K) Exp. MD Dev. (%)
187 0.292 0.549 88.0

198 0.436 0.786 80.2

214 0.727 1.11 53.2
226 0.976 1.37 39.9

251 1.53 2.17 41.9

278 2.39 3.08 28.7

315 3.59 4.60 28.0

365 6.00 7.26 21.0

The experimental self-diffusion coefficients are taken from ref. [26]

The experimental self-diffusion coefficients are taken from ref. [26]
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Table 9 Comparison of experimental and simulated self-diffusion
coefficients D for n-octane in 10° m®s " at saturation vapor pressure

T (K) Exp. MD Dev. (%)
223 0.548 0.953 73.9
251 1.06 1.59 50.4
295 2.15 3.03 40.8
354 3.93 5.45 38.7
395 6.13 7.80 27.2

The experimental self-diffusion coefficients are taken from ref. [26]

From the above analysis we find that although the critical
temperature of methane is much lower than that of other
alkanes, the average coordination numbers as well as the
self-diffusion coefficients of the four n-alkanes are approx-
imately equal at the same reduced temperature and reduced
pressure. It shows that the distribution of molecules in the n-
alkanes systems affects the self-diffusion. In other words,
the p-T dependence of self-diffusion properties of such
fluids originates from the evolution of their structures.

Flexibility effect

The flexibility of a chain molecule is essentially determined
by the rotational behavior of the skeletal bonds and the inter-
segmental interactions. Free bond-rotation and weak interseg-
mental interactions would lead to greater flexibility. There are
many angles and torsions in long-chain n-alkanes. If the angle
and torsion are used to characterize the flexibility, the compu-
tational and programming costs are large. Thus, we try to find
a simple way to characterize the flexibility. It is well known
that the mean-square end-to-end distance is usually adopted to
evaluate the flexibility of the polymer molecule. Similarly, in
this work, we define four distance parameters dag, dac, dam
and dcy to characterize the flexibility of molecules, where A
and B are the two terminal carbon atoms, C is the center of
carbon chain and M is the instantaneous center of mass of
carbon chain, respectively. While the number of carbon atom
is odd, the center of carbon chain is just the middle carbon
atom. Otherwise, the center of carbon chain is the center
between the two middle carbon atoms. As described above,
in this work, the temperature and pressure coupling in MD
simulation were performed with the Berendsen algorithm. In
order to check if the simulation results are influenced by the
thermostat, a few additional calculations were performed
by the Andersen algorithm and the results are listed in
Supplementary materials (Supplementary Tables S-3 and
S-4). Obviously, the distances which characterized the
flexibility of molecules conducted by the Andersen al-
gorithm are in good agreement with those by the
Berendsen algorithm. Therefore, our results are almost
not influenced by the thermostat.

@ Springer

The distances dag, dac, dam and dey for n-decane varied
with temperature and pressure are plotted in Fig. 5. It is seen
in Fig. Sa, the distances dap, dac and day decrease with
increasing temperature, while dcy increases with increasing
temperature. In other words, an increase in the temperature
would lead to a greater transformation probability, and n-
decane molecules become more curved. Thus, the flexibility
of n-decane molecule increases with increasing temperature
and it is similar to the trend that the flexibility of the
polymer molecule increases with increasing temperature
[37, 38]. In Fig. 5b, the distances dap, dac and dy; increase
slightly with increasing pressure, while dcy decreases
slightly with increasing pressure. Therefore, the flexibility
increases with increasing temperature and declines with
increasing pressure, and the flexibility is more affected by
temperature than pressure.

Furthermore, we use the parameter 753, the relative devi-
ations between the distances at different conditions and at
corresponding initial state to study the content of variation
of molecular flexibility, and r5p is defined by Eq. 7.

- _ dAB(}’I) — dAB(i)
AB dAB(i)

where dap(n) is the distance at different temperatures and
pressures, dap(7) is the distance at initial state. Of course, we
can use the parameters ¢, "am and 7oy to characterize the
content of variation of molecular flexibility and carry out
similar analysis.

Figure 6 shows the relative deviations r,p varied with
carbon number and temperature. Obviously, the deviation
becomes more and more serious with increasing carbon
number or increasing temperature, and it means that the n-
alkane with longer chain at higher temperature has greater
flexibility. From Fig. 6, we can explain why the relative
deviation between the experimental data and the simulated
self-diffusion coefficients for n-CsH;, to n-C;oH,, increases
with increasing carbon number. When carbon number
increases, the flexibility of carbon chain becomes larger
and larger, and the carbon chain tends to become more
curved. So the longer chain n-alkane is easy to exist in the

% 100%, (7)

Table 10 Comparison of experimental and simulated self-diffusion
coefficients D for n-nonane in 10° m*s ' at saturation vapor pressure

T (K) Exp. MD Dev. (%)
226 0.379 0.704 85.6
251 0.722 1.21 68.0
278 1.18 1.88 59.3
315 2.15 2.94 36.7
365 3.92 5.10 30.1
406 5.45 7.17 31.6

The experimental self-diffusion coefficients are taken from ref. [26]
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Table 11 Comparison of exper-

imental, simulated and calculat- T'K) 5MPa 50 MPa 100 MPa 150 MPa

ed self-diffusion coefficients D

for n-decane in 10™° m3s ! Exp. MD  Cale.  Exp. MD Cale. Exp. MD Calc. Exp. MD Calc.
264 0.686 1.12  0.640 - - - - - - - - -
286 1.03 1.65 1.07 0.677 1.18 0.675 - - - - - -
314 1.60 234 1.79 1.13 .71 117 - - - - - -
348 2.50 350 291 1.80 254  1.95 125 193 137 - - -

. e 392 3.94 5.02 477 2.78 3.77  3.20 207 282 230 156 230 1.74

The experimental self-diffusion

coefficients are taken from ref. 448 6.24 7.87 7.86 4.20 550 5.08 3.14 424 370 246 336 2.86

[26]. The calculated self- 500 - 11.0 117 - 731  7.05 - 546 510 - - -

diffusion coefficients are taken 600 R 20 234 R 11.8  11.1 R 870 7.76 - - _

from ref. [13]

coiled state, and the coiled state could slow down the
self-diffusion. When this situation occurs, it is hard for
the OPLS force field to describe the self-diffusion ac-
curately, and the simulated self-diffusion coefficients
overestimate the corresponding experimental data.
Figures 5 and 6 show that the flexibility increases
with increasing temperature. However, the relative devi-
ation between the experimental data and the simulated
self-diffusion coefficients for n-CsH;, to n-C;oH,,
decreases with increasing temperature. In order to ex-
plain this phenomenon, we compared the increment of
self-diffusion coefficients and flexibility of n-decane
with temperature and the results are shown in Fig. 7.
The self-diffusion coefficients in Fig. 7a and the dis-
tances dcy in Fig. 7b both increase with rising temper-
ature. Then, we make the derivative for the self-
diffusion coefficients and dcy, respectively. It is seen
in Fig. 7c, the derivative of self-diffusion coefficients
increases with increasing temperature, while the deriva-
tive of dcy decreases with increasing temperature
shown in Fig. 7d. At low temperatures, while the self-
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—a— Methane 152K
—— Methane 258K
—e— Ethane 243K
—O0— Ethane 413K
—a— Propane 294K .
—A— Propane 500K ]
—&— n-butane 338K
—O— n-butane 575K

10'9 £ . 1 . 1 . 1 . =
0 20 40 60 80

Reduced pressure

Fig. 1 Simulated self-diffusion coefficients for methane, ethane, pro-
pane and n-butane as a function of reduced pressure at two groups of
similar reduced temperatures

diffusion is slow, although the flexibility is small, it has
an important influence upon the diffusion of molecules.
However, the OPLS force field parameters used in the
simulation are not very exact to represent the real coiled
state of molecules and their variation with temperature
and pressure. Therefore, it is hard for the OPLS force
field to describe the dynamics properties like the self-
diffusion accurately, and the simulated self-diffusion
coefficients overestimate the corresponding measured
data. As the temperature rises, the flexibility increases,
while the self-diffusion coefficient increases more rap-
idly. At high temperatures, while the self-diffusion is
rather fast, although the flexibility is large comparing
with that at low temperature, it only has a minor influ-
ence upon the diffusion. In other words, at high temper-
atures, the OPLS force field is better to describe the
self-diffusion, and the simulated self-diffusion coeffi-
cients are closer to the corresponding experimental data.
Moreover, the relation between the self-diffusion and
flexibility varied with pressure is similar to that varied
with temperature. Therefore, the flexibility leads to the
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Reduced temperature
Fig. 2 Simulated self-diffusion coefficients for methane, ethane, pro-

pane and n-butane as a function of reduced temperature at two groups
of similar reduced pressures
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Table 12 RHS-diameter o and parameter 4 derived from the fitting of
D for n-alkanes

Alkanes T (K) A o (101° m)
Methane 152-500 0.95-1.06 3.59-3.41
Ethane 136—500 0.62—0.95 4.17-3.99
Propane 203-500 0.62—0.97 4.61-4.55
n-Butane 250-550 0.88-0.97 5.01-4.89
n-Pentane 250-600 0.85-0.97 5.34-521
n-Hexane 250-600 0.75-0.97 5.63—5.54
n-Heptane 250- 600 0.78-0.93 5.93-5.78
n-Octane 250-600 0.73-0.90 6.19-6.04
n-Nonane 250-575 0.64-0.86 6.42-6.27
n-Decane 300—600 0.69-0.83 6.62—6.49

coiled state of long-chain n-alkanes and has an impor-
tant influence upon the self-diffusion. This analysis
agrees well with the results derived in the RHS model.

Conclusions

We have carried out molecular dynamics simulations of the
pure fluid n-alkanes in the temperature range between the
melting pressure curve and 600 K at pressures up to
300 MPa. In general, the results of MD simulation for
CH,, C,Hg, C3Hg and n-C4H;( are in good accordance with
literature self-diffusion data. It is shown that MD simulation
could predict the self-diffusion coefficients of lower alkanes
precisely. For the above four lower n-alkanes, the self-
diffusion coefficients are approximately equal at the same
reduced temperature and reduced pressure. Then, the simu-
lated self-diffusion coefficients for n-alkanes were analyzed
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Fig. 3 The average coordination numbers n(r) of methane, ethane,

propane and n-butane as a function of reduced pressure at two groups
of similar reduced temperatures
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Fig. 4 The average coordination numbers n(r) of methane, ethane,
propane and n-butane as a function of reduced temperature at two
groups of similar reduced pressures
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Fig. 6 The relative deviations rap for n-alkanes

by the rough hard sphere (RHS) model. Generally, the
parameter A increases with increasing temperature, while
the diameter o decreases slightly with increasing tempera-
ture. On the other hand, the parameter 4 decreases with
increasing number of carbon, while the diameter ¢ increases
with increasing number of carbon.
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Derivative of

Furthermore, the coordination numbers have been
calculated to represent the internal structure of fluids.
We find that the average coordination numbers of CHy,
C,H¢, C3Hg and n-C4H;¢ are approximately equal at
the same reduced temperature and reduced pressure,
which are consistent with the case of self-diffusion
coefficients. Then the defined four distance parameters
and their corresponding relative deviations can better
characterize the flexibility of long-chain n-alkane and
their variations with carbon number, temperature and
pressure. At low temperatures or high pressures, the
flexibility has an important influence upon the diffu-
sion, and the simulated self-diffusion coefficients over-
estimate the corresponding experimental data. At high
temperatures or low pressures, the flexibility has a
minor influence upon the diffusion, and the simulated
self-diffusion coefficients are close to the corresponding
experimental data. Therefore, the p-T dependence of the
self-diffusion properties of such fluids originates from
the evolution of their structures, while it is mainly due
to the close packing of alkane molecules, and the
flexibility has a great impact on the self-diffusion of
long-chain n-alkane molecules.
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Fig. 7 Comparison between the self-diffusion coefficients and distances dcy for n-decane. (a) self-diffusion coefficients D; (b) distances dcy; ; (¢)

derivative of self-diffusion coefficients; (d) derivative of dcy
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