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A B S T R A C T

The diffusion coefficients of the first five n-alkanes in water at infinite dilution have been obtained from
molecular dynamics simulations over a wide range of temperatures at 0.1 MPa and additionally, for
methane and n-butane, at higher pressures up to 200 MPa. Comparison with available experimental data
provides confidence in the accuracy of the predictions using the TIP4P/2005 model for water and the
TraPPE force field for n-alkanes. Additionally, a Speedy–Angell-type phenomenological equation that
captures the pressure and temperature behavior of the methane and n-butane is provided which can be
used for engineering calculations. Furthermore, it is shown that the diffusion coefficients of methane and
n-butane obey the Stokes–Einstein equation. Finally, the molecular structure of water–n-alkane mixtures
is examined.

ã2015 Elsevier B.V. All rights reserved.

1. Introduction

Diffusion coefficients of the binary mixtures of water (H2O)
with light hydrocarbons are important for the study and design of
numerous geological [1], petroleum [2–4] and chemical [5,6]
engineering and environmental [7] applications. Light hydro-
carbons are produced massively in the subsurface [8] either
biogenically [9,10] or thermogenically [8], depending on the
prevailing temperature and pressure conditions. Upon accumu-
lation they can migrate upwards, as a result of buoyancy forces. If
interstitial H2O is encountered by the light n-alkanes, either
during the production or the migration stages, dissolution and
subsequent diffusion will take place. In oceanic sediments the
migrating gases can encounter the hydrate stability zone
(provided that the pressure and temperature conditions are
appropriate), where they can remain trapped in the form of solid
clathrate hydrates [11]. If hydrate formation is not possible,
eventually the migrating gas can reach the ocean floor. The
competition between advection and diffusion in the H2O column
will determine whether the light n-alkanes will eventually escape
to the atmosphere [12]. Such processes can have a significant

effect to the global climate since methane (CH4) is a strong green-
house gas.

The diffusion coefficients of short n-alkane molecules in H2O for
temperatures up to approximately 400 K and atmospheric
pressures have been repeatedly measured experimentally during
the last 5 decades [13–21]. More recently, the diffusion coefficients
of CH4 in H2O for temperatures up to 473 K and pressures up to
40 MPa have been measured by Guo et al. [22] by means of Raman
spectroscopy. The authors proposed a Speedy–Angell power-law-
type [23] correlation for the calculation of the diffusion coefficient
of infinite diluted CH4 in H2O. Mutoru et al. [24] correlated the
available experimental results and proposed a novel phenomeno-
logical model for the prediction of the mutual diffusion coefficients
of the H2O–CO2 mixture, that performs equally well for binary
mixtures of H2O with light n-alkanes (CH4, C2H6 and C3H8). A
thorough discussion of various semi-empirical correlations, based
either on the kinetic theory of Chapman–Enskog [25,26] or on the
Stokes–Einstein hydrodynamic theory [27], is reported by Cussler
[28], and Taylor and Krishna [29].

The experimental determination of thermodynamic proper-
ties and transport coefficients is usually costly and difficult to
perform, especially when measurements at high pressures and/or
temperatures are required. Alternative approaches like atomistic
simulations have been proven reliable techniques for estimating
thermodynamic or transport properties at temperature and* Corresponding author.

E-mail address: ioannis.economou@qatar.tamu.edu (I.G. Economou).

http://dx.doi.org/10.1016/j.fluid.2015.05.050
0378-3812/ã 2015 Elsevier B.V. All rights reserved.

Fluid Phase Equilibria 407 (2016) 236–242

Contents lists available at ScienceDirect

Fluid Phase Equilibria

journal homepage: www.else vie r .com/ locat e/fluid

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2015.05.050&domain=pdf
mailto:ioannis.economou@qatar.tamu.edu
http://dx.doi.org/10.1016/j.fluid.2015.05.050
http://dx.doi.org/10.1016/j.fluid.2015.05.050
http://www.sciencedirect.com/science/journal/03783812
www.elsevier.com/locate/fluid


pressure conditions that are experimentally unfeasible. To this
purpose, various simple, yet efficient force-fields, for the
representation of H2O (as is discussed in detail in the reviews
[30,31]), and n-alkane [32–35] molecules were developed.

Despite the significant effort that was put into the prediction of
phase equilibria of mixtures of H2O with n-alkanes [36–44] by
many research groups, only one molecular simulation study exists
in the literature for the diffusion coefficient of CH4 in H2O, while
none for higher n-alkanes. Specifically, Shvab and Sadus [45] have
performed an extensive series of molecular dynamics (MD)
simulations for the calculation of a number of thermodynamic
properties and diffusion coefficients of the H2O–CH4 mixture for
various CH4 compositions. The authors reported extended
calculations that include the pressure–temperature behavior,
isothermal and adiabatic compressibility, thermal pressure and
expansion coefficients, heat capacity, speed of sound, and Joule–
Thomson and diffusion coefficients.

From the above, it becomes clear that a comprehensive study of
the diffusion coefficients of short n-alkane molecules in H2O over
the range of temperatures and pressures relevant to industrial and
geological applications is still needed. The main objective of the
current study is to report an extensive series of MD simulations for
the diffusion coefficients of CH4, C2H6, C3H8, n-C4H10, and n-C5H12

in H2O at a wide range of temperatures (up to 623.15 K) and
pressures (up to 200 MPa). The structure of this paper is as follows:
In Section 2, a short description of the intermolecular potentials
and the simulation methods used is given. In Section 3, a brief
analysis of the molecular structure of H2O–n-alkane mixtures is
presented followed by presentation of the results for the diffusion
coefficient and a comparison with the available experimental data,
that are limited to pressures up to 40 MPa for the case of H2O–CH4,
and to 0.1 MPa for all the other mixtures considered in the current
study. Additionally, we present a phenomenological model for the
calculation of the diffusivities of n-alkanes in H2O as a function of
pressure and temperature, which can be used for engineering
calculations. Finally, we conclude with a brief summary of our
findings.

2. Model and methods

2.1. Intermolecular potentials

For the representation of H2O the TIP4P/2005 [46] force field was
used. The TIP4P/2005 is a rigid 4-site model in which a Lennard–
Jones (LJ) sphere is fixed on the oxygen site. The electrostatic
contributionsare implementedby positivepartialchargeslocatedon
each hydrogen atom and a negative partial charge fixed on an “M-
site”, located on the bisector of the H–O–H angle at 0.1546 Å from the
oxygen atom. For the n-alkanes, the TraPPE [32] model was
employed. Since the TraPPE force field is based on a united atom
(UA) description, different pseudoatoms are used to describe CH4,
CH3 and CH2 groups. The non-bonded interactions between the
pseudoatoms separated by more than three bonds or belonging to
different molecules were calculated by the LJ potential:

ULJðrijÞ ¼ 4eij
sij

rij

� �12

� sij

rij

� �6
" #

(1)

where eij, sij, and rij are the LJ well depth, the LJ size, and the
distance for the atoms i and j, respectively. The non-bonded
interactions between H2O molecules were calculated as the sum of
the LJ repulsion–dispersion and the Coulombic interactions:

UcoulðrijÞ ¼ qiqj
4pe0rij

(2)

where e0 is the vacuum permittivity.

The LJ parameters for the interactions between atoms belong-
ing to different molecules were calculated using the standard
Lorenz–Berthelot combining rules [47]:

eij ¼ eiiejj
� �1=2 (3)

sij ¼
1
2
sii þ sjj
� �

(4)

In all cases studied, the pseudoatoms are connected by bonds with
a fixed length and the bond angle bending is given by a harmonic
potential:

UbendðuÞ ¼ ku
2
u � u0ð Þ2 (5)

where ku and u0 are the force constant [48] and the equilibrium
angle, respectively. The 1–4 bonded interactions are described by
the OPLS united atom torsional potential [35]:

UtorsðfÞ ¼ c0 þ c1 1 þ cosf½ � þ c2 1 � cos2f½ � þ c3 1 þ cos3f½ � (6)

where f is the dihedral angle and ci are constants. The values of the
parameters of the force fields used in the present study are listed in
Table 1.

2.2. Computational details

MD simulations were performed in the isothermal–isobaric
(NPT) ensemble using the GROMACS open-source molecular
simulation platform (version 4.6.5) [49,50]. A cubic box with
periodic boundary conditions in all directions was used. The leap-
frog integration scheme was used with a time step of 1 fs, while the
temperature and pressure were maintained constant using the
Nosé–Hoover [51,52] and Parrinello–Rahman [53] methods
respectively. The coupling constants of the thermostat and
barostat were set to 1 ps. Long-range Coulombic interactions were
handled using the particle mesh Ewald (PME) method [54,55]. The
cut-off distance was set to 14 Å, both for the LJ potential and the
real space components of the PME summations, while tail
corrections were applied for energy and pressure.

An equilibration period of 5 ns was carried out for each system
examined, prior to any diffusion coefficient calculations. Subse-
quently, for each system, 25 production runs 2 ns long were
performed. Monitoring the energy, pressure, and temperature
during the production period showed that they were well
stabilized, with small fluctuations present, typical for any MD
simulation. The molecular trajectories were sampled every

Table 1
Force-field parameters for H2O and n-alkanes examined in this study. The
parameters between unlike atoms were calculated by the combining rules of
Eqs. (3) and (4). Methyl (CH3) and methylene (CH2) pseudoatom parameters are
common in C2H6, C3H8,n-C4H10, and n-C5H12. kB is the Boltzmann constant.

TIP4P/2005 TraPPE

H–O–H (�) 104.52 lC-C (Å) 1.54
lO-H (Å) 0.9572 u0(�) 114
sO-O (Å) 3.1589 sCH4 ðÅÞ 3.73
sH-H (Å) 0 sCH3

ðÅÞ 3.75
eO-O/kB (K) 93.2 sCH2 ðÅÞ 3.95
eH-H/kB (K) 0 eCH4=kBðKÞ 148
qO (e) �1.1128 eCH3

=kBðKÞ 98
qH (e) 0.5564 eCH2=kBðKÞ 46

ku/kB (K/rad2) 62,500
c0/kB (K) 0
c1/kB (K) 355.03
c2/kB (K) �68.19
c3/kB (K) 791.32
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1000 steps, resulting in a total of 2000 configurations per run, from
which diffusion coefficients were calculated.

The diffusion coefficients, D, were calculated using the Einstein
relation, according to which D is obtained from the solute mean
square displacement [47,56]:

D ¼ lim
t!1

1
N

XN

i¼1
½riðtÞ � rið0Þ�2

D E
6t

(7)

where ri(t) is the unfolded position of the center of mass of the
solute at time t, and the angle brackets indicate an ensemble
average over all solute molecules and time origins. In order to
improve the statistics of our results, the diffusion coefficient for
each state point was calculated by averaging the results of
25 independent simulations, each one starting from a different
initial configuration, thus leading to a wide divergence of the
trajectories of the molecules.

The number of solvent molecules in the majority of production
runs was 2000 and the number of solute molecules was 10,
resulting in a mole fraction for solute equal to 5 �10�3, which
corresponds to near infinite dilution conditions. It should be
mentioned that this composition is above the solubility of the n-
alkanes in H2O. Such a number of solute molecules reduced the
statistical uncertainty (see Fig. 1), while no clustering was
observed. The only exception was made for the case of n-C5H12

in H2O for which one solute molecule was used, as clustering was
observed for higher composition values.

In order to verify that the results are independent of the number
of solute molecules in the low composition regime examined, MD
simulations with different number of solute molecules were
performed. In Fig. 1, the diffusion coefficients of 1, 5 and 10 solute
molecules (for the cases of CH4, C2H6, C3H8, and n-C4H10) in
2000 H2O molecules at 0.1 MPa and 353.15 K are shown. In all cases,
the mean values of diffusion coefficients remain practically

constant. On the other hand, the statistical uncertainties decrease
from approximately 25% for the case of one solute molecule to 5%
for the case of 10 solute molecules. Additionally, according to
recent studies [57–59], such a large number of solvent molecules is
expected to mitigate any system-size effects in the simulations.

The solute diffusion coefficient is related to the solvent
viscosity. The Stokes–Einstein equation provides a theoretical
justification of this relation, as discussed in the Section 3.
Accordingly, it is important to ensure that the force field for
H2O (TIP4P/2005) predicts accurately the viscosity over the range
of conditions examined. A series of MD simulations were
performed to calculate of the viscosity using the Green–Kubo
relation:

hðtÞ ¼ V
KBT

Zt
0

Pabðt0ÞPabðt0 þ tÞ� �
dt (8)

where V is the volume of the simulation box and Pab denotes the
off-diagonal element of the pressure tensor. The angle brackets
indicate an ensemble average over all time origins. In order to
reduce statistical uncertainty, we averaged the autocorrelation
functions over all independent off-diagonal tensor elements Pxy,
Pxz, Pyz; because of rotational invariance we also added the
equivalent (Pxx� Pyy)/2 and (Pyy� Pzz)/2 terms. Viscosity at each
state point was calculated from 10 independent simulations
performed in the canonical (NVT) ensemble, using 1000 H2O
molecules. Each run was 10 ns long, while the pressure tensor
elements were sampled every time step. All other simulation
details are the same as described above, for the calculation of
diffusion coefficients. The MD results for the H2O viscosity are
shown in Fig. 2 and are compared with the viscosity values from
the NIST database [60] which practically coincide with the
experimental data. Excellent agreement between NIST data and
simulation results is observed. Each run was executed in 32 cores,
with Intel Xeon 2.7 GHz processors, and needed about 10 wall-
clock hours to be completed.

3. Results and discussion

3.1. Microscopic structure of H2O–n-alkane mixtures

The radial distribution function, g(r), between H2O and n-alkane
molecules at 298.15 K and 0.1 MPa calculated from MD simulations
is shown in Fig. 3. For the case of H2O–CH4, there is a first strong
peak at approx. 0.37 nm with a height of 2.04. The corresponding
first peak for H2O–H2O interactions has a height of 3.26 (not shown

Fig. 1. (top) MD calculations for the diffusion coefficients of n-alkanes in H2O and
(bottom) standard deviation of diffusion coefficients as a function of solute number
of molecules, at 353.15 K and 0.1 MPa.

Fig. 2. Viscosity of H2O as a function of pressure at various temperatures. Black
solid lines correspond to values from the NIST database [60]. Red circles correspond
to TIP4P/2005 model. The error bars are smaller than the symbol size. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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here), due to strong hydrogen bonding. The position of the first
peak shifts progressively to longer distances as the n-alkane size
increases reaching a value of 0.45 nm for n-C5H12 with a
simultaneous decrease of the peak height and increase of the
peak width. This is due to the increase of the molecular size of the
n-alkanes that results in positioning solvent molecules at longer
distances. A similar behavior is observed for the second peak as
well.

For n-C4H10 and larger n-alkanes, the distribution of torsional
angles provides a quantitative description of the molecular
conformations. In Fig. 4, the normalized torsional angle distribu-
tion for n-C5H10 at 298.15 K and 0.1 MPa is shown. For comparison,
the same quantity for the case of pure n-C5H10 is presented. The
two distributions are practically identical which manifests that the
conformation of the relative short n-alkanes does not change when
dissolved in H2O. This behavior changes progressively for longer n-
alkanes.

3.2. Temperature dependence of the diffusion coefficients and
comparison with experiments

In order to validate our simulation results for the diffusion
coefficient of n-alkanes, we performed a comparison with the
available experimental data. For all the n-alkanes studied, with the
exception of CH4, there are experimental data only at 0.1 MPa [13–
17,24]. For the case of CH4, Guo et al. [22] reported diffusion
coefficient values for temperatures up to 473 K and for pressures
up to 40 MPa. In Fig. 5, Tables 2 and 3 the diffusion coefficient of
CH4 in H2O is presented as a function of temperature at 0.1 MPa,
5 MPa, and 20 MPa, and is compared with the available experi-
mental data [13–17,22,24]. In Fig. 6, the diffusion coefficients of

C2H6, C3H8, n-C4H10, and n-C5H12 in H2O are shown along with the
respective experimental values [14,15] at 0.1 MPa, for the
temperature range 274.9–333.15 K.

In all cases, the diffusion coefficients increase with tempera-
ture, which is typical for gases dissolved in liquids [28,29]. From
Figs. 5 and 6, it can be seen that the combination of TIP4P/2005–
TraPPE models provides an excellent agreement between the
simulation results and the experiments for all the systems and
conditions examined.

Fig. 3. Radial distribution function for H2O–n-alkanes at 298.15 K and 0.1 MPa from
MD simulations.

Fig. 4. Normalized probability distribution of the torsional angles of pure n-C5H12

(black) and of n-C5H12 in H2O (red) at 298.15 K and 0.1 MPa. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 5. Diffusion coefficient of CH4 in H2O at (a) 0.1 MPa, (b) 5 MPa and (c) 20 MPa.
The dotted line connecting the MD results is to guide the eye.

Table 2
Diffusion coefficient of n-alkanes in H2O at 0.1 MPa.

T (K) Diffusion coefficient (10�9m2/s)

CH4 C2H6 C3H8 n-C4H10 n-C5H12

275.15 0.80 � 0.08 0.60 � 0.05 0.54 � 0.06 0.49 � 0.05 0.5 � 0.1
298.15 1.7 � 0.2 1.3 � 0.1 1.1 � 0.1 1.07 � 0.09 1.0 � 0.3
323.15 3.0 � 0.3 2.4 � 0.2 2.1 � 0.2 1.9 � 0.2 1.7 � 0.4
348.15 4.5 � 0.4 3.7 � 0.4 3.1 � 0.3 3.0 � 0.3 2.6 � 0.6
363.15 5.5 � 0.6 4.6 � 0.3 4.0 � 0.4 3.8 � 0.5 3.3 � 0.7
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3.3. Diffusion coefficients of CH4 and n-C4H10 in H2O at high
temperatures and pressures

Given that the combination of TIP4P/2005 with TraPPE provides
an accurate prediction of the diffusion coefficients in H2O of all
hydrocarbons studied at 0.1 MPa, and particularly for CH4 up to
20 MPa, one can expect reasonably accurate predictions at elevated
conditions. Furthermore, it should be noted that the diffusion
coefficient of short n-alkanes in H2O, at infinite dilution, is strongly
dependent on the density and viscosity of H2O, two properties for
which TIP4P/2005 provides excellent predictions [31,61,62].

Thus, a systematic study of the diffusion coefficients of CH4 and
n-C4H10 in H2O was performed at the temperature range 323.15–
623.15 K and for pressures up to 200 MPa. The calculated diffusion
coefficients are given in Table 3 and Fig. 7.

In Fig. 7(top), the diffusion coefficient of CH4 in H2O as a
function of pressure at different temperatures is presented. It is
clear that for temperatures below 473.15 K and pressures up to
50 MPa the diffusion coefficient is independent of pressure, within
statistical accuracy. A similar conclusion was reached by Guo et al.
[22] for pressures up to 40 MPa in their experimental investigation
of the diffusion coefficient of CH4 in H2O. A weak dependence on
pressure is observed for temperatures below 473.15 and pressures
above 50 MPa. On the other hand, as the temperature increases
above 473.15 K there is a pronounced effect of pressure on the
diffusion coefficient for the entire pressure range considered.

A similar pressure dependence of the diffusion coefficient is
found for the case of n-C4H10 in H2O, which is presented in
Fig. 7(bottom). This behavior is primarily driven by the change in
solvent’s density, which is marginal at conditions well below the
critical point but becomes substantial for high pressures and
temperatures. This analysis is in line with the findings of recent
experimental [63,64] and computational [57] studies for gases
dissolved in H2O.

3.4. Phenomenological model development

We used a generalized form of the Speedy–Angell (SA) equation
in order to correlate the MD simulations reported in the current
study, which reads as follows:

DSA
solute ¼ D0 Pð Þ T

Ts
� 1

� �m Pð Þ
(9)

where Ts = 228 K, and the subscript solute denotes either CH4 or n-
C4H10, diffusing in H2O, and both the parameters D0 and m are
functions of pressure P.

In order to correlate the MD results using Eq. (9), the following
procedure was implemented. Initially, the MD simulations were
plotted as a function of temperature. For each pressure a set of
optimum values for the parameters, D0 and m, were calculated.
Subsequently, the resulting optimum parameters were correlated
using the pressure as the primary variable.

For both cases of the self-diffusion coefficient of either CH4 or n-
C4H10 in H2O, it is:

D0 ¼ a1ðPÞ þ a2 (10)

m ¼ b1ðPÞ þ b2 (11)

with the parameters: a1, a2, b1, and b2 given in Table 4 for CH4 and
n-C4H10 and P is in MPa

Fig. 7 shows a comparison of the calculation of the self-diffusion
coefficient of CH4 and n-C4H10 in H2O, using Eqs. (9)–(11), with the
MD simulations. We observe very good agreement for most of the
pressure and temperature conditions. The only exceptions are the
cases of the highest temperatures (573 and 623 K) and the lower
pressures (20 MPa for 573 K, and 20 and 50 MPa for 623 K) which
correspond to near critical conditions for H2O. In these conditions,
the SA equation becomes less accurate. A near critical correction to
the SA could improve the agreement; however, additional
parameters are needed and no further attention was given.

3.5. Stokes–Einstein analysis of the MD simulations

An analysis was performed to examine whether the MD
simulations satisfy the classical Stokes–Einstein (SE) equation
given by:

DSE ¼ kBT
Cphr

(12)

where h is the viscosity of the solvent, r is the hydrodynamic radius
and the C is a parameter of the drag coefficient in the analysis of the
creeping flow around a sphere, that has a value of either 6 or
4 corresponding to no-slip or slip boundary conditions respective-
ly. In the current analysis, the NIST database values for h were used
[60].

By plotting D as a function of (T/h) in a logarithmic plot, as
shown in Fig. 8, and performing a linear interpolation, one can
calculate the slope t. For CH4, it is t = 1.00 � 0.02, while for n-C4H10,
it is t = 1.01 �0.02. The calculated slopes for both cases indicate that
the classical Stokes–Einstein equation is satisfied.

Table 3
Diffusion coefficient of CH4 and n-C4H10 in H2O at elevated pressures.

T (K) P (MPa) Diffusion coefficient (10�9m2/s)

CH4 n-C4H10

323.15 5 2.9 � 0.3 1.9 � 0.2
20 2.9 � 0.3 1.9 � 0.2
50 2.7 � 0.3 1.8 � 0.2
100 2.7 � 0.3 1.8 � 0.2
200 2.4 � 0.3 1.6 � 0.2

373.15 5 6.3 � 0.6 4.1 � 0.4
20 6.3 � 0.5 4.0 � 0.4
50 6.0 � 0.6 3.9 � 0.3
100 5.4 � 0.5 3.6 � 0.4
200 5.0 � 0.4 3.3 � 0.3

423.15 5 11 � 1 7.1 � 0.8
20 10.3 � 0.9 6.8 � 0.7
50 10 � 1 6.3 � 0.7
100 8.8 � 0.9 6.2 � 0.6
200 7.8 � 0.6 5.3 � 0.5

473.15 5 17 � 2 11 � 1
20 16 � 2 10.4 � 0.9
50 15 � 2 10 � 0.9
100 13 � 1 8.9 � 0.8
200 11.6 � 0.8 7.6 � 0.9

523.15 5 24 � 2 16 � 1
20 23 � 2 15 � 2
50 21 � 2 14 � 2
100 19 � 2 13 � 1
200 15 � 2 10 � 1

573.15 20 37 � 7 22 � 3
50 30 � 3 19 � 2
100 25 � 2 17 � 2
200 20 � 2 14 � 1

623.15 20 59 � 8 37 � 7
50 48 � 9 27 � 3
100 33 � 4 21 � 2
200 25 � 2 17 � 2
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Given that the intercept of the y-axis is equal to ln (kB/Cpr), the
hydrodynamic radius of the solute can be evaluated. The correct
choice of the parameter C is, nevertheless, not obvious, because for
small molecules slip boundary conditions may apply. In Fig. 9, the

hydrodynamic diameter as a function of the parameter C is
presented for CH4 and n-C4H10. For the case of CH4, the LJ diameter
is 3.73 Å (dotted line). For the case of n-C4H10 the hydrodynamic
radius from viscosity calculations [65] is 5.34 Å (dashed-dotted
line). Making the assumption that the hydrodynamic radius of CH4

Fig. 6. Diffusion coefficient in H2O of (a) C2H6, (b) C3H8, (c) n-C4H10 and (d) n-C5H12 as a function of temperature at 0.1 MPa. The dotted line connecting the MD results is to
guide the eye.

Fig. 7. Diffusion coefficient of (top) CH4 in H2O and (bottom) n-C4H10 in H2O as a
function of pressure for various temperatures. Symbols denote the MD simulations
and solid lines denote calculations using the phenomenological model of Eqs. (9)–
(11).

Table 4
Parameters of Eqs. (9)–(11) for CH4 and n-C4H10.

Parameter CH4 n-C4H10

a1 �2.4638 � 10�11 �1.6316 � 10�11

a2 1.4924 �10�8 9.9559 � 10�9

b1 �1.8629 � 10�3 �1.3971 �10�3

b2 1.9799 1.9233

Fig. 8. ln (D) vs. ln (T/h) for the case of CH4 (black circles) and n-C4H10 (red triangles)
diffusing in H2O. The solid lines correspond to the best-fit lines. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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is equal to its LJ radius, a parameter C equal to 4.258 is found, which
corresponds to slip boundary conditions. The respective parameter
for n-C4H10 turns out to be approximately 5.52 indicating a
transition to no-slip boundary conditions.

4. Conclusions

The MD simulations of the diffusion coefficients for short n-
alkanes using the combination of TIP4P/2005–TraPPE force field
yields excellent agreement with available experimental data. For
the case of CH4 and n-C4H10 it was shown that the diffusivity
exhibits pressure dependence which is particularly pronounced at
elevated temperature and pressure conditions. For CH4 and n-
C4H10 a pressure and temperature dependent Speedy–Angel-type
correlation is proposed, that can be particularly useful for fast
engineering calculations. At near critical conditions for H2O, the
correlation is less accurate. Finally, it was shown that the diffusion
coefficients of CH4 and n-C4H10 obey the Stokes–Einstein equation.
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