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Abstract

We perform a molecular dynamics simulation of a bulk eight-component hydrocarbon mix-
ture that roughly represents a composition of hydrocarbon fluid in a volatile oil reservoir.
For that goal, we have developed a method for building molecular models of hydrocarbon
mixtures which can include various branched molecules. We have used self-periodical
simulation boxes with different aspect ratios. Our main focus here is the phase behavior
of a multicomponent mixture in the presence of gas–liquid interfaces of different shapes:
spherical, cylindrical, and slab-like gas bubbles. We have developed a method for calculat-
ing properties of coexisting phases in molecular simulations of multicomponent systems.
In particular, it allows us to analyze the local composition of the mixture and to calculate
the molar densities of components in liquid and gas phases, and inside the interface layer
between them. For the values of model parameters that we have used so far, the mixture is
homogeneous at a high pressure and undergoes liquid–gas phase separation upon decreas-
ing the pressure. We have kept the same temperature T = 375.15 K, the same composition
and the same number of molecules in all systems and used several combinations of the
simulation box size and shape to control the overall density, and therefore also the pressure,
as well as the presence or absence of a liquid–gas interface and its shape. The gas bubble
that appears in the system is mainly composed of methane. There is also a small number
of ethane and butane molecules, a tiny number of hexane molecules, and no molecules of
heavier components at all. In the liquid phase, all components are present. We also show
that inside the gas–liquid interface layer, which is actually quite broad, the molar density
of methane is also higher than that of other components and even reaches a maximum
value in the middle of the interface. Ethane behaves similarly: its molar density also
reaches a maximum inside the interface. The molar density of heavier components grows
monotonically from the inner part of the interface towards its outer part and shows a very
small (almost not visible) maximum at the outer side of the bubble.

Keywords: molecular dynamics computer simulation; multicomponent fluids; hydrocarbons;
phase coexistence

1. Introduction
The growing interest in confined hydrocarbon (HC) mixtures is mainly caused by the

importance of oil and gas stored in tight formations [1]. Hydrocarbon fossils are important
resources for the energetic and chemical industries, and for the production of fertilizers.
A reliable method of reservoir capacity estimation and production forecasting, which
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considers reservoirs with a large volume dedicated to nanopores, would be of great value.
Despite a number of studies related to hydrocarbons’ interaction with porous media that
are present, the development of such a method is far from over, since it has to cover many
physical phenomena occurring at scales starting from the reservoir scale (hundreds of
meters) down to nanometers. One of the difficulties is the investigation of processes in the
nanoconfinement, since it is impossible to conduct a direct experiment using core sample
from a reservoir. Nanoscale simulations and theoretical approaches look like a promising
solution for the problem.

Confined fluids have properties that are different from the bulk [1–4]. Using modern
“lab on a chip” devices, it was shown that confinement leads to a considerable shift in bubble
and dew points of hydrocarbons: bubble point pressure is lower and dew point pressure
is higher than in the bulk state [1,2]. Bao et al. [2] investigated propane in 88 nm depth
silicon pores and concluded that phase behavior shift was caused by confinement (i.e.,
geometrical restriction) and was not attributed to pore wettability and roughness. It is worth
emphasizing that such experiments usually targeted the investigation of fluid properties
inside pores with macroscopic length (several millimeters). In the porous media of tight
reservoirs, pore lengths are much smaller, and nanopores of interest, which participate in
fluid production, are connected to larger pores.

In a real-world scenario, nanopores in tight reservoirs frequently consist of organic
matter (kerogen) [5] and therefore are oil wet. In pores narrower than several nanometers,
the effects of adsorption can play the main role in fluid behavior, since all volume of the
pore would be filled with fluid molecules ordered in the adsorption layers [6,7]. This means
that the presence of pores of different sizes can lead to the redistribution of fluid content
in the porous media, and hence can change the phase behavior of a fluid. Therefore, one
has to consider not only pore widths but also their volumes and interconnection. In a
multicomponent fluid, behavior becomes even more complex. Competitive adsorption
of different components leads to a considerable change in fluid properties not only in
confinement, but also in the bulk volume that is connected to nanopores [3,8]. Of course,
this effect strongly depends on the ratio of the volume of nanopores to the bulk volume.
Furthermore, the phase behavior of bulk multicomponent mixtures in general is relatively
unexplored [9] compared to single-component and binary mixtures. Even binary mixtures
can have a rich variety of phase diagrams depending on the strengths of interactions
between the components [10]. Fortunately, natural hydrocarbon mixtures have been well
studied and usually have rather predictable phase behavior [11,12].

In the fluids confined on the nanoscale, traditional theories may become inaccurate.
Apart from effects caused by fluid-wall interaction in nanoconfined systems, there are
several phenomena attributed to the molecular structure of a fluid: At the molecular
scale (up to several nanometers), there are phase behavior peculiarities (nanobubble or
nanodroplet formation), fluid-wall adsorption and molecule layering; at the nanopore
scale (up to tens of nanometers), there is a considerable change in phase behavior which
can be caused by geometrical restrictions and the presence of a curved meniscus (which
matches pore size) in a multiple-phase case; at the scale of a pore network (multiple of
pore size), there are component redistribution effects and differences in the mobilities of
phases, and at this scale, a crucial role is played by pore interconnections and their relative
volumes. Effects on larger scales will depend on the rock type and its inhomogeneity.
Therefore, it is not a simple task to perform a comprehensive study, which considers all
effects simultaneously.

On the other hand, even in small systems without confinements, for example, in the
computer simulation of a single-component fluid in bulk, performed in a simulation cell
with periodic boundary conditions, one should be aware of strong finite size effects. Studies
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dedicated to the investigation of fluid phase behavior by means of molecular simulations
show that the size of a system is one of the parameters which strongly influences the phase
behavior of a fluid [13,14]. For small systems, the gas–liquid phase transition is smeared out,
and the coexistence line is shifted. Depending on the system size and composition (relative
volumes of phases), phase interface in a finite system can have different shapes: spherical,
cylindrical, or flat [14–16]. For the curved interfaces (nanobubbles and nanodroplets), the
surface tension has a strong influence on the behavior of a nanoscale system since the
system is small, and the curvature is extremely high. Some studies avoid direct simulation
of phase interfaces to make results more clear [3].

In this article, we perform the molecular dynamics simulation of an eight-component
hydrocarbon mixture in bulk, focusing on the gas–liquid phase coexistence and redistri-
bution of the mixture components between the gas and liquid phases and the interface
layer. The mixture composition roughly represents a composition of hydrocarbon fluid
in a volatile oil reservoir. Simulations were carried out using self-periodical simulation
boxes of different sizes and with different aspect ratios. We also investigate the influence of
the shape of the gas–liquid interface (spherical, cylindrical, planar) on the phase behavior
of a multicomponent mixture. We present a method for building molecular models of
hydrocarbon mixtures which can include various branched molecules, and a method for
calculating properties of coexisting phases in molecular simulations.

Our article is organized in a traditional way: we start with the description of our
model and simulation method, proceed with the discussion of our results, and summarize
them in the conclusion section. Technical details of our simulation algorithm and methods
of analysis are described in the Appendices.

2. Model and Method
2.1. System Description

We perform molecular dynamics (MD) computer simulations of an eight-component
hydrocarbon mixture at the constant temperature equal to T = 375.15 K and at different
pressures. The molar composition of the mixture was the following: 30% methane, 10%
ethane, 10% n-butane, 10% n-hexane, 10% n-octane, 10% C12, 10% C16, and 10% C24.
This composition was chosen to represent a mixture which has similar in composition to
volatile oil [12,17]. We have just taken one of the possible compositions of a volatile oil
as an example and used it in all our simulated systems. We used branched molecules for
higher-molecular-weight components C12, C16, and C24. Details on them are given below
in Section 2.3.

We simulated the mixture with this constant composition and with the constant
number of molecules equal to 48,000 in cuboid (rectangular parallelepiped) boxes with
different volumes and aspect ratios. This size of system was large enough to reproduce the
expected phenomena more or less reasonably, but at the same time it was small enough to
allow for the reasonable equilibration of systems with many different sets of parameters
within the available computer time. The number of component molecules in all our systems
was 14,400 for methane and 4800 for each of the other seven components. With the volume
and number of molecules, we controlled the average density of the systems, and, hence,
the pressure. At high pressures, our system was in the one-phase state of a homogeneous
liquid, while for small pressures, a phase separation into gas and liquid phases took place.
Here, we make an important remark: all our systems have a very small size, as it is usual in
computer simulations, so that we are dealing with “morphologies” (also called “structures”
or “pseudophases” in the literature), but we will use the term “phases” for them for the
sake of brevity.
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Different aspect ratios (length-to-width ratio) allowed us to consider different shapes
of interfaces between liquid and gas phases. All simulation runs can be split into four
sets: (1) a two-phase system in a long simulation cell (aspect ratios were in the range of
13.6–7.2) with a plane interface; (2) a two-phase system in a cube-like cell (aspect ratios
were in the range of 1.8–1.04) with a plane interface; (3) a one-phase or two-phase system in
a cube-like cell (aspect ratios were in the range of 1.08–0.8) with a sphere-shaped interface;
(4) a two-phase system in a flat-shaped cell with one dimension much less than the two
others (aspect ratios were in the range of 7.875–4.875) with a cylindrical interface. All
considered simulation cells had the smallest dimension size that was several times bigger
than molecule sizes and interaction radii.

The full list of studied systems, indicating the simulation box size, the pressure and
the shape of liquid–gas interface is presented in Table 1. The pressure is measured in the
liquid phase (see details in Section 2.2 below). The long dash in the phase interface shape
column means the absence of an interface, i.e., those systems were homogeneous liquids.
The line “interface only” means that the gas bubble in that system was quite small, and a
gas phase was actually only in the center of this bubble, and there was a broad interface
layer with local density increasing smoothly from the center of the bubble towards its outer
border with the density of the liquid phase (more details will be given below).

Table 1. MD systems description.

Number of Cell Size in x, y, and z Pressure Phase Interface
Molecules Directions (nm) (MPa) Shape

48,000 170. 12.5 12.5 4.237 ± 0.013 plane
48,000 150. 12.5 12.5 4.880 ± 0.023 plane
48,000 130. 12.5 12.5 5.759 ± 0.016 plane
48,000 110. 12.5 12.5 7.109 ± 0.024 plane
48,000 90. 12.5 12.5 9.352 ± 0.033 plane

48,000 45.0 25.0 25.0 3.776 ± 0.008 plane
48,000 42.0 25.0 25.0 4.053 ± 0.018 plane
48,000 38.0 25.0 25.0 4.496 ± 0.010 plane
48,000 34.0 25.0 25.0 5.142 ± 0.021 plane
48,000 30.0 25.0 25.0 5.922 ± 0.010 plane
48,000 27.0 25.0 25.0 6.718 ± 0.027 plane
48,000 26.0 25.0 25.0 6.946 ± 0.024 plane

48,000 27.0 25.0 25.0 4.836 ± 0.046 sphere
48,000 26.0 25.0 25.0 5.153 ± 0.035 sphere
48,000 25.0 25.0 25.0 5.487 ± 0.023 sphere
48,000 24.0 25.0 25.0 5.843 ± 0.027 sphere
48,000 23.0 25.0 25.0 5.981 ± 0.024 sphere
48,000 22.0 25.0 25.0 7.00 ± 0.11 interface only
48,000 21.5 25.0 25.0 11.33 ± 0.07 —
48,000 21.0 25.0 25.0 20.14 ± 0.04 —
48,000 20.5 25.0 25.0 31.41 ± 0.13 —
48,000 20.0 25.0 25.0 46.24 ± 0.10 —

48,000 63.0 8.0 45.0 4.132 ± 0.020 cylinder
48,000 57.0 8.0 45.0 4.584 ± 0.017 cylinder
48,000 53.0 8.0 45.0 5.101 ± 0.015 cylinder
48,000 49.0 8.0 45.0 5.571 ± 0.041 cylinder
48,000 45.0 8.0 45.0 6.195 ± 0.022 cylinder
48,000 41.0 8.0 45.0 7.721 ± 0.015 cylinder
48,000 39.0 8.0 45.0 8.198 ± 0.037 cylinder
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2.2. Model and Simulation Method

We use the united atom (UA) model as a lowest-level coarse-grained (CG) model. Each
carbon atom in a hydrocarbon molecule has the maximum possible number of bonded
hydrogen atoms depending on the number of bonds with other carbon atoms. Each carbon
atom with its bonded hydrogen atoms forms a united atom and is considered as a spherical
particle (or a bead). In our study, we used a force field based on the NERD force field and
that adopted for branched molecules [18]. This force field describes hydrocarbon molecules
composed of uncharged united atoms (beads) of the following seven types: CH4 for the
methane molecule, CH3e for both beads in the ethane molecule, CH3 for the ends of linear
hydrocarbon molecules, CH3s for the ends of branches in branched hydrocarbon molecules,
and CH2, CH1, C for all other beads. For the representation of heavy fractions Cn with
n = 12, 16, and 24, we used sets of randomly generated branched molecules (see Section 2.3
below). The details of the force field are provided in Appendix A.1. The task of choosing or
even creating good force fields for the computer simulation of oils is very important but
this was not our goal in this study. Most probably, there is no universal force field for oils,
so that for each specific oil, a force field, e.g., the NERD force field, should be appropriately
parameterized and validated. We have not considered in our simulation some specific
system but rather an example of an eight-component mixture that is similar to a volatile
oil. To the best of our knowledge, there are no experimental and no computer simulation
studies on exactly this system, so no direct comparison of results can be performed now.
We are sure that our force field is good enough for studying the liquid–gas separation in
multicomponent hydrocarbon mixtures in finite size systems, including the composition of
gas and liquid phases. An adjustment of force field parameters will not influence our main
results on phase behavior.

Molecular dynamics simulations were carried out using GROMACS software [19,20].
Molecular systems were modeled in the canonical (NVT) ensemble using velocity-rescaling
thermostats [21] for maintaining a constant temperature. We had 8 separate thermostats
coupled to each component to avoid the temperature difference which can be caused by
numerical errors. The leap-frog algorithm with a 1 fs time step was used as the integration
method. Simulation cells had cuboid shapes and were self-periodic in all three directions.
Scalar pressure values were calculated as an average of diagonal elements of the average
pressure tensor calculated for a molecular system [21]. The averaging was conducted over
time and over all particles (united atoms), presented in a system; therefore, the calculated
pressure is a pressure of the dense phase (liquid), because it contains many more beads
than the gas phase. We used double precision calculations (see Appendix A.2).

Our main focus in this study was on the liquid–gas phase coexistence in a specific eight-
component fluid, specifically the composition of coexisting phases. Therefore, the kinetics
(or scenario) of the phase separation process was not investigated here in detail, and we
do not present any results and do not make any conclusions on that aspect. Of course, we
have observed in our simulations processes of formation of a two-phase (inhomogeneous)
configuration, e.g., a gas bubble in a liquid, from a homogeneous liquid upon decreasing
pressure, as well as inverse processes of a gas bubble collapse upon increasing pressure,
but we have not investigated them in detail (this was not our goal in this study). We have
only used those processes for the preparation of appropriate initial starting configurations.

We have prepared the starting configurations for every system in the following way.
We have equilibrated a homogeneous mixture at T = 375.15 K and high pressure in an
elongated box with an aspect ratio larger than 7. We increased the box size, i.e., decreased
the pressure, until phase separation took place. In an elongated box, the formation of a
slab-like gas bubble with two plane interfaces to the liquid phase is favored by the periodic
boundary conditions, so that it was not difficult to get such a configuration. Then, we
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deformed the simulation box towards the desired size and aspect ratio. For some values of
box sizes, the two plane interfaces survived, while for other values, the thin gas film (slab-
like bubble) collapsed to a cylindrical or a spherical bubble. Obviously, some configurations
obtained in such a way are stable and some are metastable under given external conditions
(temperature T, pressure P, density ρ). Every system was simulated until it reached
an equilibrium (or at least a quasi-equilibrium) state. Behind usual requirements of the
absence of the drift of mean values in the time series of the energy, pressure, etc., the
main criteria of reaching equilibrium were the homogeneous (molar) density profiles of
all components (either in a homogeneous one-phase system or in each of the two phases
in two-phase systems at coexistence). We have calculated the (molar) density profiles
of all components in our systems using our specially developed method to analyze the
local density of components in a multicomponent system (see Appendix C for details).
However, the criteria mentioned above do not guarantee that the true equilibrium, that
would correspond to the global minimum of free energy, has been reached in the system. It
may be that we have just reached some stationary state which corresponds to some local
free-energy minimum, and in this case, we are speaking about quasi-equilibrium.

It was shown in the literature that a spinodal decomposition during transition from
a one-phase state (homogeneous mixture) to a two-phase state (a gas bubble reached on
light components and the remaining liquid) is a very fast process which lasts for several
picoseconds [15]. We suppose that our system undergoes this scenario, and it is realized by
means of the diffusion of molecules. Interestingly, heavy molecules escaped from the gas
phase quite fast and joined the liquid phase as soon as they reached it for the first time. This
happened faster than the density profiles of light components became uniform. However,
the diffusion of methane and ethane in the liquid phase was rather slow, and it required
tens of nanoseconds to reach a uniform composition inside the dense phase and the proper
volume of the gas phase.

Characteristic equilibration times were about 10 ns or longer. For some of the systems,
it was a true equilibrium; for some it was a stationary metastable state (a quasi-equilibrium).
For all systems, we have reached homogeneous local density profiles for all components,
while the interface position has almost not changed. We do not know what the time of
complete relaxation of metastable long-living states towards the true equilibrium would be,
but this was also not our goal.

The final results were obtained by time averaging over 2 ns after the equilibrium
was reached. This time was large enough to allow for local relaxation of molecules of all
components inside both coexisting phases, but the gas–liquid interface has not moved, so
that an averaging over configurations (i.e., microstates) could be performed for the analysis
of the local density and composition (see Appendix C).

2.3. Molecular Model of Hydrocarbons

We developed a method for molecular dynamics simulation of a mixture with relatively
large hydrocarbon molecules (up to 24 carbon atoms in this study). There are several
publications of similar simulation approaches [22–27], which were created for molecular
simulations of dense hydrocarbon mixtures (oil). In these methods, several particular
molecules must be chosen for the representation of heavy fractions (up to asphaltenes with
dozens of carbon molecules). The choice of particular types of heavy molecules was made
to match desired values of experimentally measured properties with calculated values. The
choice of these molecules is rather arbitrary though, and it requires having some predefined
physical parameters of the fluid. There are two more weak points of such methods: (1) the
choice of molecules for heavy fractions’ representation depends on the force field used
in MD simulations; (2) a single conformation of large HC molecules will not represent
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adsorption properties of the represented fraction, since adsorption strength depends on
a molecule’s shape. The first point leads to a situation when one can successfully build
a molecular model of a mixture while using an inappropriate force field in simulations,
thus resulting in a non-predictive model. The second point makes these approaches
unreliable for the simulation of HC fluids in contact with porous media; therefore, they
are useless for studies of nanoconfinement, where MD simulations can shed light on the
underlying processes.

For our research (including future studies), we necessitate an approach which would
allow us to build a molecular model using only very limited information about mixture
composition. Our approach does not require other physical properties of a fluid and does
not include an arbitrary choice of molecules’ conformations to represent fluid fractions. It
requires only results of compositional analysis of a fluid, for example, results of chromatog-
raphy, which is widely used for fluid characterization in oil and gas industry [28].

In the following subsections we describe our investigation of different molecular
models of hydrocarbons. We would like to emphasize here that the following terminology
is used in this article: by the term “configuration” we mean a microstate, i.e., coordinates of
all beads in a system, and by the term “conformation” we mean the topology of a molecule,
i.e., structural chain isomers. By different molecular models of hydrocarbons, we mean the
structural isomerism in molecules with the same number of carbon atoms.

2.3.1. Linear Molecules

The most straightforward way to simulate different hydrocarbons is to take linear
molecules with the desired number of carbon atoms in the chain. In the following sub-
section, we show that a molecular model of a hydrocarbon mixture, composed of linear
molecules only, is not correct in the case of heavy molecules. It leads to an unsatisfactory
result: the mixture composed of linear molecules forms crystallites (see Figure 1b). The
initial state of this mixture at a high temperature and pressure (T = 573.15 K, P = 18.7 MPa,
ρ = 670 kg/m3) was uniform (Figure 1a); however, after relaxation at the desired conditions
(T = 375.15 K, P = 3.34 MPa, same density), long molecules aggregated into ordered struc-
tures. This phenomenon may happen in some sorts of oils and emerges in precipitations of
paraffin [29]. However, since the composition of the considered mixture is close to that of
volatile oil, the precipitation must not occur. Aggregation of long alkanes in crystal-like
structures is a well-known effect in polymer physics. One of the methods to suppress the
crystallization of macromolecules is to add branches to them [30].

(a) (b)

Figure 1. Snapshot of the initial state of the mixture of lineal molecules at a high temperature and
pressure (a), and the equilibrium state in target conditions (b).
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2.3.2. One Branched Molecule for a Component

Since the use of linear alkanes yields an undesired molecular model of a hydrocarbon
mixture, we attempted to select a branched molecule to represent one heavy component,
so that molecules within each component had identical conformations. We made several
MD simulations of a pure C24 component to test different molecules. Linear C24 molecules
form a crystal-like state, while branched ones are in a liquid state under the same conditions
(T = 375.15 K, P = 30 MPa). However, single-component fluids composed of different C24
molecules have different densities (see Table 2).

Table 2. Bulk density of C24 component at T = 375.15 K and P = 30 MPa.

C24 Molecules Number Density (nm−3)

n-tetracosane ≈1.6 (non-uniform crystal structure)
c-tetracosane 1.29
methyltridecane 1.03
2-7-diheptylbicyclodecane 1.36
randomly generated molecules 1.45

It was unclear how to make the right choice of a particular conformation of heavy
molecules without some extra information (density, for example). The modeling of a set of
different conformations of molecules dedicated to a component looks like a more natural
way of molecular simulation. A saturated hydrocarbon with 24 carbon atoms can have
14,490,245 constitutional isomers. Thus, the choice of one or even several molecules to
represent this fraction is a simplification. Moreover, a molecule, chosen to represent a C24
component, can appear to have unnatural adsorption strength to some surfaces because
of its shape. It could cause unrealistic results when the molecular adsorption of dense
hydrocarbon mixtures is considered. We are aware of this risk since we are going to study
adsorption in future studies.

2.3.3. Many Branched Molecules for a Component

We used a self-developed algorithm for the automatic generation of branched hydro-
carbons for molecular simulations (see the next subsection for a detailed description). We
represented C12, C16, and C24 fractions with randomly generated branched molecules
with a respective number of carbon atoms. We used 600 different molecule conformations
for each component. We tested different sets of random molecules. Simulations showed
that all these sets had equal densities. So, we could conclude that 600 is enough to have
results that are independent of a particular result of the random algorithm. The density of
the pure C24 component consisting of random molecules is presented in Table 2. The mix
of randomly branched molecules has a higher density than other branched molecules since
randomly branched molecules are more compact due to the larger number of carbon atoms
with three and four bonds.

Molecular masses of linear C12, C16, and C24 molecules are 170.34, 226.45, and
338.66 a.m.u., respectively. Average masses of randomly branched C12, C16, and C24
molecules were 170.18, 225.90, and 336.88 a.m.u., respectively, i.e., they are slightly smaller
due to the presence of cycles. The numbers of different united atoms in sets of branched
molecules are presented in Table 3.
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Table 3. Number of different united atoms in 600 branched molecules of each type (C12, C16, C24).

C CH CH2 CH3

C12 334 1343 2408 3115
C16 540 1961 3182 3917
C24 1115 3171 4577 5537

2.3.4. Molecules Generation Algorithm

The molecule generation algorithm allows for the automatic creation of a large number
of united atom models of saturated hydrocarbon molecules composed of UA beads. The
generation process is iterative. The generation starts with one united atom particle (methane
molecule). At each iteration, a C-C bond is added until the desired number of united atoms
is reached. Such a step results in the addition of a carbon atom or the creation of a cycle.
The scheme of the generation process is shown in Figure 2. Every united atom of a molecule
being generated is placed in points of a diamond crystal lattice. It decreases the number of
possible molecule types which can be generated. However, molecules generated in such a
way have atom positions that are close to equilibrium, so there is no need to equilibrate
intermediate states of molecules being generated. A detailed description is provided in
Appendix B.

Figure 2. Pictures of a generation process for a C24 molecule. Process starts with one CH4 united atom
(methane molecule, shown on the left in pink), then other C atoms are being added. Intermediate
states with 6 and 12 C atoms are shown. The final state of the generated C24 molecule is shown on
the right. Grey particles are C atoms, yellow—CH united atoms, orange—CH2 united atoms, and
red—CH3 united atoms.

3. Simulation Results and Discussion
In this study, we are mainly interested in the phase behavior of the eight-component

HC mixture at a constant temperature, in particular, the gas–liquid phase coexistence for
different shapes of interfaces and in the redistribution of mixture components between
the gas and liquid phases and the interface layer. Using our method for the calculation of
local densities in many-component systems (see Appendix C for details), we calculated
compositions and volumes of liquid and gas phases for different shapes of gas–liquid
interfaces and different pressures.

3.1. Phase Diagram for a Mixture with a Spherical Gas–Liquid Interface

The considered multicomponent mixture is in a homogeneous liquid state at high
pressures. It undergoes the liquid–gas phase separation transition as pressure decreases.

Let us consider first the systems where a spherical bubble of a low-density (i.e.,
gas) phase (primarily composed of methane and ethane) was formed at a certain
pressure—bubble point, pressure Pbubble ≈ 7 MPa, average mass density, i.e., concen-
tration, cbubble ≈ 600 kg/m3 (Figure 3). This happened in almost cubic simulation cells
with an aspect ratio of about 1.08–0.8. The average mass density inside the gas bubble was
about 100 kg/m3 (open blue circle), and the average mass density inside the surrounding
liquid phase was about 640 kg/m3 (open red circle). Red squares in Figure 3 represent
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the isotherm T = 375.15 K in the homogeneous liquid state, while filled red and blue
circles show the liquid and the gas densities at coexistence for smaller pressures, i.e., for
the systems with a smaller average density. From our simulation data we cannot, of course,
reconstruct the whole phase diagram of the mixture, but this was also not our goal in this
study. We will concentrate below on the comparison of phase diagrams in such a reduced
form for systems with different shapes of gas–liquid interfaces and on the compositions
of phases.

We have not investigated thermodynamic properties of the low-density phase sepa-
rately from the coexisting liquid phase, so it can be in its supercritical state at high pressures.
The temperature of the mixture, T = 375.15 K, is higher than the critical temperature for
pure methane (190.564 K) and ethane (305.32 K) [31,32]; all other components have higher
critical temperatures. The light components undergo liquid–gas phase transitions in pure
states at 375.15 K at 1.59 MPa (butane), at 0.26 MPa (hexane), and at 0.05 MPa (octane) [32].
Other, more dense components have lower phase transition pressures.
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Figure 3. Phase diagram of the eight-component mixture at a constant temperature. The low pressure
interval refers to two coexisting phases. The data are for the bubbles of spherical shape. The critical
points for gas–liquid separation in methane, ethane, n-butane, n-hexane and n-octane are added for
comparison (please note that these are experimental data, and they are valid for the thermodynamic
limit, and that is not the case in our finite size systems). The hollow circles correspond to the case of
vanishing low-density phase inside the spherical bubble.

We would like to remind readers here that these data were obtained in the course
of (quasi-)equilibrium simulations starting from specially prepared configurations (the
protocol for starting configurations is described in the Model Section above). We have also
tried to get a spherical gas bubble in a cubic simulation box from a homogeneous liquid
upon decreasing pressure, and to observe the collapse of a gas bubble in a cubic box upon
increasing pressure. This took much more time and was less convenient for averaging
over quasi-stable configurations. It is well known that classical MD simulations are not
quite appropriate for the simulation of rare events—they may not happen at all [33]. A gas
bubble nucleation is a rare event, and we observe it only when the energy barrier of the
transition is low (when the system is far from equilibrium during pressure decrease). The
inverse process of a gas bubble collapse is also quite slow. There are studies that discuss
the high stability of nanobubbles [34,35]. In our protocol of obtaining the phase diagram
from (quasi-)equilibrium simulations of pre-prepared configurations, we have used this
fact to sample reasonable statistics for each of the studied systems.

3.2. Phase Diagram for Mixtures with Gas–Liquid Interfaces of Different Shapes

At pressures lower than the bubble point, when the fluid is in a two–phase state,
a curved phase interface changes the properties of phases due to additional capillary
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pressure. According to Young–Laplace law, capillary pressure is higher in the case of a
larger curvature of the phase interface. Actually, the Young–Laplace formula applies for
macroscopic systems and is not necessarily valid for nanosized systems, but it was shown
in the literature that the Laplace pressure differences can be predicted for drops as small as
five molecular diameters [14]. The pressure difference is

∆P = Pinside − Poutside = γ

(
1

R1
+

1
R2

)
(1)

where R1 and R2 are principal radii of the interface curvature and γ is the surface tension.
For nanosized gas bubbles, the curvature is extremely high, which leads to significant
changes in the pressures of phases. Here, we compare simulation results obtained for
different gas bubble shapes: flat, cylindrical, and spherical. A flat interface has no curvature,
leading to zero capillary pressure. Curvature of cylindrical and spherical bubbles resulted
in additional pressure inside the gas phase, i.e., negative additional pressure in the dense
phase. Since the presented pressure value is the pressure in the liquid phase, we observe
a shift in the bubble point to lower pressures for cylindrical and spherical gas bubbles,
and therefore also a shift in the coexistence densities of the gas and liquid phases to lower
pressures (Figure 4a) and a shift in the average density to lower pressures in the two–phase
systems with cylindrical and spherical gas–liquid interfaces (Figure 4b).

(a)

 30
 40
 50
 60
 70
 80
 90

 100

 3  4  5  6  7  8  9  10

Pressure, MPa

 600

 610

 620

 630

 640

 650

 660

 670

D
en

si
ty

, k
g/

m
3

(b)

 250

 300

 350

 400

 450

 500

 550

 600

 650

 3  4  5  6  7  8  9  10

A
ve

ra
ge

 d
en

si
ty

, k
g/

m
3

Pressure, MPa

Shape

Liquid
Gas

Plane Spherical Cylindrical Single-phase

    
    

    
    

    
    

    

Figure 4. (a) Densities of liquid and gas phases vs. pressure of the liquid phase in cases of different
shapes of the gas–liquid interface. (b) Average density vs. pressure for one-phase and two-phase
systems with different shapes of interfaces. Grey lines on both figures refer to a one-phase state.
The hollow circles on both figures correspond to the case of vanishing low-density phase inside the
spherical bubble.

Densities of the gas and liquid phases in Figure 4a are plotted against the pressure of
the liquid phase, and this plot does not show differences in pressures of the two phases (at
coexistence, the pressure of the liquid phase is equal to the pressure of the gas phase inside
the bubble minus the Laplace pressure). The pressure in the liquid is the lowest for the
spherical gas bubbles in comparison to cylindrical and flat interfaces. This effect is caused
by capillary pressure, and it vanishes if the density of the gas and liquid phase is plotted
vs. the average density of the system (Figure 5). The shape of bubbles was controlled by
the aspect ratio of the simulation cells, so that the total number of molecules remained the
same. Systems with equal average densities have equal volumes.
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The minor discrepancy in phase densities for different interface shapes might be also
related to different volumes occupied by the phase interface. We have checked whether
this is really the case. The volume fractions of the gas and liquid phases and of the interface
between them are presented in Figure 6. Systems with the same average density, i.e., of the
same volume, but with different shapes of the simulation box and therefore also different
shape of the gas–liquid interface, have the same volume fractions of gas and liquid phases.
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Figure 5. Densities of liquid and gas phases vs. average density of systems in cases of different
gas phase shapes. Grey line refers to one-phase state. The hollow circles correspond to the case of
vanishing low-density phase inside the spherical bubble.

Volumes of different phases and the volume of the interface were calculated according
to the algorithm described in Appendix C. Since we know the volume and the shape of the
gas bubble, its volume, and the volume of the interface, we can estimate the gas bubble
radius r and the interface width d:

r f lat =
1
2

vgasX

rcylinder =

√
1
π

vgasXZ

rsphere =
3

√
3

4π
vgasXYZ

d f lat = r f lat
vsur f

vgas
=

1
2

vsur f X

dcylinder = rcylinder

(√
1 +

vsur f

vgas
− 1

)

dsphere = rsphere

(
3

√
1 +

vsur f

vgas
− 1

)
where v are volume fractions, X, Y, and Z are sizes of simulation cells. The flat interface was
parallel to YZ plane, and the cylindrical interface was normal to the XZ plane. The “bubble”
radius for the case of the flat interface is half of the distance between opposite gas–liquid
surfaces. The widths of the interfaces are presented in Figure 7. In most of the cases, the
width of the gas–liquid interface fits into an interval of 2 nm ± 0.3 nm with one high value
(≈2.7 nm) corresponding to the case of the vanishing low-density phase in the bubble.
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Figure 6. Volume fraction of phases and interface between them vs. average density of simulation cell.
The hollow circles correspond to the case of vanishing low-density phase inside the spherical bubble.
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Figure 7. Width of the gas–liquid interface vs. the average density for different interface shapes. The
hollow circle corresponds to the case of vanishing low-density phase inside the spherical bubble.

The effect of gas adsorption inside the interface layer, which we will discuss in detail
in the next section, is also visible if one compares results of two sets of simulations: one
is for cubic cells, and another is for elongated parallelepiped cells. Both of them have flat
interfaces, but due to different cross sections of cells, the elongated cells have a smaller
volume of the interface layer (Figure 8a). The number of molecules of each type was the
same in both cases. The parallelepiped cells were four times longer and two times narrower
in both directions parallel to the interface (see Table 1 in Section 2.1 for simulation cells
sizes). Since fewer methane and ethane molecules could be adsorbed in the interface layer
in the case of an elongated cell, they resided in the gas phase, which had a bigger volume
(Figure 8a), and caused a slight pressure increase (Figure 8b) compared to cubic cells.

The difference in the aspect ratio of simulation cells leads to the formation of gas
bubbles of different shapes and, hence, different capillary pressures between phases. At
the same time, the influence of interface curvature and pressure difference does not imply
major changes in phases compositions and densities. Let us compare the systems of the
same average density, but with different gas-phase shapes, and calculate capillary pressure.
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To find the surface tension coefficient, we can use results obtained for the plane surface
interface. The surface tension coefficient can be calculated as follows:

γ =
1
2

X
(

Pxx −
Pyy + Pzz

2

)
(2)

where Pxx, Pyy, and Pzz are pressure tensor components in the system with the plane surface
interface, perpendicular to the X direction. The 1/2 multiplier accounts for the two side
surfaces on the opposite sides of the gas bubble. For the 26 × 25 × 25 nm3 system with
the plane interface, the surface tension is γ = 7.4 × 10−3 N/m. With this as a reference
for surface tension, we can evaluate ∆P for curved interfaces. For the 26 × 25 × 25 nm3

system with a sphere-shaped gas bubble, the bubble radius was 7.9–9.8 nm (depending
on the exclusion or inclusion of interface volume), which yields a ∆P between 1.87 and
1.51 MPa. Considering the liquid pressure 5.15 MPa, it gives us the gas phase pressure
in the range of 7.02–6.66 MPa. The gas in the spherical bubble, with this pressure, had a
density of 51 kg/m3 (Figure 4). Gas of the same density, but in the system with the plane
interface, would have a pressure equal to the liquid pressure around 6.6 MPa (to calculate it,
we fitted pressure on density dependence). This pressure estimation is in good agreement
with the estimation of gas pressure (with the inclusion of the interface layer to the bubble
size) using capillary pressure.
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Figure 8. Comparison of results obtained with different simulation cell shapes: a cubic cell and an
elongated parallelepiped cell. (a) Volume fraction of phases and the interface between them vs. the
average density of the simulation cell. (b) Pressure in the system vs. the average density of the
two-phase mixture.

3.3. Composition Analysis of the Gas and Liquid Phases and Interface Layer

Our method for analysis of the local density and composition (Appendix C) allows
us to calculate the total local density of all components as well as the local density (both
the mass and the molar densities) for each component separately. The data for the molar
composition (i.e., the molar fraction of each component) in the gas and liquid phases as
well as in the interface layer for all systems are plotted in Figure 9.

The gas phase consists of 80% methane, about 15% ethane, and about 5% butane and
hexane. The liquid phase for the most dense system (about 640 kg/m3) is the homogeneous
liquid, so that its composition is exactly equal to the average composition of all systems
(70% methane and 10% of each other component). In the interface layer, the molar fraction
of methane is again the largest one (between 40 and 60%), the molar fraction of ethane
is about 15%, as in the gas phase, but all other components are also present inside the
interface layer.

Although the different shapes of the gas–liquid interface result in different pressures
of phases, these differences have an insignificant effect on the composition of the phases
and the interface layer.
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More detailed analysis of the local density and composition in the gas and liquid
phases at coexistence, and of the interface between them, was performed for the case of a
spherical gas bubble in a cubic simulation box of the size 26 × 25 × 25 nm3, and the results
are presented in Figure 10.
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Figure 9. Molar compositions of components in the gas (a) and liquid (b) phases and in the interface
layer (c). Colors represent the components. Squares, triangles and spheres indicate the systems with
flat, cylindrical and spherical gas–liquid interfaces, respectively. The hollow circles correspond to the
case of vanishing low-density phase inside the spherical bubble.

The simulation box was divided into very small subboxes (voxels or three-dimensional
pixels) with the side 0.1 nm, i.e., there are, for example, about 2503∼1.5 · 106 voxels in the
cubic simulation box with the side length of 25 nm. In every particular configuration there
is on average less than one bead per such a voxel. Indeed, there are 360,000 beads in the
system of 48,000 molecules in total. We analyze which UA beads are in each voxel for a
particular configuration and average over many configurations at equilibrium, typically an
over 2 ns trajectory, checking that a phase-separated configuration is stable during this time,
i.e., that the bubble does not change its shape and position. Typically, such an averaging
was performed over about several hundred configurations. A special smoothing procedure
over neighboring voxels is performed as well. All details of the procedure are described in
Appendix C. This procedure allows us to calculate the average mass density in each voxel
and the average molar density of each component, and they are plotted in Figure 10a as
functions of the cumulative volume fraction. Actually, these plots are not functions but
diagrams! Let us explain here what we mean by cumulative volume fraction. We know
for each voxel the average mass density and plot the histogram of mass density, i.e., the
number of voxels that have a mass density in a small interval. Dividing the number of
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voxels with particular mass density by the total number of voxels, we get the fraction of
voxels or the volume fraction of small subvolumes with a particular mass density, which is
plotted in Figure A3 in Appendix C. In that plot, we divide the abscissa (mass density) into
bins with the width of 2 kg/m3, and this splits all voxels into many classes, so that each
class of voxels is characterized by the particular values of the local mass density. Each class
of voxels occupies some fraction of the total volume, and this fraction is plotted along the
x-axis in Figure 10a, while the local mass density (that actually defines the classes of voxels)
is plotted along the right y-axis. The sum of all small intervals (bins) along the x-axis gives,
of course, 1. For each x-bin (i.e., a few classes of voxels that are placed in this bin), we have
calculated the average molar density of components and the average molar composition
and plotted it along the left y-axis. We also included there the plot for the mass density of
components (note the logarithmic axis there).
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Figure 10. (a) Molar densities of fluid components (left y-axis, colored lines) and the average mass
density of the mixture (right y-axis). The abscissa axis corresponds to the cumulative volume fraction
of voxels (small local subvolumes) with the specific average mass density of the mixture (readable on
the right y-axis) and the mixture composition (represented by the molar densities of components and
readable on the left y-axis). The horizontal line segments indicate intervals of the volume fraction
of voxels with the given density and composition. The composition is represented by the molar
composition and the mass density in two other plots (b,c) in this figure. (b) Molar composition of the
fluid (left y-axis, colored lines) and the average mass density of the mixture (right y-axis). (c) Average
mass densities of fluid components (left y-axis, colored lines) and the average mass density of the
mixture (right y-axis which is here identical with the left y-axis). The data for these plots (a–c) are
obtained for the case of the spherical gas bubble with a diameter of about 7 nm in the 26× 25× 25 nm3

system, a pressure of 5.15 MPa, and an average density of 524.68 kg/m3.
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Analysis of the local composition shows that the molar density of methane and ethane
is higher inside the gas–liquid interface than in the gas phase (which consists mainly of
methane and ethane). These molecules are adsorbed on the liquid surface. In cases of
nanobubbles, a large fraction of gas molecules may reside in the adsorbed state (both
adsorbed inside an interface between the gas and liquid and at the walls of confining pores).
The total effect will depend on the gas–liquid surface area, which can be significant for
two-phase systems in porous media, especially when pore sizes go down to nanometers as
they are in tight rock formations.

4. Conclusions
We have performed a molecular dynamics simulation of a bulk eight-component

hydrocarbon mixture that roughly represents a composition of hydrocarbon fluid in a
volatile oil reservoir. For that goal, we have developed a method for building molecular
models of hydrocarbon mixtures which can include various branched molecules. We have
used self-periodical simulation boxes of finite sizes and with different aspect ratios. Our
main focus here is the phase behavior of a multicomponent mixture in the presence of
gas–liquid interfaces of different shapes: spherical, cylindrical, and slab-like gas bubbles.
We have also developed an efficient method for calculating properties of coexisting phases
in molecular simulations of multicomponent systems. In particular, it allows us to analyze
the local composition of the mixture and to calculate the molar densities of components
in liquid and gas phases, as well as inside the interface between them. For the values of
models’ parameters which we have used so far, we observe the liquid–gas phase separation
upon decreasing the overall density, and therefore also the pressure, accompanied by the
demixing of more light components. We have kept the same temperature, T = 375.15 K, in
all systems and used several combinations of the number of molecules and the box size and
shape to control the overall density and the presence or absence of a liquid–gas interface, as
well as its shape. The gas bubble that appears in the system is mainly composed of methane.
At the same time, there are also a small number of ethane and butane molecules, a tiny
number of hexane molecules, and no molecules of heavier components at all. In the liquid
phase, all components are present, and the molar density of all of them is approximately the
same except for methane, whose molar density is twice that of the other seven components,
that is essentially smaller than the average molar density of methane in the system that is
three times larger than that of the other seven components. We also show that inside the
gas–liquid interface, which is actually quite broad, the molar density of methane is also
higher than that of other components and even reaches a maximum value in the middle of
the interface. Ethane behaves similarly: its molar density also reaches a maximum inside
the interface. The molar density of heavier components grows monotonically from the
inner part of the interface towards its outer part and shows a very small (almost not visible)
maximum at the outer side of the bubble.
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Appendix A. MD Simulation Details
Appendix A.1. Force Field

A NERD force field with additional parameters [18] was used for the MD simulation
of a hydrocarbon mixture with branched molecules. This force field allows us to consider
saturated hydrocarbons in the united atom approach. Every united atom is a spherical
uncharged particle representing one carbon atom with hydrogen atoms bonded to it. United
atoms differentiate by the number of hydrogen atoms and, in the case of the CH3 group,
molecule type. In the current study, we used three different united atoms for the CH3
group: CH3e for ethane, CH3 for the ends of linear molecules, and CH3s for the ends of
branched molecules. CH2 united atoms were the same regardless of position in a molecule
and molecule type.

United atoms interact with each other via Lennard-Jones potential (non-bonded
interaction):

V(LJ)
ij = 4εij

(σij

rij

)12

−
(

σij

rij

)6
 (A1)

where rij—distance between i and j particles, εij and σij—parameters of non-bonded
interaction. The interaction radius was limited using a cut-off function [37], which gradually
decreases the interaction strength to zero in the section Rcut2 > rij > Rcut1. Rcut1 and Rcut2

were 1.5 and 1.7 nm. Larger cut-off radii did not change simulation results; however,
smaller values lead to a less dense liquid phase. Non-bonded interaction parameters and
masses of united atoms are presented in Table A1. United atoms which were separated by
less than three bonds inside a molecule were excluded from non-bonded interactions. For
pairs of particles connected via three bonds, the non-bonded interaction was reduced by a
factor of two. Parameters of non-bonded interactions for different combinations of united
atoms were calculated using Lorentz–Berthelot mixing rules:

εij =
√

εiiε jj

σij =
σii + σjj

2

(A2)

Table A1. Properties of united atoms.

Type Mass (a.m.u.) ε (kJ/mol) σ (nm)

CH4 16.043 1.2305400 0.3730
CH3e 15.035 0.8364349 0.3825
CH3 15.035 0.8647041 0.3910
CH3s 15.035 0.6901004 0.3820
CH2 14.027 0.3808024 0.3930
CH1 13.019 0.3300842 0.3850
CH0 12.011 0.1413459 0.3910

To compose a molecule, united atoms were connected with bonding potential:

V(bond) = kb(l − l0)
2, (A3)

where l is the bond length, kb and l0 are the force constant and equilibrium bond length,
correspondingly.
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The angle between the covalent bonds was controlled by bond angle potential:

V(angle) = ka(θ − θ0)
2, (A4)

where θ is the angle between i-j and j-k bonds, ka and θ0 are the force constant and equilib-
rium angle, correspondingly.

Dihedral angles were controlled by the following potential:

V(dihedral) =
1
2

4

∑
n=1

Fn

(
1 + (−1)n−1 cos(nϕ)

)
, (A5)

where ϕ is the angle between planes in a particle quadruplet. Zero ϕ corresponds to a
cis-configuration. F1 . . . F4 are numerical coefficients.

Parameters of bonded interactions (A3)–(A5) are presented in Table A2.

Table A2. Parameters of bonded interactions in molecules. X denotes a united atom of any type.

Bond l0 (nm) kb (kJ/mol/nm2)
X-X 0.154 80234.99

Angle θ0 (deg.) ka (kJ/mol/rad2)
X-CH2-X 114.00 519.657
X-CH1-X 109.47 519.657
X-CH0-X 109.47 519.657

Dihedral F1 (kJ/mol) F2 (kJ/mol) F3 (kJ/mol) F4 (kJ/mol)
X-CH2-CH2-X 5.903802 −1.133933 13.158878 0.000000
X-CH2-CH1-X 6.623336 2.313428 −14.986067 0.000000
X-CH2-CH0-X 0.000000 0.000000 27.200077 0.000000
X-CH1-CH1-X 0.000000 0.000000 27.200077 0.000000
X-CH1-CH0-X 0.000000 0.000000 27.200077 0.000000
X-CH0-CH0-X 0.000000 0.000000 27.200077 0.000000

Appendix A.2. Single Precision vs. Double Precision in GROMACS

Actually, the double precision calculations in MD simulation are the standard choice,
so there is no need to justify using them. However, GROMACS software allows us to
utilize GPUs in single precision, and that of course drastically improves the calculation
performance. A few years ago, there was some discussion in the GROMACS community
and attempts to motivate the software developers to incorporate double precision in GPU
calculations, but at the moment of the main simulation runs for this paper, this had not yet
been done.

Therefore, we performed some tests to warn colleagues that simulations in the single
precision regime on a GPU in GROMACS could lead to some artifacts and a non-physical
picture, in particular, a spatial distribution of temperature is not uniform in the case of a
two-phase system even when each of the fluid components is coupled to a separate thermal
bath. In Figure A1, the temperature profile along the x-axis is shown for a gas–liquid system
of 48,000 molecules in the simulation cell with dimensions of 180 × 12.5 × 12.5 nm3. The
average temperature of the whole system and of each component was correctly reproduced
(375.15 K), but the temperature profile along the x-axis was not uniform. This does not
happen when double precision calculations are used.
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Figure A1. Temperature profile of a gas–liquid system when using GROMACS in a single precision
regime on GPUs.

Appendix B. Molecules Generation Algorithm
The molecule generation algorithm allows for the automatic creation of a large number

of united atom models of saturated hydrocarbon molecules. Every molecule is being
generated independently from any others. The algorithm is implemented as a Python script
and is available at GitHub [38]. The output of the algorithm is the position of every united
atom and a list of bonds. Every carbon atom has as many hydrogen atoms connected
as possible depending on the number of bonds with other carbon atoms. Each carbon
atom with corresponding hydrogen atoms is considered as one particle (a united atom, or
a bead).

The generation process is iterative. The generation cycle ends when a molecule has a
desired number of atoms. The generation starts with one united atom particle (methane
molecule). At each iteration, a C-C bond is added, and this can lead to the addition of
a neighbouring carbon atom or the creation of a bond between existing C atoms and,
therefore, the creation of a cycle. Every united atom of a molecule being generated is
placed in points of a diamond crystal lattice. It decreases the number of possible molecule
types which can be generated. However, molecules, generated in such a way, have atom
positions close to equilibrium, so there is no need to equilibrate intermediate states of a
molecule being generated. At each step, a new bond can be added at different places of the
existing molecule. The choice of position is made according to the list of probabilities set.
This list contains “energies” of bonds of each type, depending on united atom types. At
each step, creation probability weights of possible bonds are calculated as wi = exp(Ui/T)
where Ui is bond “energy” and T is “temperature”. These bonds’ “energies” and the
“temperature” may not have any physical meaning, in case hydrocarbon generation should
be threatened as numerical parameters. In the current study, for all bond had equal
probabilities. However, using different input bond “energies”, it is possible to generate
dendritic molecules, with hydrocarbons with every C atom having less than 4 C-C bonds,
archipelago-like molecules, and so on.

Appendix C. Analysis Methods
In this section we would like to present an analysis method which allows us to detect

different phases while analyzing trajectories of atoms produced by molecular dynam-
ics simulation.

As an example, the analysis method will be shown applied to the results of the
simulation of an eight-component mixture (48,000 molecules in total) in a 26 × 25 × 25 nm3

calculation cell at a temperature of 375.15 K and a pressure of 5.15 MPa, and the average
density was 524.68 kg/m3. At these conditions, the final state of the system consists of two
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phases: a low-density phase (gas bubble) and a high-density phase (liquid). Figure A2a
presents a slice of a snapshot of the system. The gas phase’s primary components were
methane and ethane, while the liquid phase contained heavier molecules. Trajectories of
molecules were averaged over several hundred configurations sampled during productive
simulation runs (typically, 2 ns) and the molar density of each component was obtained
(Figure A2b). The size of the bin for averaging was 0.1 nm, i.e., the side of the voxel
(which is a small subvolume or 3d pixel), and this is smaller than the size of a methane
molecule, for good spatial resolution. Molar densities were recalculated to the mass density
(Figure A2c) and then smoothed with a Gauss filter (σ = 0.25 nm) to obtain the local mass
density map (Figure A2d), which was used for phase detection.

(a) (b)

(c) (d)

Figure A2. (a) A slice of a snapshot of the simulated system, and the thickness of the slice is 2 nm.
(b) Time-averaged composition (molar densities of components). In both (a,b), the red color shows
the methane concentration, the green color shows concentrations of ethane, butane, hexane, and
octane, and the blue color shows the concentration of C12, C16, and C24 fractions. (c) Time-averaged
mass density in the slice. (d) Smoothed average mass density (the local density). The thickness of the
slices (b–d) is 0.1 nm. In (c,d), the blue color refers to the gas and green color refers to the liquid.

The phase detection algorithm is as follows:

1. A plotted histogram of the volume fraction (number of bins) on density (Figure A3).
The bin size of this histogram was 2 kg/m3. There are two spikes on this plot—one
refers to the gas phase, another refers to the liquid phase. Volume with intermediate
density refers to the gas–liquid interface.

2. Evaluate approximate average densities of gas and liquid (Mgas, Mliquid) and their
dispersions (Dgas, Dliquid). For the calculation of these values, only values exceeding
0.25% of volume were used: small values on the histogram (below the green line
in Figure A3), which refer to the phase interface, were omitted. Remaining values
were divided into two groups (gas and liquid). For these groups, average values and
dispersions were calculated.

3. Evaluate two density values: a higher limit of gas density and a lower limit of
liquid density (L1 and L2, correspondingly). These values were calculated using the
following formulas L1 = Mgas + 3Dgas and L2 = Mliquid − 3Dliquid (orange and purple
lines in Figure A3).
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4. Get a rough estimate of the density of the intermediate layer Minter f ace as a mean
between the density of the gas and liquid phases (Minter f ace = (Mgas + Mliquid)/2),
to set all voxels with a local density less than Minter f ace as “gas”, voxels with a
local density more than Minter f ace as “liquid”, and voxels with a density equal to
Minter f ace as the “intermediate layer”. This is a temporary labeling of voxels. Some
“intermediate” voxels are labeled as “gas” or “liquid” after this step.

5. Iteratively find all voxels with intermediate densities laying between gas and liquid
phases. At each step, one needs to label as “intermediate” all voxels which are
neighboring current “intermediate” ones and have local densities between L1 and L2

values. The process repeats until the number of “intermediate” voxels does not rise.
6. After the previous step, “intermediate” volume can have parts going deeply into a

different phase (Figure A4a), so one should smooth surfaces which distinguish phases.
This can be done with the following process: every voxel changes its label to the
dominant label among its 26 neighbours. After some iterations, the label map stops
changing, and the boundaries are smooth (Figure A4b).
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Figure A3. Density values distribution histogram. Green line corresponds to an average value.
Orange and purple lines are approximate limits of gas and liquid densities.

(a) (b)

Figure A4. Slice of label map (a) before smoothing, and (b) after smoothing. Gas is shown with
yellow, the intermediate layer is shown in green, and the liquid is shown in purple. The slice position
corresponds to Figure A2.
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The phase detection algorithm described allows us to label all volumes with three
different labels. In Figure A4b, different labels are shown with different colors. With this
labeling, one can easily calculate spatial averages of phase densities and compositions (they
are not equal to rough estimations Mgas, Mliquid, and Minter f ace).

This method can be generalized to split the volume into any number of classes. If
classes are distinguished by local density values, one can get the composition and volume
fraction which are presented in Figure 10 (in the main text). Classes were separated with
the binning of density values within 2 kg/m3 intervals (same as binning in the histogram
in Figure A3). In Figure 10, the x-axis is the cumulative volume fraction scale (see the main
text for an explanation). The left y-axis is the axis of components’ molar densities, which
are plotted as a sequence of horizontal lines—one for each class. Vertical positions of these
lines represent composition, horizontal length is the volume fraction of a class. The right
y-axis is the mass density scale of classes (grey line). In this figure, one can see that gas
consists of about 10–12 classes with the lowest mass density and occupies approximately
12–14% of the whole volume. There is also a methane density peak and a less pronounced
ethane peak in the intermediate layer. This means that these molecules may be adsorbed
on the gas–liquid surface. The right-hand side of the figure (high mass density) refers to
the liquid phase. One can see that the liquid is not uniform at the molecular scale (spatial
bin size is only 0.1 nm). The most dense voxels have high C24 molecule concentrations.

The following important remarks should be taken into account. This method of
processing the results of molecular simulations allows us to determine the densities, com-
positions, and volume fractions of different phases of the simulated mixture, regardless of
their location in the simulation box and its shape. When considering an eight-component
mixture, this method of processing worked perfectly, but it is worth pointing out some
of its weaknesses. Firstly, this method is based on dividing the areas of the simulation
box by some value, the choice of which is arbitrary. In our work, we have taken the mass
density of the mixture. This choice turned out to be successful: the values of the density of
the interface layer between the liquid and gas turned out to be intermediate between the
values of the gas and liquid density. If the density of the layer turned out to be, for example,
higher than the density of the liquid, then in the area between the gas and the surface
layer, the mixture would have the density of a liquid, but classifying it as a liquid would
be wrong. Secondly, the results of processing depend, although weakly, on the size of the
voxels (subvolumes) into which the simulation box is divided when averaging trajectories.
In this paper, this size was taken as deliberately small (several times smaller than the size
of the simulated UA beads) to obtain distributions in high spatial resolution. However, this
size turned out to be too small—the mass density values were too noisy, and additional
spatial averaging was required. Additional averaging was performed using a Gaussian
filter, the spatial size of which was taken to be 2.5 times larger than the voxel size. This size
is small enough to maintain good spatial resolution and large enough so that the density
values do not have strong noise. However, the choice of this size is arbitrary. These features
make this processing method inapplicable to the study of arbitrary complex systems (for
example, in the presence of adsorption layers on the surface of a solid). It can be improved
by the utilization of neural networks to automatically find the best distinguishing value for
phases in a complex system. However, in this paper, the use of more advanced processing
methods was not necessary.
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