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Abstract
The dynamic contact angle of a gas–liquid–solid system depends on the contact line velocity and ignoring this effect could 
lead to inaccurate estimations of the capillary pressures in microporous media. While most existing coarse-grained molecular 
dynamics (CGMD) models use one particle to represent a few molecules, we present a novel CGMD framework to model 
microscale  CO2/water flows in silica with each particle representing hundreds of thousands of molecules. The framework 
can reproduce the densities and viscosities of water and  CO2, water–CO2 interfacial tension, and static contact angle over a 
wide range of pressures. The validated framework is applied to study the velocity-dependency of contact angle of the micro-
scale  CO2–water–silica system. The results indicate that the assumption in the molecular kinetic theory that liquid–solid 
interaction is similar to the reversible work of adhesion between liquid and solid may not hold for  CO2–water–silica systems.

Keywords CO2–water–silica system · Dynamic contact angle · Coarse-grained molecular dynamics · Dissipative particle 
dynamics · Multiphase interactions

1 Introduction

The utilization of supercritical  CO2 has gained interest in 
energy areas, such as  CO2 flooding for enhanced oil recov-
ery, hydraulic fracturing, and displacement of methane from 
gas hydrate [1–3]. It is therefore important to understand 
the behaviour of  CO2/water flow in sedimentary micropores. 
The wettability of the system, which is usually quantified 
using the contact angle, is an essential factor for the stud-
ies of multiphase flow. The static contact angle is measured 
when there is no relative movement between the three-phase 
contact line and the solid surface. The dynamic contact angle 
is measured during the multiphase flow because the contact 
line is moving relative to the solid surface. The effects of 
pressure, temperature, and salt concentrations on the static 
contact angle of the  CO2–water–silica systems have been 
studied using experiments [4–6] and at the nanoscale using 
molecular dynamics (MD) simulations [7–10]. Different 

trends have been experimentally observed for the contact 
angle changes with pressure, and hence the MD method 
has been used to eliminate experimental uncertainties such 
as surface contaminations and chemical reactions [7, 11]. 
Recently, MD simulations have been carried out to study 
the effect of the contact line velocity on the dynamic contact 
angle, and simulation results have been found to be consist-
ent with the molecular kinetic theory (MKT) [12]. However, 
to our knowledge, changes in the dynamic contact angle as a 
function of the contact line velocity for the  CO2–water–silica 
system have not been studied experimentally. The study of 
the dynamic wetting is important in many applications, such 
as the design of microfluidic devices, coating, and lubri-
cation. The rate-dependent behaviour of the dynamic con-
tact angle can affect the calculation of capillary pressure 
in porous media since the capillary pressure is calculated 
as a function of Young–Laplace equation [13]. Numerical 
simulators can offer an attractive tool to study and quantify 
this dependency at the microscale.

Several numerical methods have been used to study the 
dynamic contact angle in multiphase flow, such as MD, 
lattice-Boltzmann method (LBM) [14], smooth particle 
hydrodynamics (SPH) [15–17], computational fluid dynam-
ics (CFD) [18], and finite element method (FEM) [19, 20]. 
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In MD, the dynamic contact angle depends on molecular 
interactions, but the simulation is limited to the length scale 
of nanometres and the time scale of nano-seconds with 
high computational costs. A multiscale moving contact line 
model was developed and implemented in the framework of 
FEM by coupling the coarse-grained adhesive model and 
the macroscale hydrodynamic model [19, 20]. Indeed, the 
multiscale model can effectively separate the liquid and solid 
phases at their contact surface to avoid the singularity prob-
lem at the contact line. Nevertheless, it only models the liq-
uid and solid phases explicitly. The problem becomes more 
challenging when the dynamics of the gas phase are added. 
LBM, SPH, and CFD can also be used to study dynamic 
contact angle at the microscale (at the order of a few to hun-
dreds of microns). LBM or CFD can be coupled with the 
discrete element method (DEM) to consider the effect of the 
movement of solid particles [21, 22], but they cannot model 
the deformation or fracture of the solid, which could be sig-
nificant in several engineering applications (e.g., hydraulic 
fracturing). Although SPH can theoretically model solid 
fracturing [23] and the dynamic contact angles of multiphase 
flow [16], simulating the complex interactions between mul-
tiphase flow and solid fracture at the microscale using SPH 
alone is still very challenging.

Coarse-grained molecular dynamics (CGMD) meth-
ods have been proposed to achieve greater length and 
time scales than MD by reducing the number of degrees 
of freedom [24, 25]. A few CGMD models for  CO2 and 
water have been developed as well, but most are done by 
mapping one molecule or a few molecules (i.e. 4 water 
molecules) into one CG particle with a particle size of 
around 0.3–0.6 nm [24–27]. A higher level of coarse-
graining (mapping many molecules into one particle) is 
needed to model the multiphase interactions at the micro-
scale (micrometer length and microsecond time scales). 
Dissipative particle dynamics (DPD) [28] and many-body 
dissipative particle dynamics (MDPD) [29, 30] methods 
were applied to model single-phase flow and liquid–vapour 
phases to model the liquid at the microscale by mapping 
many molecules (e.g. ~ 107 water molecules) into one CG 
particle [31, 32]. By combining the features of SPH and 
DPD, the smoothed dissipative particle dynamics (SDPD) 
method was developed to fill the gaps between the micro-
scale (or mesoscale as described in Ref. [33]) and macro-
scale by Espanol and Revenga [33, 34]. The SDPD returns 
to a SPH method for solving the Navier–Stokes equations 
at the macroscale, and recovers the scale-dependent ther-
mal fluctuations at the microscale [34]. SDPD works better 
than the conventional DPD for fluids since the equation of 
state and viscosity are input to the method. Besides, the 
SDPD can model the multiphase flows by implementing 
and modifying the methods used in SPH [35, 36]. SDPD 
currently cannot be applied to model the deformation or 

fracture of the solid, since it has mainly been developed 
to solve the Navier–Stokes equations at the macroscale. 
Modeling the deformable solid can be important in many 
porous media applications where the complex liquid–gas-
solid interactions must be simulated explicitly. Recently, 
a CGMD framework has been developed to describe the 
liquid–vapour–solid system successfully at the micro-
scale with the capability of capturing solid deformation 
and fracture [37]. However, the CG framework cannot be 
applied to model  CO2/water flow at the microscale since 
it did not consider  CO2 and the dynamic property of the 
liquid, such as viscosity [37], which is important in the 
modelling of multiphase flows. Most CG models for  CO2 
use one CG particle to represent one  CO2 molecule [24, 
38, 39], and there is no CG model developed by mapping 
large numbers of  CO2 molecules into one CG particle.

This paper develops a new CGMD framework for 
modelling  CO2–water–silica systems at the microm-
eter length and microsecond time scales. The proposed 
framework combines MDPD and DPD force fields, and 
Lennard–Jones potential function. The MDPD force 
field is used to describe the water–water inter-particle 
interaction, as in [37]. The DPD force field is used to 
describe the inter-particle interaction of the supercriti-
cal  CO2. The Lennard–Jones potential function is used 
to describe the interactions between different phases. 
The parameters of the particle–particle interactions will 
be calibrated to reproduce the experimentally measured 
densities and viscosities of  CO2 and water, the interfa-
cial tension between water and  CO2, and the static contact 
angle at different pressures ranging from 10 to 20 MPa. 
The proposed framework will then be used to model and 
study the dynamic contact angle as a function of velocity 
for the microscale  CO2–water–silica system under high 
pressure (10–20 MPa) and high temperature (333.15 K) 
conditions. The dynamic contact angles at different veloci-
ties and capillary numbers Ca = μv/γ will be calculated 
by modelling the piston-induced flow at three different 
water pressures, where v is the velocity of the moving 
contact line, μ is the viscosity of the liquid, and γ is the 
interfacial tension between the liquid and gas phases. The 
calculated dynamic contact angle at different contact line 
velocity will be compared with previous MD results [12]. 
A sensitivity analysis of the interaction between solid and 
water and the interaction between solid and  CO2 will be 
carried out as well to study how dynamic contact angle as 
a function of contact line velocity is affected by different 
solid–fluid interactions.
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2  Computational methods

2.1  Potential functions for inter‑particle 
interactions

The fluid and interfacial properties in the CG approach 
depend on the particle–particle interactions, which gov-
ern the motion of particles in the simulated system. Here, 
the interaction between water particles is described by the 
MDPD force field, as per [37]. DPD forces field is used to 
describe the interaction between supercritical  CO2 parti-
cles because the surface tension of the supercritical  CO2 
in liquid–vapour equilibrium is extremely small (the sur-
face tension is 0.054 mN/m at a temperature of 303.15 K 
and approaches to zero as the temperature increases [40]) 
and can be neglected. The interactions between different 
phases are described by the Lennard–Jones (LJ) potential 
function. The solid particles are fixed here for simplic-
ity, but the interactions between them can be considered 
and calibrated against the tensile strength and Young’s 
modulus of the fused silica if needed [37]. The calculated 
dynamic contact angle will not be affected by using fixed 
solid particles instead of mobile solid particles since our 
preliminary results have shown that the displacements of 
the solid particles are very small under the applied load-
ing conditions.

For the DPD and MDPD forces, only the conserva-
tive part is used in this study. The dissipative and random 
forces, which work together as a DPD thermostat, are not 
considered here and are replaced by the Nosé–Hoover 
chains thermostat [41, 42]. For DPD particles, the DPD 
thermostat is commonly used to adjust the viscosity of the 
fluid for the dynamics of CG particles [28]. Alternatively, 
Nosé–Hoover thermostat can be used in CGMD [27]. In 
our CG model, the thermodynamic properties of fluids are 
mainly controlled by the conservative forces (or the pair-
wise potential functions). Hence the Nosé–Hoover chains 
thermostat is used as a weakly-coupled thermostat for 
modelling the system at a targeted temperature. Besides, 
Nosé–Hoover chains thermostat can be easily applied to 
solid particles if modelling the deformation or fracture of 
the solid is desired at the same time, as demonstrated in 
[37]. For MDPD, the conservative force is given by

where A and B are parameters of the attractive and repulsive 
forces (A is negative, and B is positive), respectively; rij is 
the distance between the particles i and j; eij is the unit vector 
pointing from particle j to particle i; wc(rij) and wd(rij) are 
the weight functions defined as:
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where rc and rd are the cut-off distances for the attractive and 
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to recover the attractive force at the liquid–vapour interface. 
The weighted local density of particle i, ρi [Eq. (1)], is cal-
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particles within the cut-off radius rd:

For conventional DPD the conservative forces are given by:

where A is the parameter of the repulsive force and is 
positive.

The LJ potential energy uαβ, which describes the interac-
tions between two particles from different phases separated by 
a distance rαβ, is given by:

where εαβ and σαβ are the depth of the potential well and 
the distance at zero potential energy, respectively. The sub-
script αβ indicates different types of interactions: cw for 
 CO2–water interactions, sc for silica–CO2 interactions, and 
sw for silica–water interactions. rαβ, cut is the cut-off radius, 
which is set as 2.5 in dimensionless units for all cases.

2.2  Conversion between dimensionless 
to dimensional systems
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where mwater is the mass of a water particle, rc is the cut-
off distance for the attractive force in the MDPD model 
for water, and ε is the unit of energy for the simulated sys-
tem. Here, the dimensionless variables are written with the 
asterisk.

The next step is to determine the reference values: 
mwater, rc, and ε. As the reservoirs often experience high-
temperature and high-pressure conditions, a model of 
 CO2–water–silica system at a high-pressure between 
P = 10 MPa and 20 MPa at T = 333.15 K will be devel-
oped.  CO2 is at its supercritical state under such high pres-
sure and high temperature since the critical pressure of 
 CO2 at T = 333.15 K is around 7.4 MPa [40]. ε, rc, and 
mwater can be calculated by matching the real pressure P, 
the interfacial tension between  CO2 and water γ, and the 
density of the water ρwater at 15 MPa and 333.15 K with 
their dimensionless values below, by:

After the rearrangement of Eqs. (10) to (12), ε, rc, and mwater, 
can be expressed as:

Here, ρwater = 989.6 kg/m3 and γ = 0.0305 N/m are used [40, 
43]. It is noted that the experimental value of γ was obtained 
at 333.5 K instead of the 333.15 K in the simulation. Here, it 
is assumed that the simulated CG system at T* = 1 is equiv-
alent to the system at the real temperature T = 333.15 K, 
as the temperature is not varied in this study. P* = 120 is 
assumed to be the pressure at 15 MPa as elaborated next. 
It can be seen from Eq. (14) that it is better to choose a 
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larger P* value so that a larger physical scale of the coarse-
grained particles can be achieved when other variables are 
kept unchanged. However, if the selected P* value is too 
large, the liquid phase may become solid. Using P* = 120 
will allow us to study the flow in a microchannel with a 
channel size of around 1 μm. To link the dimensionless unit 
of viscosity to its physical unit, the definition of the time 
unit τ is also required. Usually, the dimensional time unit is 
calculated as τ = rc(mwater/ε)1/2, and the dimensionless time 
unit is defined as τ* = τ (ε/mwater)1/2/rc. The time unit has 
been scaled to match the experimental diffusion constant of 
water for DPD particles in [44, 45]. In this work, since the 
viscosity is one of the targeted properties, the time unit τ is 
calculated to match the experimental water viscosity ηwater at 
15 MPa and 333.15 K using the following equation:

where η*
water is the viscosity calculated from the simulations 

at P* = 120 and T* = 1.

2.3  Calibration of the DPD/MDPD system

Equations (13)–(16) can link the dimensionless system to 
the dimensional system at P = 15 MPa and T = 333.15 K by 
calculating the fundamental values ε, rc, mwater, and τ for 
a certain set of parameters. Afterwards, the parameters of 
the particle–particle interactions can be calibrated accord-
ingly to reproduce the experimental values of the density, 
interfacial tension, viscosity for a wide range of pressure, 
i.e., 10 MPa to 20 MPa. For water, the MDPD parameters 
of A* = − 40, B* = 50, rd

* = 0.75 and rc
* = 1 are chosen follow-

ing our previous study [37]. The parameters of the MDPD 
(water particles) and DPD  (CO2 particles) are only cali-
brated against the experimental viscosity ratio of water to 
 CO2 at P = 15 MPa and T = 333.15 K, i.e., 10:1, because it is 
found from the simulations that the compressibility of both 
 CO2 and water under high pressures cannot change much by 
adjusting the force parameters. Although the  CO2 and water 
models are not calibrated against their compressibility, it 
will be shown later in Sect. 3.1 that the resulting parameters 
recover the densities of  CO2 and water well, over a large 
range of pressure. However, some discrepancies in the  CO2 
density are observed at P ≤ 14 MPa.

The calibration of the DPD parameter in this work is 
conducted as follows (see flowchart in Fig. 1). Given the 
MDPD parameters (A* = − 40, B* = 50, rd

* = 0.75 and rc
* = 1), 

ρ*
water and η*

water can be calculated at P* = 120 and T* = 1 from 
the simulations (see Appendices 1 and 2 for the calcula-
tions of the density and the viscosity). Afterwards, for each 
set of DPD parameters, the dimensionless number particle 
density ρ*

CO2, n can be calculated at P* = 120 and T* = 1. 

(16)� =
�waterr

3
c

�∗water�
,
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Then, m*
CO2 can be calculated as m*

CO2 = (ρCO2 ρ*
water)/(ρwater 

ρ*
CO2, n), which can be derived from Eqs. (7) and (15). Next, 

the viscosities of  CO2, η*
CO2, can be calculated at P* = 120 

and T* = 1. In the end, the DPD parameters A* = 70 is cho-
sen, with a viscosity of 1.54, resulting in a viscosity ratio 
of η*

water/η*
CO2 = 9.45: 1, at P* = 120 and T* = 1. The viscosi-

ties of water and  CO2 at a wide range of pressure are also 
calculated accordingly. After the calibration of the MDPD 
and DPD parameters, the parameters of LJ potential func-
tion for the particle–particle interactions between  CO2 and 
water can be calibrated with a trial and error method against 
experimental interfacial tension for the pressure varying 
from 10 MPa to 20 MPa (see Appendix 3 for the calculation 
of the interfacial tension).

Next, the parameters of the particle–particle interactions 
of  CO2–silica and water–silica are calibrated against the 
static contact angle for the  CO2–water–silica as a function 
of pressure. Two factors are considered in the calibration 
process. The first factor is that the silica surface needs to 
be modelled as hydrophilic. This is because amorphous 
silica surfaces in aqueous environments have an area den-
sity of (Si–O–H) group around 4.6–4.9 nm−2, which leads 
to a complete wetting in a water–vapour (vacuum)–silica 
system [12]. A water bridge method will be performed to 
confirm if the silica surface is hydrophilic (see the detailed 
calculations in Appendix 4). The other factor is that the sim-
ulated contact angle over a broad range of pressures should 
be consistent with the literature. Since there are significant 

discrepancies in the measured contact angle as a function 
of pressure in the reported experiments, it is assumed that 
the resulting static contact angle of the  CO2–water–silica 
system should be similar to our previous MD simulations 
[12] and does not change with pressure at our studied pres-
sure range. This pressure dependence is also consistent with 
some experimental studies [46, 47]. In addition, a range of 
static contact angles is modelled by changing the interaction 
energy between silica and water particles and between silica 
and  CO2 particles.

2.4  Static and dynamic contact angle simulations

All simulations in this work are computed using LAMMPS 
code [48]. The implementation of MDPD in LAMMPS is 
done by using the embedded atom method (EAM) potentials 
(see [37] for details). The EAM tabulated files are gener-
ated by the “atsim.potentials” code [49]. The Nosé–Hoo-
ver chains thermostat is used for the system running in a 
constant-particle-number, constant-volume, constant-
temperature (NVT) ensemble unless otherwise stated. The 
isothermal–isobaric ensemble (constant-particle-number, 
constant-pressure, constant-temperature NPT ensemble) is 
achieved with both a Nosé–Hoover chains thermostat and a 
Parrinello–Rahman barostat [41, 42, 50, 51]. The damping 
parameters of the thermostat and the barostat are 100 time 
steps and 1000 time steps, respectively.

To calculate the static and dynamic contact angles of the 
 CO2–water–silica system, a periodic simulation box con-
taining  CO2 and water within two silica slabs is created (see 
Fig. 2). The size of the simulation box size is Lx = 2.71 μm, 
Ly = 0.371 μm, and Lz = 0.964 μm. The channel height is 
Dz = 0.741 μm. A piston is placed at the left end of the simula-
tion box (Fig. 2). The solid slabs and the piston are considered 
as the silica and are constructed using a face-centered cubic 
(FCC) lattice structure with a particle density of 6 per unit vol-
ume V*, same as the particle density of water at P = 15 MPa. 
The thickness of the slabs and pistons is chosen to be greater 
than the cut-off radius of the LJ potential function. The inter-
actions between the slabs and the piston are turned off in the 
simulations. Initially, the equilibrated water and  CO2 phases 
are placed in between the slabs. To prepare the equilibrated 

Fig. 1  Flow chart of calibrating the DPD parameter against the vis-
cosity ratio η*

water/η*
CO2, given a set of MDPD parameters

Fig. 2  The simulated system obtained after equilibration at 
P = 14.4 MPa and T = 333.15 K using visualisation software OVITO 
[52]
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water and  CO2 phases, a water box and a  CO2 box are obtained 
from bulk water and  CO2 phases in the equilibrated water–CO2 
interface simulations, respectively. Each box has a size of 
Lx = Lz = 0.354 μm and Ly = 0.371 μm. Each box is further 
replicated four times in the x-direction and two times in the 
z-direction and then is equilibrated for 100,000 time steps at an 
NVT ensemble. Finally, the equilibrated water and  CO2 phases 
are placed between the slabs in the simulation box. Sufficient 
gaps between different phases are left to avoid the undesired 
large forces when placing the water and  CO2 particles.

The initial velocities of the water and  CO2 particles of the 
system are drawn randomly from the Gaussian distribution at a 
given temperature. An energy minimisation process is applied 
to water and  CO2 particles to avoid large overlaps between 
particles. Then, only water particles move under a Langevin 
thermostat for 10,000 time steps for a quick relaxation of the 
water, while keeping other particles fixed. Similarly, a quick 
relaxation for  CO2 is carried out with the same procedure for 
another 10,000 time steps. The relaxation processes can pre-
vent the initial interface shape from changing significantly 
because a large amount of energy can initially be generated 
at the interface. The  CO2 and water particles are then further 
relaxed with a Langevin thermostat for 100,000 time steps to 
reach thermal equilibrium. The thermostat is then switched 
to the Nosé–Hoover chains thermostat for the rest of the 
run in an NVT ensemble for 2,000,000 time steps. The first 
1,000,000 time steps are considered as the equilibrium run, 
and the last 1,000,000 time steps are considered as a produc-
tion run. In simulations at high pressure (~ 20 MPa), it takes a 
long time to reach the equilibrium state (3,000,000 time steps), 
and the following 1,000,000 time steps (production run) are 
used for the calculation of the contact angles. The calculation 
of contact angle is reported in Appendix 5. A time step size 
Δτ* = 0.0025τ* is used to ensure that the integration of the 
particle motion in the equilibrated system is stable.

Five different pressures are considered in the static contact 
angle simulations where the piston does not move. For the 
calculations of dynamic contact angle, the simulations start 
from the equilibrated system obtained from the static contact 
angle simulations, with a moving piston at different constant 
velocities. The temperature used in the Nosé–Hoover chains 
thermostat does not include the contribution from the parti-
cle velocities in the flow direction (the x-direction) during the 
dynamic contact angle simulations. At the beginning of the 
simulations, the velocity of the piston increases linearly from 
zero to the targeted velocity within 100,000 time steps to avoid 

the potential shock wave due to the sudden increase of the 
piston velocity. Then, the simulations are run for 2,000,000 
time steps, with the equilibrium run of the first 1,000,000 time 
steps and the production run of the last 1,000,000 time steps. 
The data from the production run is used to calculate dynamic 
contact angles. Initially, three different channel sizes are simu-
lated at a specific pressure (i.e. water pressure of ~ 14 MPa 
after equilibrium): 0.742, 1.11, and 1.48 μm, and the size of 
the simulation box is scaled accordingly, to study the finite-
size effect of the simulations. Afterwards, the dynamic contact 
angle simulations are computed at three different water pres-
sures. Finally, contact angle simulations are performed with 
different silica–CO2 and silica–water interactions to study the 
effects of solid–gas and solid–liquid interactions on the rate-
dependent behaviour of the dynamic contact angle.

3  Results and discussion

The calibrated parameters of the interactions between the 
particles from the same and different phases in dimen-
sionless units are given in Tables 1 and 2, respectively. 
The calculated fundamental values are listed as: mass unit 
mwater = 7.29 × 10−21 kg (equivalent to mapping 2.4 × 105 
water molecules into one CG particle of water), energy unit 
ε = 5.53 × 10−18 J, length unit rc = 0.0354 μm, and time unit 
τ = 0.257 ns. The mass of a  CO2 particle is 6.5 × 10−21 kg, 
which means 8.9 × 104  CO2 molecules are mapped into one 
CG particle of  CO2. The average particle sizes for water and 
 CO2 can be calculated from the particle density as 0.019 μm 
and 0.022 μm, respectively, at P = 15 MPa and T = 333.15 
K. These particle sizes and the time unit ensure that the 
proposed CGMD framework can model the  CO2/water flows 
in silica at a length scale of micrometers and a time scale 
of microseconds. The fundamental values and parameters 
of the fluid properties are also listed in Table 3, with the 

Table 1  Interaction parameters 
for water and  CO2 particles

Particle–particle inter-
actions

m* Force field A* B* r*
c r*

d

Water/water 1 MDPD − 40 50 1 0.75
CO2/CO2 0.891 DPD 70 – 1 –

Table 2  Interaction parameters between two unlike particles

Particle–particle inter-
actions

Force field εαβ
* σαβ

*

Water/CO2 LJ 0.07 0.8
Water/solid LJ 0.5 0.85
CO2/solid LJ 0.08 1.03
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equations for calculating fundamental values and the rela-
tions between the dimensional values and dimensionless 
ones.

3.1  Fluid properties

The simulated density and viscosity of  CO2 and water, and 
the  CO2–water interfacial tension using the parameters 
listed in Tables 1 and 2 are reported in this section. Fig-
ure 3a shows the simulated densities of  CO2 and water com-
pared with the experimental data obtained from the National 
Institute of Standards and Technology Chemistry Web-
book (NIST database) [40]. The simulated density of water 
slightly deviates from the experimental values at P = 10 MPa 
and 20 MPa with differences less than 5% (Fig. 3a). The 
simulated density of the  CO2 matches the experimental data 
for P ≥ 14 MPa, but there is a large discrepancy between 
the simulation and the experiment for P from 10 MPa to 
14 MPa. It can be seen that the  CO2 density changes with 
pressure for P between 10 MPa and 14 MPa at a rate greater 
than the density change rate for P ≥ 14 MPa. The applied 
DPD force field for modelling the  CO2 cannot replicate this 
feature and hence causes the discrepancy. Since the empiri-
cal equation of dynamic contact angles is usually expressed 
as a function of capillary number Ca, which is a function 
of the contact line velocity, the viscosity of the liquid, and 
the interfacial tension between the liquid and gas phases 
[53, 54], the effect of fluid density is not taken into account 
in this case. Therefore, it is reasonable to assume that the 
discrepancies in the  CO2 density at low pressures may not be 
an important factor in the study of dynamic wetting.

Figure 3b shows the simulated and experimentally meas-
ured  CO2–water interfacial tension under pressure P ranging 

from 10 MPa to 20 MPa. The statistical errors of the interfa-
cial tension are calculated by estimating the statistical inef-
ficiency. Bachu and Bennion’s experimental results [55] (at 
333.15 K) and Georgiadis et al.’s results [43] (at 333.5 K) 
are consistent for the interfacial tension under various pres-
sures at a temperature around 333 K, but are larger than 
those of Bikkina et al. [56] (at 333.15 K) for P > ~ 14 MPa, 
as shown in Fig. 3b. Bikkina et al. attributed this discrep-
ancy to the deviations of the saturated phase densities from 
the pure compound densities at the high pressure and low-
temperature range, since Georgiadis et al. used the pure 
compound densities (obtained from National Institute of 
Standards and Technology Chemistry Webbook) instead of 
the measured densities (saturated densities) in the calcula-
tion of the interfacial tension value [56]. However, we found 
that Bachu and Bennion also used the saturated densities that 
were measured from the experiments in their calculation of 
the interfacial tension and still found values compatible with 
those of Georgiadis et al. [55]. Hence, the deviations in the 
experimental results of Bikkina et al. could be due to other, 
unspecified experimental factors. In this work, the param-
eters of the LJ potential function between  CO2 and water 
phases are calibrated against the trend of the experimental 
data obtained from the work of Georgiadis et al. [43]. As a 
result, our simulated interfacial tension results match well 
with their data and those of Bachu and Bennion [55].

Figure 3c compares the simulated viscosities of  CO2 
and water by our CG model and experimentally measured 
viscosities obtained from the NIST database [40]. For the 
calculation of the viscosity, five simulations are carried out 
for each case, and then the average and standard deviations 
are calculated. Simulated  CO2 and water viscosities match 
well with experimental data, although the simulated  CO2 

Table 3  The fundamental units 
and the fluid properties of the 
simulated systems and the 
relations to their dimensionless 
values at P = 15 MPa and 
T = 333.15 K

The calculations of the fundamental units [using Eqs. (13)–(16)] are also listed
a The factor of 0.2 is used as the time unit is calculated by matching the simulation and experimental values 
of the viscosity in the CG system

Type of parameters Parameters Calculations of the 
parameters

Relation to the dimen-
sionless value

Physical values

Fundamental units ε (
�

�∗

)3(
P
∗

P

)2 ε ε* 5.53 × 10−18 J

rc
(

�

�∗

)(
P
∗

P

)
rc r*

c 0.0354 μm

mwater
�
water

�∗
water

r
3

c
mwaterm*

water 7.29 × 10−21 kg

mCO2
�
CO2

�∗
CO2

r
3

c
mwaterm*

CO2 6.5 × 10−21 kg

τ
� =

�
water

r
3
c

�∗
water

�
,

0.2rc(mwater/ε)1/2τ* a 0.257 ns

Fluid properties ρwater – mwaterρ*
water/rc

3 989.7 kg/m3

ρCO2 – mCO2ρ*
CO2/rc

3 604.07 kg/m3

ηwater – ετ η*
water/rc

3 470.3 μPa s
ηCO2 – ετ η*

CO2/rc
3 49.81 μPa s

γ – εγ*/rc
2 30.5 mN/m
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viscosity is higher than the experimental value at pressures 
below 12.5 MPa.

As mentioned earlier, it is crucial to recover the experi-
mental values of viscosity and interfacial tension for the 
study of the dynamic contact angle at the moving contact 
line. It has been demonstrated here that the proposed CG 
framework is capable of recovering the experimental inter-
facial tension between  CO2 and water, and the density and 
viscosity of  CO2 and water over a broad range of pressures.

3.2  Static contact angle

A water bridge simulation has been carried out to ensure a 
water-wet surface of the solid using the parameters given 
in Tables 1 and 2. Figure 4 shows a snapshot of the water 
bridge simulation at equilibrium. A complete wetting has 
been observed from the simulation, which suggests that 
the silica surface is hydrophilic for the water–vapour (vac-
uum)–silica system. It should be noted that the simulated 
density of the water would be lower than the real water den-
sity, as the calibration of the parameters of the water model 
is not performed against the experimental data at the low-
pressure conditions for the water–vapour system. Although 
the particle density of water model would be higher in the 
high-pressure range (from 10 to 20 MPa) than that of the 

water–vapour system, it is expected that the higher particle 
density of water would result in stronger silica–water inter-
actions. Therefore, the silica surface would still be hydro-
philic at high-pressure conditions.

Figure 5 compares the simulated water static contact 
angle θw in the  CO2–water–silica system using CG models 
at the microscale with our previous full-atom MD results 
at the nanoscale [12] and a few experimental works [5, 
46, 47, 57]. The simulated  CO2 pressure values using CG 
models are determined from the pressure of the simulated 

Fig. 3  Simulated and experi-
mentally measured densities (a), 
interfacial tension between  CO2 
and water (b), and viscosities 
(c) against pressure for water 
and  CO2 [40, 43, 55, 56]. The 
standard deviations of the calcu-
lated density for the equilibrated 
system are within 0.2% for 
 CO2 and within 0.1% for water, 
which are calculated from the 
instantaneous densities obtained 
at every 20 time steps. The error 
bars of the simulated interfacial 
tension (b) and the simulated 
viscosities (c) are smaller than 
the size of the markers and are 
not shown

Fig. 4  A snapshot of the liquid bridge simulation at the equilibrium. 
The water particles are in red
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bulk  CO2 phase at the equilibrium state. The CG simu-
lations show that there is no significant dependence of 
pressure on the static water contact angle for P > 9.4 MPa, 
which is consistent with our previous full-atom MD results 
[12]. The static contact angle values of CG simulations are 
similar to those of the full-atom MD simulations, but the 
static contact angle at P = 19 MPa is smaller than results 
from the full-atom MD simulations. Large discrepancies 
of the experimental contact angles as a function of pres-
sure are found in the literature. The receding contact angle 
measured by Farokhpoor et al. [46] showed that there was 
only small dependence of pressure in the range below the 
 CO2 phase transition pressure, while the dependence of 
contact angle on pressure was not observed in the high-
pressure range. Recently, Li et al. [47] studied the static 
contact angle for the water and  CO2 inside a micron-sized 
glass tube using the X-ray technique. The results of Li 
et  al. showed no significant changes in the static con-
tact angle with the pressure at T = 313.15 K, as shown 
in Fig. 5. However, some studies have shown the static 
contact angle changes with the pressure. For example, the 
experimental results of Sarmadivaleh et al. [5] showed that 
the advancing contact angle still increased with pressure 
for P > 10 MPa, although the increase rate was reduced at 
higher pressure. Bikkina et al. [57] even found a decrease 
in contact angles at the high-pressure range. Li et al. attrib-
uted the discrepancies in the experimental results to the 
different surface charges on the tested substrate surfaces 
[47]. Other possible factors could be surface contamina-
tion [11] and different experimental techniques.

3.3  Dynamic contact angle

The effect of channel size is first studied to avoid finite-
size effects in the simulations. The resulting dynamic con-
tact angles θ as a function of the contact line velocity v are 
shown in Fig. 6. The contact angle θ now is measured from 
the  CO2 phase since  CO2 is the advancing fluid. The water 
pressures of the three simulations are around 14 MPa after 
equilibrium. The resulting dynamic contact angles are sta-
tistically the same within the studied range of channel sizes. 
Therefore, the channel height of 0.742 μm is used for all 
other simulations.

The dynamic contact angle θ as a function of v for the 
simulated  CO2–water–silica system at three different water 
pressures Pwater is shown in Fig. 7a. The water pressures 
are calculated from the bulk water phase. The difference 
between bulk  CO2 and water pressures is within 0.1 MPa. 
Figure 7a shows that θ increases with increasing v for all 
three pressure cases, but the contact angles calculated at 
Pwater = 18.9 MPa seem to be slightly larger than those cal-
culated at the other two pressures. Theoretically, the unbal-
anced interfacial force γ(cosθs – cosθ) at different contact 
line velocities v is the driving force causing the changes in 
dynamic contact angle at the moving contact line, where θs 
is the static  CO2 contact angle. Therefore, it is worth plot-
ting (cosθs – cosθ) against v (Fig. 7b) if the γ is constant 
or does not change much at the three pressure cases. The 
results of the three CG simulations collapse into one consist-
ent trend, which indicates that there is no significant effect of 
the hydrostatic pressure of fluids on how the value of (cosθs 
– cosθ) changes with v in our model.

In Fig. 8 (cosθs − cosθ) against the capillary number Ca 
is also plotted to consider the effects of interfacial tension 
and viscosity of water and compare the CG results with pre-
vious full-atom MD results obtained at a water pressure of 
10.6 MPa with a channel height of 6.57 nm [12]. To estimate 
Ca at a specific pressure, the water viscosity and interfacial 
tension between  CO2 and water at the specific water pressure 

Fig. 5  The simulated water contact angle in the  CO2–water–silica 
system at different pressures in comparison with our previous full-
atom MD results [12] and the experimental measurements from [5, 
46, 47, 57] up to around P = 25 MPa. The data from [5, 46, 47, 57] 
are estimated from their figures using an online tool WebPlotDigi-
tizer [58]. The error bars of the data from [47] are estimated from the 
upper error bars, as some lower error bars are too difficult to obtain

Fig. 6  CO2 contact angle against the contact line velocity with differ-
ent channel sizes at a water pressure of around 14 MPa
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is calculated. A third-order polynomial function is used to 
fit the simulated water viscosity against the pressure with 
R2 = 0.94, and a second-order polynomial function is used 
to fit the simulated interfacial tension value against the pres-
sure with R2 = 0.92. Again, all three CG results obtained 
at different pressures follow a similar trend. It can be seen 
that the value of (cosθs – cosθ) of both CG models and full-
atom MD models increases at a similar rate with Ca, which 
means that the relationship between the unbalanced interfa-
cial force γ(cosθs – cosθ) and v of our CG model is similar 
to that of a full-atom MD model, given that the viscosity 
of water does not change much during all the simulated 
thermostat states (Fig. 3c). There are some discrepancies 
between MD and the CG results. The discrepancies may be 
attributed to the fact that the CG model is a simplified model 
of the full-atom MD. Besides, since the channel size in the 
full-atom MD simulations is at the nanoscale, according to 
the Young–Laplace equation, the capillary pressure differ-
ence between the  CO2 and water is significantly larger at the 
nanoscale than the pressure at the microscale, i.e. ~ 10 MPa, 

while the pressure difference between  CO2 and water in the 
CG simulations is small, i.e. ~ 0.1 MPa. The difference in 
fluid pressure can lead to different fluid properties and hence 
may also affect the behaviour of dynamic contact angles.

Although it is reasonable to assume that the static contact 
angle of  CO2–water–silica system is similar to the value cal-
culated at the full-atom MD simulation, other static contact 
angles of  CO2–water–silica system were found in the experi-
ments (see Fig. 5). Therefore, the effect of static contact 
angles on the behaviour of the dynamic contact angle is also 
investigated as a sensitivity analysis. Different static contact 
angles can be simulated by adjusting the interfacial energy 
between water and silica, or the interfacial energy between 
 CO2 and silica. Figure 9a shows the resulting dynamic con-
tact angles when starting from different static contact angle 
by changing the energy parameter of the LJ potential func-
tion between silica and water particles εsw. The water pres-
sures for all the cases are around 14.3 MPa, and hence all the 
cases should have similar interfacial tension and viscosity of 
the fluids. The rate of increase of the contact angle is gener-
ally larger, with greater static  CO2 contact angle θs. Further-
more, Fig. 9b plots (cosθs – cosθ) against v. It can be seen 
from Fig. 9b that the larger εsw can result in a slightly larger 
increase rate of (cosθs – cosθ), which has been observed in 
the molecular dynamics simulations previously and can be 
explained by molecular kinetic theory (MKT) [59, 60]. The 
MKT considers the dynamic contact angle at different con-
tact line velocities as the dissipation processes of the liquid 
at the molecular scale. In MKT, the relationship between the 
contact line velocity v and the unbalanced interfacial force 
γ(cosθs − cosθ) is expressed as [60]:

where Ko is the average jump frequency, λ is the average 
jump distance, T is the temperature, kb is the Boltzmann’s 
constant, and n is the area density of the adsorption sites on 

(17)v = 2Ko�sinh

(
�
(
cos�s − cos�

)
2nkbT

)
,

Fig. 7  a  CO2 contact angle 
against the contact line velocity, 
and b the difference between 
cosines of the static and 
dynamic contact angles versus 
the contact line velocity at dif-
ferent pressures

Fig. 8  The difference between cosines of the static and dynamic con-
tact angle against the capillary number at different pressures and the 
relevant full-atom MD results [12]
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the solid surface. For the derivation of Eq. (17), please refer 
to [60]. It has also been shown that the jump frequency Ko 
for the liquid–gas–solid system can be expressed as a func-
tion of the specific activation free energy of wetting per unit 
area Δgw:

where h is the Plank constant. It was also suggested in the 
refined version of the MKT that Δgw = Δgs + Δgvis, where 
Δgs is the contribution from interactions between liquid and 
solid molecules, and Δgvis is the contribution from the vis-
cous interactions between liquid molecules [60]. Δgvis can be 
related to the viscosity of liquid from the Eyring’s absolute 
reaction rate theory: Δgvis = nkbTln(ηlVl/h), where ηl is the 
viscosity of the liquid and Vl is the molecular flow volume 
of the liquid [60, 61]. Hence, Ko can be expressed as:

It has been suggested that Δgs can be related to the reversible 
work of adhesion between the liquid and the solid Wa with 
the approximation [60]:

where θl,s is the static contact angle measured from the liquid 
phase, i.e. θl,s = 180 − θs. Hence, Ko can be expressed as:

To quantify the effect of liquid–solid interaction on the jump 
frequency Ko, Eq. (17) can be used to fit the simulation 
results with different water–solid interaction energies. Here, 
the dimensionless units are used in the calculations. Only Ko

* 
is considered as the fitting parameter, since the area density 

(18)Ko =
kbT

h
exp

(
−
Δgw

nkbT

)
,

(19)Ko =
kbT

�lVl

exp

(
−

Δgs

nkbT

)
,

(20)Δgs ∼ Wa = �
(
1 + cos �l,s

)
,

(21)Ko =
kbT

�lVl

exp

(
−
�
(
1 + cos�l,s

)
nkbT

)
.

of the adsorption site n* depends on the geometry of the 
solid surface which does not change during the simulation. 
The assumption of n* = 1/λ*2 is adopted, and it is reasonable 
to assume that n* = 2/(lc

*2) = 2.62 as the surface density of 
FCC structure, where lc

* = 0.8737 is the lattice constant of 
the solid. Hence, Ko

* is calculated by fitting Eq. (17) against 
the simulation results and listed in Table 4 as K*

o,fit. The fitted 
curves of (cosθs − cosθ) against v are plotted in Fig. 9b. The-
oretically, one can use Eq. (21) to calculate Ko

* as well, given 
Vl

* = 1/ρ*
water, the viscosity of water η*

water, the interfacial ten-
sion between water and  CO2 γ*, and the static contact angle 
θs. The calculated Ko

* is also reported as K*
o,cal in Table 4.

The effect of the simulated static contact angle θs on the 
calculated jump frequency K*

o,cal is much higher than that 
on the fitted jump frequency K*

o,fit, which suggests that Ko
* 

may not be estimated correctly using Eq. (21). One possible 
reason is the assumption that Δgs

* is approximately equal to 
Wa

* [Eq. (20)], which is not correct for our simulated system. 
Δgs

* can be estimated from Eq. (19) with K*
o,fit from the simu-

lation and is compared with Wa
* = γ*(1 + cosθl,s) in Table 4 

as well. It can be seen from Table 4 that Δgs
* < Wa

* for all 
the cases. The previous molecular dynamic simulation of 
Lennard–Jones polymers for a liquid–vapour–solid system 
suggested that Δgs

* is similar to Wa
* [62, 63], but it is not 

the case for our simulated  CO2–water–silica system. It was 

Fig. 9  a  CO2 contact angle 
against the contact line velocity, 
and b the difference between 
cosines of the static and 
dynamic contact angles against 
the contact line velocity with 
different static contact angles by 
changing the energy parameter 
for water and solid interactions. 
The solid lines are the fittings of 
Eq. (17)

Table 4  The values of the fitted jump frequency K*
o,fit, calculated 

jump frequency K*
o,cal, Δgs

* and Wa
* = γ*(1 + cosθl,s) at different silica–

water interaction energy εsw
*

K*
o,fit is estimated by fitting Eq.  (17) to the simulation results, and 

Δgs
* is calculated using K*

o,fit from Eq.  (19). K*
o,cal is estimated using 

Eq. (21) for the simulations with different εsw
*

εsw
* θl,s (°) K*

o,fit K*
o,cal Δgs

* Wa
*

0.5 30.54 0.0293 0.0029 6.893 12.97
0.45 47.88 0.0397 0.0048 6.098 11.64
0.4 62.51 0.0376 0.0084 6.245 10.18
0.3 83.96 0.0529 0.0216 5.348 7.699
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also mentioned in [60] that the assumption of Δgs
* similar 

to Wa
* only provides the qualitative relationship between the 

dynamic contact angle and the contact line velocity. Besides, 
although both Δgs

* and Wa
* decrease with the decrease of  

εsw
*  the rate of decrease of Δgs

* is smaller than that of Wa
*. 

It could be possible that the simulated silica surface is still 
highly water-wet (in the water–vapour–silica system) even 
though εsw

*   has been decreased, and hence there is a limited 
effect of varying εsw

*   on Δgs
*. However, more work should 

be carried out to test this hypothesis.
The static contact angle can also be adjusted by changing 

the interaction energy between  CO2 and silica, and the corre-
sponding dynamic contact angle results against v are shown 
in Fig. 10a. It is found that the change in the interaction 
energy between  CO2 and silica does not have a significant 
effect on the relationship between (cosθs – cosθ) versus v, 
as shown in Fig. 10b. A possible reason could be that Δgs

* 
counts the contribution of the solid–liquid interactions but 
does not count the solid–gas interactions, suggesting that the 
effect of the liquid–gas interactions is minor, even though 
the static contact angle has been changed significantly. In 
addition, the viscosity of the  CO2 is relatively low com-
pared to the viscosity of water, and hence  CO2 contributes 
less resistance than the water at the three-phase contact line. 
These results may further suggest that we cannot simply 
assume Δgs

* is similar to Wa
* [Eq. (20)] when the static con-

tact angle is varied due to the variation of gas–solid interac-
tions for our simulated  CO2–water–silica systems.

4  Summary and conclusion

A CGMD framework for the modelling of  CO2/water flows 
in silica at the micrometer length scales and microsec-
ond time scales is presented, which can be used to study 
the dynamic behaviour of the multiphase systems. Much 
greater length and time scales can be achieved by the pro-
posed CGMD method than MD. The conventional MD 

method can study the dynamic wetting phenomena for 
the channel with a length scale of nanometers (1–10 nm) 
at a time scale of ~ 10 ns, while we demonstrate that the 
CGMD method can handle ~ 1  µm channels at a time 
scale of ~ 1 microseconds, with a relatively high fidelity 
that reproduces dynamic wetting phenomena with much 
shorter computational time.

After the calibration of the inter-particle interactions for 
the systems, it has been shown that the density and viscosity 
of  CO2 and water, the interfacial tension between  CO2 and 
water, and the wettability of the simulated  CO2–water–silica 
system can be recovered for a wide range of pressure. The 
dynamic contact angles have been calculated at the different 
contact line velocities and capillary numbers under three dif-
ferent pressures, but there is no obvious pressure dependence 
of the dynamic contact angle. The dynamic contact angle 
results are analysed using the MKT equations by adjust-
ing the silica–water and silica–CO2 interactions. It is found 
that the specific activation free energy of wetting per unit 
area from the liquid–solid interaction Δgs

* is smaller than 
the reversible work of adhesion between liquid and solid Wa

*. 
Furthermore, the silica–CO2 interaction does not affect how 
(cosθs – cosθ) changes with v, although it can affect the static 
contact angles. These results suggest that the assumption of 
Δgs

* similar to Wa
* in the framework of MKT may not hold 

for our simulated  CO2–water–silica systems, with highly 
water-wet silica surface when there is no  CO2 phase. Further 
investigations should be carried out to study the phenomena.

With further developments, the CGMD method can be a 
powerful tool to study multiphase interaction problems for 
the gas–liquid–solid system at the microscale. For exam-
ple, it can be used to study the dynamic wetting in multiple 
micropores. It is possible to add more features to the cur-
rent framework to study more complicated problems in the 
future, such as modelling the flow behaviour at the solid 
surface with roughness and the deformation and fracture of 
the solid due to high fluid pressure.

Fig. 10  a  CO2 contact angle 
against the contact line velocity, 
and b the difference between 
cosines of the static and 
dynamic contact angles against 
the contact line velocity with 
different static contact angles 
by changing the interactions 
between  CO2 and solid particles
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Appendices

Appendix 1: Calculation of density

The calculations of density at different pressures for MDPD 
and DPD particles follow a procedure similar to our previous 
work [37]. 8000 particles are created in a cubic simulation 
box with periodic boundary conditions in all three direc-
tions. The system is run in the NPT ensemble at a constant 
temperature T* and pressure P* for 100,000 time steps. The 
instantaneous density is calculated at every 20 time steps. 
The average density and the standard deviation are calcu-
lated from the instantaneous density obtained from the last 
50,000 time steps. A time step Δt* = 0.0025 is used.

Appendix 2: Calculation of viscosity

For the calculation of viscosity at a particular pressure, a 
system composed of 3000 particles (MDPD or DPD) is cre-
ated in a periodic simulation box with a particle density 
calculated at the studied pressure. The aspect ratio of the 
simulation box is Lx

*:Ly
*:Lz

* = 1:1:3. The system is first equili-
brated with a Langevin thermostat for 100,000 time steps. 
The Müller-Plathe algorithm is then applied to calculate the 
viscosity [64]. A schematic diagram of the simulated system 
is shown in Fig. 11. The system is divided into 20 layers in 
the z-direction. At every 50 time steps, the particle in the 
first layer with the largest speed in the positive x-direction 
is selected. Similarly, the particle in the middle layer  (11th 
layer) with the largest speed in the negative x-direction is 
selected. The x-components of the momenta of the two par-
ticles are then exchanged. The exchange of momenta induces 
a shear velocity profile in the system with periodic boundary 
conditions. The simulations are run for 1,100,000 time steps 
at the NVT ensemble using the Nosé–Hoover chains ther-
mostat. The first 100,000 time steps are considered as the 
equilibrium run, for the development of the velocity profile. 
The last 1,000,000 time steps are considered as the produc-
tion run. The velocity profile is calculated at every 10,000 
time steps by averaging the x-component of the particle 
velocities in each layer. The total momentum exchanged px

* 
is calculated at every 10,000 time steps. In the steady state, 
the momentum flux J* can be calculated as:

where t* is the time duration of the production run; Lx
* and 

Ly
* are the length of the simulation box in the x- and y-direc-

tions, respectively. The factor of 2 is used here due to the 
periodic boundary conditions applied. Therefore, the viscos-
ity η* can be calculated by:

where ∂vx
*/∂z* is the gradient of the x-component of the fluid 

velocity with respect to the z-direction within the region 
between the first and middle layers. The averaged viscosity 
can be calculated using Eqs. (22) and (23) from the pro-
duction run. The value of J* is obtained at the end of the 
simulation. ∂vx

*/∂z* is calculated from the slope of the time-
averaged velocity profile by linear regression at every 10,000 
time steps. The average of ∂vx

*/∂z* is then calculated from the 
100 samples of the slope. The simulations are repeated five 
times for each case, and the average and standard deviation 
of the viscosity are then calculated accordingly.

Appendix 3: Calculation of interfacial tension

The  CO2–water interface simulation is performed to calcu-
late the interfacial tension of the  CO2–water system at a 
certain T* and P*. To construct the system, an 8000-water-
particle cubic box, which is equilibrated at targeted T* and 
P* with periodic boundary conditions applied in all three 

(22)J∗ = p∗
x
∕2t∗L∗

x
L∗
y
,

(23)J∗ = −�∗
�v∗

x

�z∗
,

Fig. 11  A schematic diagram of the simulated system for the calcula-
tion of viscosity using the Müller–Plathe algorithm [64]. The x-com-
ponent velocity profile is plotted in red colour. (Color figure online)
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dimensions, is prepared. The  CO2 box is also prepared with 
the same size as the water box. The particle numbers of  CO2 
in the box is calculated from the equilibrium density at the 
targeted T* and P*. The two boxes are replicated twice in 
the z-direction and placed together in a periodic simulation 
box with a ratio of Lx

*:Ly
*:Lz

* = 1:1:4. An energy minimization 
process is applied to the system at the beginning to avoid 
the particle overlapping at the two  CO2–water interfaces. 
The water phase is first relaxed by allowing the water par-
ticles to move at the Langevin thermostat for 10,000 time 
steps, while the  CO2 particles are fixed. The  CO2 phase is 
then relaxed at the Langevin thermostat with water particles 
being fixed for 10,000 time steps. Next, the whole system 
is relaxed together at the Langevin thermostat for another 
10,000 time steps. An example of a relaxed system is shown 
in Fig. 12. The relaxed system is then further equilibrated 
under the NPzT ensemble for 100,000 time steps to reach 
the targeted T* and P*. The system is then switched to the 
NVT ensemble and run for 1,000,000 time steps. The last 
600,000 time steps are considered as the production run. The 
interfacial tension γ* is calculated as:

where P*
xx, P*

yy, and P*
zz are the x-, y-, and z-components of 

the virial pressure of the system; Lz
* is the length of the simu-

lation box in the z-direction; the time averages are performed 
inside of < > for the data recorded every 20 time steps. The 
statistical errors of the surface tension are estimated by cal-
culating the statistical inefficiency [42, 65, 66].

Appendix 4: Water bridge simulation

A liquid bridge simulation is performed to ensure that the 
selected parameters of water–silica interactions would be 
able to generate a complete wetting of the silica surface. 
A periodic simulation box with Lx

* = 50.67, Ly
* = 10.48, and 

Lz
* = 26.38 is created with water sandwiched between two sil-

ica slabs. The particle density of water is initially close to the 
bulk water density of the equilibrium water–vapour system. 
The water particles are equilibrated at the Langevin ther-
mostat for 100,000 time steps, with the fixed solid particles. 
Next, the left and right portions of the water particles are 

(24)�∗ =
1

2
L∗
z

⟨
P∗
zz
−

P∗
xx
+ P∗

yy

2

⟩
,

deleted with around one-third of the water particles remain-
ing in the middle between the two silica slabs. Figure 13 
shows a snapshot of the initial state of the remained water 
particles between the two silica slabs. The system is further 
equilibrated under the NVT ensemble with a Nosé–Hoo-
ver chains thermostat until it reaches equilibrium. If the 
water particles spread over and cover all the silica surfaces 
inside, it indicates a complete wetting of the simulated silica 
surface.

Appendix 5: Contact angle measurements

There are different ways of measuring contact angles. In 
this work, the contact angle is measured by fitting a circle to 
the interface by assuming a circular shape of the interface. 
The simulation box is divided into small square bins with a 
size of 0.5rc × 0.5rc (equivalent to 0.01768 × 0.01768 μm2) 
in the x–z plane, and the time-averaged density in each bin 
is calculated at every 100,000 time steps throughout the 
simulations, with instantaneous density recorded every 20 
time steps. For the simulations with the piston moving at a 
large velocity greater than 0.7 m/s, the 2D density profile is 
calculated at every 10,000 time steps and the movement of 
the piston in the x-axis is also checked at every 10,000 time 
steps. When the piston has moved one bin width forward 
(0.5rc), the calculated density profile should be shifted one 
bin width backward in order to have a stable water–CO2 
interface at large piston velocity. In addition, the first bin at 
the x-direction should be moved to the end due to the peri-
odic boundary condition applied along the x-axis. Hence, 
the shifted density profiles are averaged again to obtain the 

Fig. 12  A snapshot of the sys-
tem of the water–CO2 interface 
simulation after being relaxed at 
the Langevin thermostat

Fig. 13  A snapshot of the initial state of the system for the liquid 
bridge simulation
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density profile at every 100,000 time steps, in order to cal-
culate the contact angle. The 2D density contour is plotted 
using Matlab. The location of the interface between  CO2 and 
water can be calculated from the 2D density contour by cal-
culating the density at the interface ρint = 0.5(ρwater + ρCO2), 
where ρwater and ρCO2 are the bulk densities of water and 
 CO2, respectively, which can be estimated from the bulk 
regions in water and  CO2 phases. Since the density pertur-
bations can happen near the solid surface, only the interface 
data that are 2rc away from the solid surface are used to fit 
the circle. An example of the circular fitting is shown in 
Fig. 14. The contact angle is calculated from the tangent 
of the circle where the circle and solid surfaces meet. The 
contact angle values are calculated by averaging all the top 
and bottom contact angles during the production run, and 
the standard deviations of the contact angles are calculated 
accordingly.
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