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Abstract Various types of geofluids exist in deep and ultra-deep layers in petroliferous basins. The geofluids are much more
active under high-temperature and high-pressure (HTHP) conditions, but their properties are unclear. We simulated the mixing of
different fluids in CH4/C3H8/C6H14/C8H18-water systems and C6H14/C8H18-CO2-H2O systems at temperatures of 25°C to 425°C
and pressures of 5 MPa to 105 MPa, using an in-situ micron quartz capillary tube thermal simulation system and molecular
dynamics numerical simulation software. The mixing processes, patterns, and mechanisms of various fluids were analyzed at
microscale under increasing temperature and pressure conditions. The results show that the miscibility of fluids in the different
alkane-H2O and alkane-CO2-H2O systems is not instantaneous, but the miscibility degree between different fluid phases
increases as the temperature and pressure rise during the experiments. The physical thermal experiments (PTEs) show that the
mixing process can be divided into three stages: initial miscibility, segmented dynamic miscibility, and complete miscibility. The
molecular dynamics numerical simulations (MDNSs) indicate that the mixing process of fluids in the alkane-H2O and alkane-
CO2-H2O systems can be divided into seven and eight stages, respectively. The carbon number affects the miscibility of alkanes
and water, and the temperature and pressure required to reach the same miscibility stage with water increase with the carbon
number (C3H8, C6H14, CH4, C8H18). CO2 has a critical bridge role in the miscibility of alkanes and water, and its presence
significantly reduces the temperatures required to reach the initial, dynamic, and complete miscibility of alkanes and water. The
results are of great significance for analyzing and understanding the miscibility of geofluids in deep and ultra-deep HTHP
systems.
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1. Introduction

Oil and gas resources are rich in the deep to ultra-deep layers

in petroliferous basins. Since these layers have not been
extensively explored, they are critical for future hydrocarbon
exploration (Dutton and Loucks, 2010; Jia and Pang, 2015;
Ma et al., 2020; Pang et al., 2020; Li et al., 2020). Significant
breakthroughs have been made in the exploration of deep and
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ultra-deep oil and gas layers in several large petroliferous
basins, with depths greater than 4 and 6 km in East and West
China, respectively (Jia and Pang, 2015; Li et al., 2020; Cao
et al., 2022a). Deep and ultra-deep layers are characterized
by high temperature and high pressure (HTHP). The max-
imum temperature of drilled ultra-deep oil and gas reservoirs
exceeds 200°C in China at depths deeper than 4 km in the
eastern hot basins and 6 km in the western cold basins. The
fluid pressure in deep and ultra-deep layers generally ex-
ceeds 40 MPa, with maximum values exceeding 130 MPa
when overpressure occurs (Pang et al., 2020; Cao et al.,
2022a). The geofluids in deep to ultra-deep hydrocarbon
reservoirs are more active and more complex, and their
properties are unclear in HTHP conditions (Li, 2016; Yuan et
al., 2019; Cao et al., 2022b). However, it is difficult to ob-
serve and detect changes in the phase states and miscibility
of complex multiphase fluids in in-situ deep layers or under
laboratory HTHP conditions. Most research on the properties
and behaviors of hydrocarbon-water-CO2 systems under
HTHP conditions has been carried out using thermodynamic
calculations and molecular dynamics numerical simulations
(MDNSs) (Peng and Robinson, 1976; Duan et al., 2000;
Duan et al., 2003; Bakker, 2012). However, few studies used
direct in-situ observations to investigate the mixing pro-
cesses and states of complex geofluids (hydrocarbon-water-
CO2 systems) under HTHP conditions in deep to ultra-deep
layers (Balitsky et al., 2011a, 2011b).
In-situ micro thermal experiments typically use quartz

capillary tubes and diamond pressure chambers to conduct
physical thermal experiments (PTEs) to study HTHP fluids.
HTHP optical quartz cells (HTHPOCs) have the advantages
of easy preparation, low sample size, strong thermal con-
ductivity, high light transmission efficiency, and resistance to
HTHP and corrosion (Chou et al., 2008; Wang et al., 2011,
2017; Ni et al., 2011; Wan et al., 2021). Many achievements
have been made using microscopic experiments to analyze
the phase changes of single component fluids and relatively
simple composite fluids ranging from low-temperature-low
pressure (LTLP) to HTHP conditions. In addition, the mis-
cibility processes of oil-CO2-water systems have been eval-
uated under relatively low-temperature conditions (Yang et
al., 2005; Chou et al., 2008; Ni et al., 2011; Guo et al., 2014;
Ou et al., 2015; Li et al., 2016; Pruteanu et al., 2017).
However, more research is required on complex hydro-
carbon-water-CO2 systems under geological HTHP condi-
tions. Although microscopic in-situ experiments on
geofluids have been conducted, they have typically focused
on characterizing phenomena or explaining microscopic
phenomena using existing theories. MDNSs combine the-
ories and physical experiments to understand micro- and
macro-scale phenomena. They can provide a molecular-
atomic-level understanding of fluid evolution and relevant
mechanisms (Duan et al., 2000; Lu and Berkowitz, 2004;

Headen and Boek, 2011; de Lara et al., 2012). Researchers
have conducted many MDNSs of typical geofluid systems in
hydrocarbon reservoirs containing hydrocarbons, water, and
CO2. However, these studies have primarily focused on the
physical and chemical properties of fluids in a wide tem-
perature and pressure (T-P) range (Zhang and Duan, 2005;
Zhang et al., 2013; Zhang et al., 2015), or on the interface
characteristics and their changes over time at relatively LTLP
conditions (Carpenter and Hehre, 1990; da Rocha et al.,
2001; Kunieda et al., 2010; Zhao et al., 2011; Li et al., 2013).
To date, few studies have been conducted on miscibility
processes and their mechanism of geological HTHP hydro-
carbon water (-CO2) systems in deep to ultra-deep layers. In
addition, MDNSs have not been combined with microscale
PTEs.
In this paper, a series of MDNSs and in-situ visualization

PTEs within HTHPOCs are conducted using representative
fluids common in deep and ultra-deep hydrocarbon re-
servoirs (CH4, C3H8, C6H14, C8H18, H2O, and CO2). The
miscibility and mechanisms of the different fluids in various
CH4/C3H8/C6H14/C8H18-water systems and C6H14/C8H18-CO2

water systems are analyzed from LTLP to HTHP conditions.
The results can provide scientific information for designing
HTHP thermal experiments, analyzing the mechanisms of
geofluid-rock interactions, and guiding the exploration and
development of deep and ultra-deep HTHP hydrocarbon
reservoirs.

2. Samples and methods

2.1 Microscopic visual physical thermal experiments

2.1.1 Samples and equipments
The components of geofluids in deep and ultra-deep hydro-
carbon reservoirs are complex. Hydrocarbons are primarily
natural gas and condensates, and liquid hydrocarbons are
also present (Zhu et al., 2019; Pang et al., 2020; Zhu et al.,
2021; Peng and Jia, 2021). In addition to hydrocarbons, CO2,
a natural gas component, is common in hydrocarbon re-
servoirs. The content of CO2 is generally lower than 5%. As
the increase of burial depth and temperature increase, the
CO2 content in deep to ultra-deep hydrocarbon reservoirs can
reach 5–10% (Smith and Ehrenberg, 1989; Seewald, 2003;
Cao et al., 2022b). If there are deep CO2 sources, a large
amount of CO2 can accumulate together with hydrocarbons
to form reservoirs (Liu et al., 2017, 2019; Chen et al., 2017).
Pore water also exists in most hydrocarbon reservoirs (Zhao
et al., 2018; Yuan et al., 2019; Cao et al., 2022b). This study
uses high-purity hydrocarbons, including gaseous methane
(99.999%) and propane (99.9%), as well as low molecular
weight liquid hydrocarbons (n-hexane (>99.5%) and n-oc-
tane (>99.5%)) as representative alkanes to analyze the
mixing processes of different fluids in the thermal experi-
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ments. Ultra-pure water and high-purity CO2 (>99.8%) are
selected for the miscibility experiments.
The microscopic visualization PTEs on several alkane-

water systems and alkane-CO2-water systems were con-
ducted using an in-situ microcapillary thermal experiment
system (Figure 1) at temperatures of 25°C to 425°C and
pressures of 5 to 105 MPa. This device can be used for real-
time visual observations, in-situ detection, and analysis of
the mixing process of geofluids under HTHP. This system is
an improved version of existing experimental equipment
(Chou et al., 2008; Wang et al., 2011, 2017, 2020; Xu and
Chou, 2017). It consists of the HTHP quartz capillary tube
thermal system (Chou et al., 2008; Wang et al., 2011), mi-
croscope, high-resolution laser confocal micro Raman
spectrometer (LabRam HR Evolution), video recording
software, vacuum pump, and gas cylinder. The quartz ca-
pillary tube thermal system is composed of a quartz capillary
tube optical reaction cell (HTHPOC), a constant pressure
liquid pump, and a heating-cooling stage (LinkamCAP-500,
−196–500°C). Studies have shown that the temperature dif-
ference within 4 cm in the middle of this type of heating-
cooling stage is less than 0.5°C, and the temperature dis-
tribution is uniform (Wang et al., 2017). The pressure sensor
(0–1500 bar) is located between the HiP high-pressure nee-
dle valve (30–15HF430000 psi) and the HTHPOC to mea-
sure the fluid pressure inside the capillary tubes. In addition,
a manual precise tuning wheel (screw rod model 1204) is
employed to fix the high-pressure needle valve with the
HTHPOC, which can adjust the observation field of the
HTHPOCs in the limited observation range of the window of
the heating-cooling stage during the experiments to facilitate
the in-situ laser Raman measurements.

2.1.2 Sample preparation and experiment process
We used a ceramic knife to cut the coarse quartz capillary
tubes (TPS200794, with an inner diameter of 200 μm and
outer diameter of 794 μm). A hydrogen-oxygen torch was
used for welding both ends of the capillary tubes, burning off
the brown protective coating on one end, and exposing a
transparent section of about 4 cm for in-situ observation and
online detection. We inserted the other end of the coarse
capillary tube into the sealing component composed of a
3 cm high-pressure stainless-steel tube and its supporting
conical sleeve. The end of the capillary extended about 2 mm
beyond the end of the conical sleeve and was sealed with AB
glue. We cut off the end of the capillary and left about 1 mm
for subsequent sample adding. The HTHPOCs were ready
for the thermal experiments. Then we cut a fine quartz ca-
pillary tube (TPS075150, inner diameter 75 μm, outer dia-
meter 150 μm). One end was inserted into a disposable
syringe needle and beyond the needle, plug to prevent the
fine capillary tube from becoming stuck. We then sealed the
tube and the needle with AB glue, and the other end was left

untreated to add the liquid sample to the coarse HTHPOC.
We created several groups to add the samples to ensure that
the sample was not polluted and wiped the fine tubes with
alcohol before adding the samples. To inject gases into the
HTHPOC, we intercepted a fine quartz capillary tube. One
end of the tube received the same treatment as the open end
of the coarse HTHPOC, and was then connected to the gas
cylinder through screws, connectors, and high-pressure
valves.
We used different processes to add different samples to the

HTHPOC: (1) CH4/C3H8 and water. We drew a certain
amount of water into a syringe connected to a fine tube and
inserted the fine tube with the water into the end of the
HTHPOC with the closed bottom. We slowly pulled the fine
tube out while pressing the spying handle until the HTHOPC
was filled with water. We opened the valve of the gas cy-
linder and used the gas to flush the line. We inserted the fine
tube connected to the cylinder into a vessel with water. The
bubbling speed was controlled to about one bubble per sec-
ond to prevent the complete discharge of water from the
HTHPOC. We inserted the fine tube into the HTHPOC at
approximately 5 mm from the bottom and slowly removed
the fine tube to discharge the water into the coarse tube
(about 5 mm was left at the bottom). After the fine tube was
removed, the HTHPOC was connected to the high-pressure
needle valve on the sliding table and vacuumized. To have
sufficient gas in the HTHPOC, the CH4 or C3H8 in the gas
cylinder was injected into the HTHPOC at a pressure
reaching 0.4 MPa. Finally, the constant-pressure liquid pump
was used to add water to the HTHPOC to reach a pressure of
20 MPa (close to the critical pressure of alkanes at room
temperature). The length of the water and CH4/C3H8 in the
HTHPOC was approximate 5 mm each, and the remainder of
the tube was filled with water (Figure 2a1, 2a2). (2) C6H14/
C8H18 and water. We used the same steps as above to fill the
coarse HTHPOC with water and the same process to inject
the liquid alkanes into the bottom of the HTHPOCwith a fine
tube. When the fine tube was about 5 mm from the bottom, it
was quickly removed from the HTHPOC. We connected the
HTHPOC to the high-pressure needle valve on the sliding
table and used liquid nitrogen to freeze the liquid alkane at
the closed end of the HTHPOC. The tube was vacuumized
and the constant-pressure liquid pump was used to add water
to reach a pressure of 20 MPa. The length of C6H14/C8H18 at
the bottom of the HTHPOC was approximate 5 mm, and the
remainder of the tube was filled with water (Figure 2a3, 2a4).
(3) C6H14/C8H18, water and CO2. We filled the coarse
HTHPOC with water in the same way and inserted the fine
tube containing liquid alkane into the HTHPOC at about
2 mm from the closed bottom. We push the spring handle and
slowly removed the fine tube. When the fine capillary tube
was about 4 mm from the closed end, it was quickly pulled
out. We add CO2 into HTHPOC using the same steps for
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CH4/C3H8 and water and pressurized it to 0.4 MPa. Finally,
we used the constant-pressure liquid pump to add water to
the HTHPOC to reach a pressure of 5 MPa (lower than the
critical pressure of CO2). The HTHOPC contained approxi-
mately 2 mm of H2O, 2 mm of C6H14/C8H18, and 10 cm of
CO2. The remainder of the tube was filled with water (Figure
2b1, 2b2). The initial states of the CH4/C3H8/C6H14/C8H18-
water and C6H14/C8H18-CO2-water systems in the HTHPOC
are shown in Figure 2. The mixed fluids are located within
1–1.5 cm of the bottom of the capillary tubes. During the
experiments, they are located in the middle of the heating-
cooling stage to ensure a uniform temperature of the fluid
systems.
We insert the closed end of the HTHPOC into the heating-

cooling stage and placed the transparent section of the
HTHPOC above the temperature control plate. The
HTHPOC was covered with a thin, hollow silver cover to
prevent it from shaking or warping and facilitate the focusing
of the microscope and laser. The T-P of the experimental
systems were controlled by the heating-cooling stage and
the-constant pressure liquid pump, respectively. The T-P
combination was adjusted according to the geothermal gra-
dient of 4–4.5°C/100 m in hot basins to simulate deep/ultra-
deep geological conditions. When the temperature was lower
than 150°C in the experiments, it was kept constant for
10–20 min after reaching each T-P condition. When the
temperature exceeded 150°C, it was kept constant for 2–4 h
after reaching each critical T-P condition to reach a stable
state of the fluid system. During the thermal experiments, the
micro-Raman spectrometer was used to excite 532 nm green
light for in-situ detection to obtain the Raman spectrogram.

Qualitative analysis of the fluids was conducted at the in-
terface and its vicinity. The oCam video recording software
was used to record the miscibility states of the systems in
real-time.

2.2 Molecular dynamics simulations

2.2.1 Model construction
The MDNSs were carried out using the Materials Studio
(MS) software package developed by Accelrys. The COM-
PASS force field (Sun et al., 1998; Yang et al., 2010; Wang et
al., 2005; Zhong et al., 2013), which is applicable to organic
and inorganic molecular systems, was used to determine the
force field parameters of the alkanes, water, and CO2 in the
simulations.
The molecular models of individual components were

established, and their geometric configurations were opti-
mized. Simulation boxes with molecules of single compo-
nents were constructed. The four types of alkanes analyzed
in the MDNSs are methane, propane, n-hexane, and n-oc-
tane, the same as the visualization PTEs. The number of
molecules, initial density, and the box size of the single-
component systems of the alkanes, water, and carbon dioxide
are listed in Table 1. The initial density was obtained from
the experimental data of the American Standard Library
(NIST). The c value of the box size in the z-direction is
determined by a, b, the number of molecules, and the initial
density of the system. Simulation boxes with multiple
components of the four types of alkane-water and two types
of alkane-CO2-water systems were constructed by copying
and translation. The box size increased with the value of a

Figure 1 Schematic diagram of the thermal experiment and the optical quartz capillary tube system.
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only in the x-direction. Note that the size of a single molecule
in the box did not increase with the box size. The values were
based on the standard to ensure that the systems in the box
did not contact each other.

2.2.2 Simulation details and analysis methods
After the initial construction of the multi-component simu-
lation box, geometry optimization of the multi-component

system was performed using the Geometry Optimization tool
in the Force module. An initial structural model of each
multi-component system was constructed using the pre-
liminary dynamics simulation calculation of the module. The
truncation radius was 1 nm, the simulation time step was
1 fs, and one frame was output every 2000 ps as the system
track file. The simulation system used three-dimensional
periodic boundary conditions to eliminate the influence of

Figure 2 Fluid distribution and the initial state of each system in capillary thermal experiments. (a1)–(a4) Alkane-water systems at initial 25°C/20 MPa;
(b1)–(b2) Alkane-CO2-water system at initial 25°C/5 MPa.

Table 1 Molecular model composition of single-component systemsa)

Molecule No. of molecules Initial density (g cm−3)
Box size of single-component system (Å)

a (x) b (y) c (z)

CH4 220 0.000648 30 30 9082.297

C3H8 200 0.00181 30 30 8990.150

C6H14 150 0.655 30 30 35.919

C8H18 120 0.698 30 30 35.824

H2O 1200 0.997 30 30 39.886

CO2 600 0.00178 30 30 24.396

a) T=25°C, P=0.1 MPa
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boundary effects and obtain a more realistic simulation en-
vironment (Yan and Zhu, 2013). We simulated 20 ps using
the isothermal isobaric ensemble (NPT) to ensure that the
alkane-water and alkane-CO2-water systems reached an in-
itial T-P of 25°C/20 MPa and 25°C/5 MPa, respectively, to
establish the initial models of the multi-component systems.
We derived the relative concentrations of single-component

and multi-component of the initial configurations (Figure 3).
The models of the water-alkane-water systems were sym-
metrical, and those of the water-CO2-alkane-water systems
were semi-symmetrical to prevent the movement of mole-
cules between the boxes and the adjacent mirror boxes at the
interface due to periodic boundary conditions and the dis-
tortion of the molecular miscibility state of the system.

Figure 3 Initial configuration diagrams and relative concentration distributions of fluids in each system. (a)–(d) alkane-water systems at 25°C/20 MPa,
NPT20ps; (e)–(f) alkane-CO2-water systems at 25°C/5 MPa, NPT20ps.
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Based on the initial structure models, additional
200–800 ps MDNSs were conducted using the NVT en-
semble (constant atomic number, temperature, and volume)
under the initial T-P conditions. The transient trajectory of
the system was saved every 20000 steps (20 ps) to record the
system’s evolution. Following this simulation method, i.e.,
initial 20 ps simulations using the NPT ensemble and addi-
tional 200–800 ps simulations using the NVT ensemble
(NPT20ps-NVT200–800ps), MDNSs were carried out for
every T-P condition corresponding to the visual PTEs. The
instantaneous configurations of the fluids’ mixing states in
the alkane-water systems and alkane-CO2-water systems
were obtained at the last moment of each step under different
T-P conditions. The relative concentrations of single-com-
ponent and multiple-components for each instantaneous
configuration were obtained. According to the “10–90”
principle (Yuet and Blankschtein, 2010; Zhao et al., 2011),
the width of the interface in the alkane-water system was the
distance between the positions corresponding to 10% water
concentration and 10% alkane concentration in the x-direc-
tion. The width of the interface in the alkane-CO2-water
systems was the distance between the positions corre-
sponding to 10% water concentration and 10% alkene (CO2

or alkane+CO2) concentration in the x-direction. The inter-
face widths of the systems under different T-P conditions are
listed in Table 2.

3. Results

3.1 CH4-H2O system

A clear interface exists between the CH4 phase and water
phase in the CH4-water system in the PTE at 25°C/20 MPa
(Figure 2a1). However, a significant CH4 Raman signal is
detected in the water phase (Figure 4b1). Water droplets are
observed in the CH4 at 50°C/20 MPa. As the temperature
increases, more water droplets appear and some coalesce to
become larger (Figure 4a1). At 170°C/20 MPa, very small
oil droplets appear in the water phase near the interface
(Figure 4a2, 4b1). At 220°C/40 MPa, the water droplets in
the CH4 zone aggregate, forming water-rich segments. As the
T-P increases, the water-rich segments and alkane-rich seg-
ments mix and separate repeatedly, and the volume and
length of the segments decrease (Figure 4a3–4a5). At
360°C/90 MPa, an extensive exchange of CH4 and water
occurs at the interface (Figure 4a6). Eventually, the CH4 and

Table 2 Widths of Interfaces in different systems under different T-P conditionsa)

CH4-H2O C3H8-H2O C6H14-H2O C8H18-H2O

T/P Lz (Å) T/P Lz (Å) T/P Lz (Å) T/P Lz (Å)

25°C/20 MPa 3.75 25°C/20 MPa 6.5 25°C/20 MPa 7.25 25°C/20 MPa 7.75

50°C/20 MPa 4 100°C/20 MPa 7 150°C/20 MPa 8 150°C/20 MPa 8.5

170°C/20 MPa 7 200°C/30 MPa 8.5 210°C/40 MPa 8.5 260°C/70 MPa 9.5

220°C/40 MPa 12.75 275°C/80 MPa 12.75 250°C/60 MPa 9.5 300°C/80 MPa 10.5

360°C/90 MPa 75 300°C/80 MPa 16.25 320°C/80 MPa 12 375°C/95 MPa 13.5

408°C/100 MPa ∞100 350°C/85 MPa 75 375°C/95 MPa 17.75 400°C/100 MPa 17.75

360°C/90 MPa ∞100 404°C/100 MPa 36 423°C/105 MPa 19.5

450°C/110 MPa ∞120 450°C/110 MPa 30

500°C/115 MPa ∞130

C6H14-CO2-H2O C8H18-CO2-H2O

T/P ∆Lz1 (Å) ∆Lz2 (Å) Lz (Å) T/P ∆Lz1 (Å) ∆Lz2 (Å) Lz (Å)

25°C/5 MPa 8.8 6.4 7.3 25°C/5 MPa 8.4 6.2 7.3

25°C/8 MPa 11.5 8 9.75 25°C/8 MPa 11.2 7.4 9.3

25°C/20 MPa 11.2 7.8 9.5 25°C/20 MPa 11 7.4 9.2

150°C/20 MPa 22.2 13.2 17.7 150°C/20 MPa 23.2 10.4 16.8

210°C/40 MPa 31.6 18.8 25.2 260°C/70 MPa 39.3 31.2 35.25

250°C/60 MPa 47.3 23.3 35.3 300°C/80 MPa 46.8 43.2 45

320°C/80 MPa 50.5 44 47.25 375°C/95 MPa ∞155

375°C/95 MPa ∞158 400°C/100 MPa ∞155

404°C/100 MPa ∞160 423°C/105 MPa ∞158

430°C/105 MPa ∞160 450°C/110 MPa ∞160

a) Lz is the average interface width, ∆Lz1 is the interface width between the water on the left side and CO2 or alkane+CO2, and ∆Lz2 is the interface width
between the water on the right side and alkane or alkane+CO2.
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water become completely miscible at 408°C/100 MPa (Fig-
ure 4a7), and significant Raman signals of CH4 and water are
detected in the miscible solution (Figure 4b2).
In the MDNS, the CH4-water system at 50°C/20 MPa can

be divided into three parts: a pure zone, interface zone, and
pure CH4 zone. A clear interface exists between the water
and CH4 phases, and only a few water and CH4 molecules
appear, respectively, in the CH4 phase and water phase near
the interface (Figure 5a). At 170°C, the interface remains
stable, but there are more water molecules in the CH4 zone
and more CH4 molecules in the water zone (Figure 5b). At
220°C/40 MPa, more water molecules appear in the CH4

zone and CH4 molecules in the water zone, and the same
molecules tend to aggregate, consistent with the segmented
dynamic miscibility in the PTEs under the same T-P condi-
tion. In addition, the interface between CH4 and water is
indistinct (Figure 5c). At 360°C/90 MPa, the interface in the
instantaneous configuration of the CH4-water system has
almost disappeared (Figure 5d), but the relative concentra-
tion curves still indicate the existence of an ambiguous in-
terface (Figure 5f). In combination with the active oil-water
exchange near the interface in the PTEs under the same T-P
conditions, this discrepancy is probably caused by the small
spatial scale of the MDNS, which can only reflect local
phenomena near the interface. At 408°C/100 MPa, the in-
terface has disappeared completely, and the two types of
molecules are mixed. The CH4 and water molecules are
uniformly distributed in the system (Figure 5e), and the re-
lative concentration curves of the individual components
show no fluctuations (Figure 5e).

3.2 C3H8-H2O system

In the PTE, C3H8 changes into liquid at 25°C and 20 MPa,
and a clear interface exist between the liquid C3H8 and water
phases (Figure 2a2). At 100°C/20 MPa, the C3H8 and water
are partially miscible, and more water droplets occur in the
C3H8 zone than oil droplets in the water zone (Figure 6a1).
At 200°C/30 MPa, the oil droplets in the water become larger
and are distributed dispersedly (Figure 6a2), and the water
droplets in the C3H8 zone coalesce to form water sheets
(Figure 6a3). Laser Raman analysis at the position of the oil
droplets showed significant Raman peaks of C3H8 and water
(Figure 6b). At 275°C/80 MPa, the two fluids become mis-
cible instantaneously and then separate and mix dynamically
(Figure 6a5), eventually becoming completely miscible.
In the MDNSs, the C3H8-water system at 100°C/20 MPa

can be divided into three parts: a water zone, an interface
zone, and C3H8 zone. A clear interface exists between the
water and C3H8 phases, while some water and C3H8 mole-
cules are mixed near the interface (Appendix Figure S1a,
https://link.springer.com). At 200°C/30 MPa, more water
molecules occur in the C3H8 zone, and more C3H8 molecules
pass the interface and dissolve into the water (Figure S1b).
At 275°C/80 MPa, the number of water molecules in the
C3H8 zone and the number of C3H8 molecules in the water
zone have increased significantly, and the same molecules
show an aggregation trend; however, the interface remains
(Figure S1c). At 275°C/80 MPa, the mixing state of the
system in the MDNS differs from the instantaneous complete
miscibility of the two different phases in the PTE. The in-

Figure 4 Miscibility features of fluids in the CH4-H2O system in HTHPOC and in-situ Raman spectrum.
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terface becomes less clear at 800 ps of the simulation. At this
time, more water molecules rush into the C3H8 area and
aggregate, and more C3H8 molecules exist in the water zone

(Figure S1d). The relative concentration curves also reflect
the existence of the interface (Figure 1h). This reason for the
difference may be that the MDNSs duration is much shorter

Figure 5 Instantaneous configurations and relative concentration curves of the CH4-H2O systems in the MDNSs.

Figure 6 Miscibility features of fluids in the C3H8-H2O system in the HTHPOC and in-situ Raman spectrum.
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than PTEs duration. The subsequent continuous numerical
simulations at higher T-P show that the degree of overlap
between the C3H8 and water molecules is higher (Figure S1e,
S1f). Finally, the instantaneous configuration and the relative
concentration show that the C3H8-water system has reached a
completely miscible state at 360°C/95 MPa in the MDNSs
(Figure S1g, S1i).

3.3 C6H14-H2O system

In the C6H14-water system, a few oil droplets are identified in
the water phase from 25°C/20 MPa (Figure 2a3) to 150°C/
20 MPa (Figure 7a1). At 200°C/30 MPa, an oil droplet is
observed in the water phase near the oil-water interface
(Figure 7a2). The Raman spectrum on the oil droplet position
shows signals of n-hexane and water (Figure 7b1), and the
intensity is much stronger for the water than that for n-
hexane. At 210°C/40 MPa, water nodules appear in the oil
phase (Figure 7a3). In-situ laser Raman spectroscopy shows
a peak at approximately 3630.68 cm−1 (Figure 7b2). It is
attributed to the stretching vibration of water molecules in
the range of 3000–3800 cm−1 (Pironon et al., 2003; Chen et
al., 2007) but is different from the typical Raman spectral
response of water. It is similar to the Raman peak generated
by H2O or OH in a heated quartz tube found by Xu and Chou
(2017) in a high-temperature experiment. This similarity
indicates that water is mixed with the oil phase under these T-
P conditions, but the amount of water is small, and water

molecules have penetrated into the quartz capillary tube due
to the HTHP. At 250°C/60 MPa, the oil droplets in the water
phase have coalesced and are larger (Figure 7a4). At 320°C/
80 MPa, the water begins to converge in the oil phase (Figure
7a5). At 375°C/95 MPa, the system exhibits local miscibility
at the oil-water interface, accompanied by an enlargement of
the oil droplets in the water phase (Figure 7a6). At 380°C/
95 MPa, extensive mass exchange occurs across the inter-
face, and more oil droplets appear in the water phase within a
certain range near the interface. The oil droplets become
larger due to rapid aggregation and dispersion (Figure 7a7).
At 402°C/100 MPa, the interface is indistinct and shifts
quickly in the tube (Figure 7a8). Finally, at 404°C/100 MPa,
the interface has completely disappeared (Figure 7a9), in-
dicating complete miscibility of the C6H14 and water phases.
Although the HTHP caused a substantial drift in the Raman
spectral baseline, significant Raman peaks of C6H14 and
water are detected in the mixed liquid after complete mis-
cibility (Figure 7b3).
At 150°C/20 Ma in the MDNS, the C6H14-water system

can still be divided into three parts, including a water zone,
interface zone, and C6H14 zone. A clear interface exists be-
tween the water and C6H14 phases. Slight miscibility of water
and C6H14 is observed at the interface area. In addition, the
C6H14 molecules pass through the interface and enter into the
water zone (Figure 8a), indicating that although the two
phases are immiscible under this condition, some C6H14

molecules have dissolved in the water. At 210°C/40 MPa, the

Figure 7 Miscibility features of C6H14-H2O system in the HTHPOC and in-situ Raman spectra.
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number of water molecules in the local C6H14 phase has
increased significantly near the interface, and a water mo-
lecule has entered the inner part of the C6H14 phase (Figure
8b), indicating that C6H14 and water have begun to mix,
similar to the two-phase miscibility characteristics in the
PTE in this stage. At 250°C/60 MPa, C6H14 molecules enter
the water zone, and the mixing of the two types of molecules
at the interface is more intense; the interface is not clearly
defined (Figure 8c). At 320°C/80 MPa, the number of both
types of molecules increases significantly in the other’s zone,

and the same molecules tend to coalesce. At this time, the
interface is ambiguous (Figure 8d), corresponding to the
presence of a water segment in the oil phase in the PTEs
under the same T-P conditions. At 375°C/95 MPa, the mix-
ing degree of the C6H14 and water molecules close to the
interface has increased. More C6H14 molecules have entered
the water zone and coalesced, corresponding to the local
miscibility and growth of oil droplets in the water phase in
the PTE with the same T-P conditions (Figure 8e). At 404°C/
100 MPa, the width of the interface mutual miscibility of the

Figure 8 Instantaneous configurations and relative concentration curves of the C6H14-H2O systems in the MDNSs.

1632 Yuan G, et al. Sci China Earth Sci July (2023) Vol.66 No.7



two molecules increased (Figure 8h). At this time, the in-
terface still exists, but it is very fuzzy (Figure 8f). As the T-P
increase, the instantaneous configuration and relative con-
centration show that the two types of molecules are uni-
formly distributed in the simulation box at 450°C/110 MPa
(Figure 8g, 8i).

3.4 C8H18-H2O system

In the C8H18-water system, A few oil droplets are present in
the water phase from 25°C/20 MPa (Figure 2a3) to 150°C/
20 MPa (Figure 9a1). At 260°C/70 MPa, the C8H18 and water
are slightly miscible near the interface (Figure 9a2). At 300°C/
80 MPa, the oil droplets in the water phase coalesce and
become larger, and the water droplets in the C8H18 phase near
the interface move violently (Figure 9a3). Raman signals of
the C8H18 and water were obtained at the position of the oil
droplet (Figure 9b1). At 375°C/95 MPa, bubbling occurs
near the interface, reflecting the active exchange of C8H18

and water (Figure 9a4). At 400°C/100 MPa, a water segment
has formed in the oil phase (Figure 9a5). At 410°C/100 MPa,
the oil droplets in the water phase and the water droplets in
the C8H18 phase coalesce and disperse extensively (Figure
9a6), showing fast and extensive miscibility of oil and water.
Finally, at 423°C/105 MPa, the C8H18 and water are com-
pletely miscible (Figure 9a7). The Raman signals of C8H18

and water are detected in the miscible liquid (Figure 9b2).
At 150°C/20 Ma in the MDNS, the C8H18-water system is

divided into three parts, including a water zone, interface
zone, and pure C8H18 zone. A clear interface exists between
the water and C8H18 phases, and only one water molecule is

identified in the C8H18 phase, showing the immiscibility of
the fluids (Figure S2a). At 260°C/70 MPa, the number of
water molecules in the C8H18 phase increases significantly,
and the C8H18 molecules pass through the interface and enter
the water phase. The C8H18 and water molecules in the in-
terface zone are intensely mixed (Figure S2b), indicating
partial miscibility of C8H18 and water near the interface. At
300°C/80 MPa, the C8H18 passes through the interface and
enters the water area, and the degree of mixing of the two
phases is intensified (Figure S2c). At 375°C/95 MPa, the
number of water molecules in the C8H18 zone and the number
of C8H18 molecules in the water zone increase, and the
mixing of the different types of molecules near the interface
are widespread (Figure S2d). This result corresponds to the
active oil-water exchange in the form of “bubbling” in the
thermal experiments. At 400°C/100 MPa, the number of
water molecules in the C8H18 phase and the number of C8H18

molecules in the water phase increase, and the same types of
molecules aggregate (Figure S2e). This phenomenon corre-
sponds to the appearance of a water segment in the oil phase
in the PTE with the same T-P conditions. At 423°C/
105 MPa, more water and C8H18 molecules have gathered in
the C8H18 zone and water zone, respectively. The interface
still exists (Figure S2f), but its width is significantly larger
(Figure S2i). The miscibility state of the system differs from
that in the PTE. As the T-P increases, the instantaneous
configuration and the relative concentration curve show that
the C8H18 and water molecules are uniformly distributed in
the simulation box at 500°C/110 MPa, and the interfaces
between the different types of molecules have disappeared
(Figure S2h, S2j).

Figure 9 Miscibility features of C8H18-H2O system in HTHPOC and in-situ Raman spectra.

1633Yuan G, et al. Sci China Earth Sci July (2023) Vol.66 No.7



3.5 C6H14-CO2-H2O system

From 25°C/5 MPa (Figure 2a5) to 25°C/8 MPa (exceeding
the CO2 critical pressure of 7.39 MPa), the interface between
C6H14 and CO2 starts to move violently, indicated by the
dynamic circulating stripes in the C6H14 near the interface
(Figure 10a1). Then, the C6H14 and CO2 dissolve into each
other rapidly, forming a homogenous C6H14+CO2 miscible
phase (Figure 10a2). At 25°C/20 MPa, there are many tiny
but visible C6H14+CO2 beads and a large one in the water
near the interface between the miscible C6H14+CO2 phase
and the water phase (Figure 10a3). The larger bead shows
Raman peaks of water, CO2, and C6H14 (Figure 10b1). The
intensity of the CO2 and C6H14 peaks is very low, and the
CO2 peak is substantially affected by a shift in the baseline.
The extremely low peak intensity of C6H14 indicates that
only a small amount of C6H14 has entered the water phase
with the mixed CO2. At 50°C/20 MPa, many oil bubbles
appear in a large area of the water, small oil bubbles move
violently at the interface, and water droplets appear in the
C6H14+CO2 miscible phase near the interface (Figure 10a4).

At 100°C/20 MPa, the water droplets in the C6H14+CO2

miscible phase near the interface coalesce and become larger
(Figure 10a5). At 150°C/20 MPa, the water droplets in the
miscible phase near the interphase coalesce into water sheets
(Figure 10a6). At 150°C/30 MPa, several tiny oil bubbles
appear in most of the water phase near the interface, and
there are large and small oil bubbles in the entire section of
the water phase at the closed end of the capillary tube. Fluid
flow is observed in a long section of the miscible phase at the
right part near the interface (Figure 10a7). At 280°C/80 MPa,
all phases near the interface are more active. The oil bubbles
in the water near the interface become larger due to con-
tinuous convergence and dispersion. It is also observed that
large oil bubbles popped out near the interface and enter the
middle part of the water phase due to the difference in in-
terface tension. The color difference between the two phases
also decreases, blurring the interface between the two phases
(Figure 10a8), indicating an increase in the miscibility of the
C6H14+CO2 phase and water phase. At 300°C/80 MPa, the
interface moves rapidly to the left, and only a small section
of water remains at the closed end. The C6H14+CO2 phase

Figure 10 Miscibility features of C6H14-CO2-H2O system in the HTHPOC and in-situ Raman spectra.
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“extrudes” water from the closed end during the mixing
process, causing the water phase to coalesce from water
segments in the C6H14+CO2 phase (Figure 10a9). At this
time, the C6H14+CO2 phase and the water phase are partially
miscible segmentally. The length of the water segments in
the C6H14+CO2 phase decreases and lastly disappears, re-
sulting in complete miscibility of the three phases (Figure
10a10). The Raman peaks of CO2, C6H14, and water are
detected in the mixed liquid phase after complete miscibility
(Figure 10b2).
In the MDNSs, the C6H14-CO2-water system at 25°C/

8 MPa can be divided into seven parts, including two water
zones, a CO2 zone, a C6H14 zone, and three interfaces be-
tween each of the two phases. Due to the dissolution of a
large amount of CO2 into the C6H14 phase, the C6H14 region
expands in the equilibrium process under this condition.
Many C6H14 molecules enter the CO2 phase, resulting in a
much wider area of the interface between CO2 and C6H14,
and the division is far less clear than at 25°C/5 MPa (Figure
11a). There are clear interfaces between the water and the
CO2 and C6H14 phases on both sides, respectively. A small
amount of CO2 enters the water zone on both sides, and the
number of CO2 molecules entering the water is higher on the
left side, where the water is in direct contact with the CO2,
than on the right side where the water is in direct contact with
C6H14. CO2 accumulates at the right interface between the
water and the C6H14. On the left side, a few water molecules
enter the adjacent CO2 phase. However, on the right side,
water molecules only enter the C6H14 region (Figure 11a). At
25°C/20 MPa, the miscibility state of the system exhibits
little change, but the interface width between the water on
both sides and the CO2 and C6H14 phases and between the
CO2 and C6H14 phases is slightly larger, and the miscibility
degree of the two phases is larger than in the previous con-
dition (Figure 11b). At 150°C/20 Ma, the CO2 and C6H14 are
fully mixed, and most of the C6H14 has mixed with the CO2,
resulting in a significant increase in the miscibility of the two
phases. The number of CO2 molecules in the water has in-
creased on both sides, and the number of water molecules in
the CO2 phase adjacent to the left-side water has increased
significantly. They are miscible with C6H14 molecules that
have also mixed in the CO2 phase. The water on the right side
adjacent to the local CO2+C6H14 miscible phase show an
increase in the miscibility degree in the interface area, and a
few water molecules have entered the adjacent CO2+C6H14

miscible phase (Figure 11c). At 210°C/40 MPa, the CO2

molecules on both sides of the water zone have increased
significantly, and more water molecules have entered the
middle zone. A few C6H14 molecules pass through the
boundary and enter the water on both sides. CO2 and C6H14

are almost completely miscible in the instantaneous config-
uration (Figure 11d). In contrast, the relative concentration
curves show that CO2 and C6H14 are not completely miscible

at this time (Figure 11j). At 250°C/60 MPa, the relative
concentration curve shows that the CO2 and C6H14 are
completely miscible in the middle of the system (Figure 11j).
The amount of CO2 in the water on both sides has also in-
creased significantly, indicating a H2O+CO2 miscible phase
on both sides. The C6H14 molecules entering the H2O+CO2

miscible phase have increased slightly, especially on the left
side. The water molecules on both sides have entered the
middle CO2+C6H14 phase, and there is a tendency for ag-
gregation of the water molecules, which can be regarded as
the beginning of the segmental miscibility stage (Figure
11e). At 320°C/80 MPa, the number of C6H14 molecules
entering the H2O+CO2 phase continues to increase, and the
number of water molecules entering the CO2+C6H14 phase
increases significantly, but the interface still exists between
the two miscible phases (Figure 11f). As the T-P increase, the
CO2+C6H14 miscible phase continuously diffuses to both
sides, and more water molecules enter it from both sides. The
interface between the two miscible phases becomes blurred
(Figure 11g, 11h). Finally, at 430°C/105 MPa, no fluctua-
tions are observed in the relative concentration curves of the
single-component and multi-component systems. All inter-
faces in the C6H14-CO2 water system have disappeared, and
the entire three-phase system is completely miscible (Figure
11i, 11k).

3.6 C8H18-CO2-H2O system

From 25°C/5 MPa (Figure 2a6) to 25°C/8 MPa, intense ac-
tivity is observed near the interface between the C8H18 and
CO2 (Figure 12a1), and the two fluids rapidly form a C8H18

+CO2 miscible phase (Figure 12a2). The Raman peaks of
CO2 and C8H18 were obtained on the right and left sides of
the C8H18+CO2 miscible phase. The relative intensity of the
C8H18 Raman peak is significantly higher on the left side than
on the right side (Figure 12b1, 12b2), indicating that the
miscible C8H18+CO2 phase is not homogeneous at this stage.
At 25°C/20 MPa, the fluctuations near the initial interface
expand on both sides and the miscible phase section stabi-
lizes. Very small but visible oil-gas beads appear in the water
phase near the interface (Figure 12a3). At this time, water,
CO2, and C8H18 Raman peaks (Figure 12b3) are detected in
the water phase on the left side of the interface. The C8H18

peak intensity is extremely low, indicating that a large
amount of CO2 enters the water, but only a little C8H18 is
mixed into the water with the CO2. At 50°C/20 MPa, nu-
merous oil bubbles appear in a wide range of the water phase.
The small oil bubbles move violently at the interface, and
water droplets appear near the interface in the C8H18+CO2

miscible phase (Figure 12a4). In addition to the Raman peaks
of CO2 and C8H18, the peak occurs at 3630.68 cm

−1 (Figure
12b4), representing H2O or OH formed in the quartz during
the heating process. The Raman features indicate that the

1635Yuan G, et al. Sci China Earth Sci July (2023) Vol.66 No.7



amount of CO2 and C8H18 in the water phase is much larger
than the amount of water in the miscible phase, and the C8H18

+CO2 phase and water phase are partially miscible. At 100°C/
20 MPa, the water droplets within a certain range of the
C8H18+CO2 miscible phase near the interface aggregate and
become larger, and the existing C8H18+CO2 phase has ac-
cumulated at the closed end, replacing the water (Figure
12a5). In-situ Raman detection was carried out on the oil

bubbles in the water on the right side near the interface.
Raman peaks of CO2, C8H18, and water were observed
(Figure 12b5). At 150°C/20 MPa, the water droplets in the
C8H18+CO2 miscible phase near the interface coalesce into
water sheets (Figure 12a6). At 170°C/30 MPa, the fluid
flows into the C8H18+CO2 miscible phase far away from the
interface between the water and C8H18+CO2 miscible phases
(Figure 12a7). At 210°C/40 MPa, a small water segment

Figure 11 Instantaneous configurations and relative concentration curves of the C6H14-CO2-H2O systems in the MDNSs.
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forms in the C8H18+CO2 phase at the top of the closed end
(Figure 12a8). At 270°C/70 MPa, bubbling occurs near the
interface, indicating an active exchange between the oil/gas
and water phases, and the oil bubbles in the water become

larger due to rapid and continuous aggregation and disper-
sion. It is also observed that the larger oil bubbles are ejected
into the middle part of the water phase from the interface due
to the difference in interface tension, and the interface moves

Figure 12 Miscibility features of C8H18-CO2-H2O system in the HTHPOC and in-situ Raman spectra.
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to the left side (Figure 12a9). At 300°C/80 MPa, the phases
near the interface are more active. The bubbling speed at the
interface is faster, and the oil bubbles in the water aggregate
and disperse quickly (Figure 12a10). The interface moves
quickly to the left towards the closed end and finally dis-
appears. The water forms segments in the C8H18+CO2 phase
that contain oil bubbles (Figure 12a11). At this time, the
C8H18+CO2 phase and the water phase are in the segmentally
dynamic miscibility stage. The color difference between the
different phases is significantly lower, indicating increased
miscibility of the C8H18+CO2 phase and water phase. At 308°
C/80 MPa, the interface between the C8H18+CO2 phase and
the water phase moves violently. The interface blurs rapidly,
the C8H18+CO2 phase on both sides of the water segments
rapidly dissolves with the water, and the water segments
shorten until they disappear. Finally, complete miscibility of
the three phases is achieved (Figure 12a12). Raman peaks of
CO2, C8H18, and water are detected (Figure 12b6).
In the MDNSs, the system at 25°C/8 MPa can be divided

into seven parts, similar to the C6H14-CO2 water system. The
miscibility state is also similar to the C6H14-CO2-water sys-
tem under the same conditions, except that there are fewer
CO2 molecules in the C8H18 zone, and only a few C8H18

molecules in the CO2 zone (Figure S3a). At 25°C/20 MPa,
the miscibility state of the system does not change much, but
the interface width between the water on both sides and the
CO2 and C8H18 are slightly larger, whereas the interface
width between the CO2 and C8H18 is slightly smaller (Figure
S3b). This likely reason is that when only the pressure in-
creases, the volume of the liquid alkane is significantly
compressed, and the pressure far exceeds the critical pressure
of CO2 and is close to the critical pressure of water. There-
fore, the CO2 is near the supercritical state and has a strong
diffusion capacity, whereas the volume of liquid water is not
affected. At 150°C/20 MPa, the CO2 is fully mixed with the
C8H18 phase, the C8H18 is largely mixed with the CO2, and
the miscibility degree between the two phases has increased
significantly. The amount of CO2 in the water has increased
on both sides, and the number of water molecules in the CO2

adjacent to the water on the left-side has increased sig-
nificantly. They are miscible with the C8H18 molecules in the
CO2 phase. The miscibility degree between the water on the
right side and the adjacent C8H18+CO2 miscible phase is
higher only in the interface zone, and only a few water
molecules enter the local C8H18+CO2 miscible phase (Figure
S3c).
At 260°C/70 MPa, the CO2 in the middle of the system is

completely miscible with the C8H18, and the CO2 in the water
on both sides has increased significantly. The two sides can
be regarded as H2O+CO2 miscible phases. A few C8H18

molecules enter the H2O+CO2 miscible phase, and the water
on both sides is partially miscible with the C8H18+CO2 phase.
In addition, the water molecules begin to coalesce, but in-

terfaces remain between the middle C8H18+CO2 phase and
the H2O+CO2 miscible phase on both sides (Figure S3d). At
300°C/80 MPa, the interface remains between the two mis-
cible phases. The amount of C8H18 entering the H2O+CO2

phase increases slightly, whereas the amount of water en-
tering the C8H18+CO2 phase increases significantly, and it
accumulates at multiple locations (Figure S3e). This phe-
nomenon corresponds to the state when water segments be-
gin to appear in the miscible phase at 220°C/45 MPa in the
thermal experiments. As the T-P increases, the C8H18+CO2

miscible phase diffuses into the water phase on both sides,
and more water molecules are mixed into the C8H18+CO2

miscible phase. The interface between the two miscible
phases becomes blurred (Figure S3f, S3g, S3h). Finally, at
450°C/110 MPa, no fluctuations are observed in the relative
concentration curves of the single-component and multi-
component systems. All interfaces in the C8H18-CO2-water
systems have disappeared, and the three phases are com-
pletely miscible (Figure S3i, S3k).
The results show that only the CH4-water systems exhibit

the same mixing processes and features in the MDNSs and
visual PTEs. In the other five systems, higher temperatures
are required in the MDNSs than in the PTEs to reach the
same miscibility degree in the HTHP stage. This finding
indicates that the HTHP MDNS of complex fluids still re-
quires more constraints from HTHP PTEs.

4. Discussion

4.1 Effect of T-P on miscibility

The results of the PTEs in the alkane-H2O systems and al-
kane-CO2-H2O systems from LTLP to HTHP show that, the
miscibility degree of the organic and inorganic fluids in all
systems increases with an increase of temperature and
pressure, and complete miscibility is achieved under specific
T-P conditions (Figures 6, 7, 9, 10, and 12). We analyzed the
instantaneous configuration diagrams obtained from the
MDNSs, and the relative concentrations of the individual
components and multiple components obtained (Figures 5, 8,
11; Figures S1–S3). The average widths of the interfaces in
different systems with various temperatures and pressures
(Table 2) were obtained following the “10–90” principle
(Yuet and Blankschtein, 2010; Zhao et al., 2011). The evo-
lution of the average width of the interfaces with increased T-
P was obtained for the four types of alkane-H2O systems and
two types of alkane-CO2-H2O systems (Figure 13). Although
there are some differences in the growth rate of the interface
width in different systems, the average width of the mis-
cibility interface between different phases increases with an
increase in temperature and pressure, indicating an increase
in the miscibility degree. In addition, the growth rate in-
creases exponentially. A comparison of the curves of dif-
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ferent systems shows an inflection point in the curves of the
interface width in the alkane-H2O system, indicating a sud-
den change in growth rate. The change in the growth rate of
the interface width is not as significant for the alkane-CO2-
H2O systems as for the alkane-H2O system. In the early slow
growth stage, the increase rate of the interface width is higher
for the alkane-CO2-H2O systems than for the alkane-H2O
systems, and the late fast growth stage occurs earlier in the
alkane-CO2-H2O systems than in the alkane-H2O systems.
In general, the miscibility degree between different phases

in the geological systems increases as the T-P increase. The
reason may be that the temperature will accelerate the ther-
mal movement of molecules, increasing the distance between
the molecules and the self-diffusion coefficient, and thus
promoting its movement and diffusion (Wang, 2014; Zhang
et al., 2015). Essentially, the temperature increase causes the
breaking of hydrogen bonds, enabling the entrance of other
molecules into the water and increasing the solubility of al-
kanes in water (Dubessy et al., 1999).

4.2 Effect of the carbon number on miscibility

First, Figure 13 shows that the differences in the average
interface width between different alkane-water systems are
relatively small and do not exceed 10 Å in the initial 200 ps
of the simulation under relatively LTLP conditions
(155–210°C). However, the interface width increases
slightly as the carbon number increases, indicating that al-

kanes with more carbon atoms have higher miscibility with
water under LTLP conditions. After exceeding this LTLP, the
average interface width between C3H8 and water is larger
than that between CH4 and water when the T-P exceed 300°
C/80 MPa, indicating that the mutual solubility is higher
between water and gaseous alkanes with more carbon atoms
than between water and gaseous alkanes with fewer carbon
atoms under HTHP conditions. Under HTHP conditions
exceeding 300°C/80 MPa, the average interface width be-
tween C6H14 and water increases faster than that between
C8H18 and water, indicating that the miscibility of water and
liquid alkanes with fewer carbon atoms is higher than that of
water and liquid alkanes with more carbon atoms.
Second, Figure 14 shows that the T-P required for

achieving the initial mixing and segmentally dynamic mix-
ing increases with an increase in the carbon number, in the
PTEs and MDNSs. In the PTEs, the T-P required for com-
plete miscibility of water and C3H8, C6H14, CH4, and C8H18

increases successively, and the required T-P are similar for
C6H14 and CH4. In the MDNSs, the T-P required for complete
miscibility of water and C3H8, CH4, C6H14, and C8H18 in-
crease successively.
To sum up, the miscibility of different phases in the alkane-

(CO2)-water systems decreases with an increase in the car-
bon number of alkanes, and only two gaseous alkane-water
systems show differences in the complete miscibility stage.
The reason is that an increase in the carbon number, i.e., an
increase in the chain length, increases the molecular volume,

Figure 13 The change in the average interface width during the mixing process of fluids in the alkane-water and alkane-CO2-water systems as the T-P
increase. The pressure P corresponding to the temperature T is the same as listed in Table 2; ∞ represents a value infinitely close to the x-direction of the
system’s simulation box under the temperature and pressure conditions
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slowing the diffusion of molecules (Wang, 2010). In addi-
tion, the van der Waals interaction energy between alkanes
and CO2 and the dispersion force that plays a fundamental
role also decreases with an increase in the alkane chain
length (Wang, 2014; Zhang et al., 2015). In addition, the
volumetric expansion coefficient of the alkanes decreases
with an increase in the chain length (Li et al., 2006; Yang et
al., 2012).

4.3 Effect of CO2 bridge function on the miscibility of
alkanes and water

The required T-P conditions for the three mixing stages
(initial mixing, dynamic mixing, and complete mixing) of
the C6H14/C8H18-water and C6H14/C8H18-CO2 water systems
are shown in Figure 15. The results show that the T-P re-
quired for the alkane-CO2-water systems to achieve the three
different mixing stages are significantly lower than those of
the alkane-water systems without CO2, indicating that CO2

acts as a bridge between the alkanes and water and promotes
the miscibility of alkanes and water. The increase rate of the
alkane-water interface width is significantly higher in the
system with CO2 than in the system without CO2 (Figure 13),
also suggesting the bridge function of CO2.
The bridge function is directly related to the characteristics

of near-critical and supercritical CO2 under HTHP condi-
tions and is reflected in the microscopic miscibility of the
three-phase systems. The reason for this bridge function is
two-fold. First, a large number amount of near-critical and
supercritical CO2 and alkanes in the system is mixed in the
relatively low-medium temperature stage (Figures 10, 12a1–
12a4; Figure 11a–11b; Figure 3a–3b). The C-C interaction of
short-chain alkanes is weaker than the C-CO2 interaction of
alkanes and CO2, thus, the alkanes are easily dissolved and
diffuse rapidly into supercritical CO2. Another reason may
be that the dispersion force in the van der Waals force (the

dispersion force refers to the weak attraction between the
instantaneous dipole moments of molecules when they are
close to each other) may be critical for the mixing of alkanes
and CO2 (Wang, 2014; Zhang et al., 2015). Second, a large
amount of CO2 is dissolved in water as the T-P rise (Figure
11b–11d; Figure S3b–S3d). The CO2 dissolved in water
readily combines with alkanes, forming a favorable miscible
channel between the mixed phases of alkane-CO2 (Figure
11d–11i; Figure S3d–S3i) and the mix phases of water-CO2.
In addition, the accumulation of CO2 molecules near the
alkane side at the interface between the alkane and water in
the initial stage of the alkane-CO2-water system may be
caused by a difference in the interfacial tension between
alkane-CO2, alkane-water, and CO2-water.

4.4 Miscibility processes and patterns

4.4.1 Miscibility processes and patterns of the alkene-
water systems
The PTEs and MDNSs show that the mixing of different
types of alkanes with water is significantly affected by the T-
P from TLP to HTHP conditions. We propose a mixing
model of the fluids in the alkane-water systems consisting of
seven stages based on the real-time observations of the
mixing of fluids in the four alkane-water systems with in-
creased T-P obtained from the PTEs and the comparative
analysis of the MDNS result at different temperatures and
pressures (Figure 16).
(1) Immiscibility stage. A clear interface exists between

the alkane and water, and the system is divided into three
parts: a water zone, an interface zone, and an alkane zone
(Figure 16a).
(2) Initial partial miscibility of alkanes and water near the

interface. Tiny water droplets and oil droplets are observed in
the alkane and water phases near the interface in the PTEs. In
the MDNSs, the water and alkane molecules entered the

Figure 14 Temperature and pressure versus carbon number at different mixing stages of the alkane-H2O systems. The pressure P corresponding to
temperature T is the same as in Table 2.
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alkane and water zones near the interface, respectively
(Figure 16b).
(3) Enhanced partial miscibility of alkanes and water near

the interface. The size of the water droplets and oil droplets
in the oil and water phases within a certain range near the
interface increase in the PTEs. The MDNS results show the
aggregations of the same molecules in the other fluid phase

(Figure 16c).
(4) Segmented miscibility of alkanes and water. The alkane

and water droplets coalesce to form segments of alkene and
water in the PTEs, and the alkene/water segments become
shorter with the continued aggregation and dispersion. The
MDNS results show the aggregation of the same type of
molecules (Figure 16d).

Figure 15 Comparison of temperature and pressure required in each miscibility stage of the C6H14/C8H18-H2O and C6H14/C8H18-CO2-H2O systems in
thermal experiments and dynamic simulations. The pressure P corresponding to temperature T is the same as in Table 2; The pressure corresponding to T1
(25°C) of the C6H14-CO2-H2O and C8H18-CO2-H2O systems is 20 MPa.

Figure 16 Models of the miscibility of the fluids in the alkane-water systems from LTLP to HTHP.
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(5) Enhanced miscibility at the interfaces between the al-
kane and water segments. The local miscible zones between
the alkane and water segments become wider. The MDNSs
indicate that the interface is blurring due to the gradual
mixing of different molecules (Figure 16e).
(6) Dynamic miscibility of alkanes and water. After

reaching a certain T-P in the PTEs, the alkane and water
phases reach a stage of dynamic circulation of miscibility
and separation. In the MDNSs, this stage is represented by
the alternating dispersion and aggregation of the same mo-
lecules as the simulation continues at specific T-P conditions
(Figure 16f).
(7) Complete miscibility of alkanes and water. The system

reaches a stable homogeneous phase. In the MDNSs, the
interfaces between different molecules disappear and the
same molecules are uniformly distributed in the simulation
box (Figure 16g).

4.4.2 Miscibility processes and patterns of the alkene-
CO2-water systems
Similarly, the miscibility of the fluids in different alkane-
CO2-water systems is also affected by the T-P. The mixing
model of the alkane-CO2-water systems from LTLP to HTHP
conditions can be divided into the following eight stages
(Figure 17).
(1) Immiscibility stage. The CO2, alkanes, and water are

immiscible, and there are interfaces between the compo-
nents. The fluid systems can be divided into CO2 zone, al-

kane zone, pure water zone, and interfaces, and no clear
miscibility occur near the interfaces (Figure 17a).
(2) Partially miscibility of alkane/CO2 and initial mis-

cibility of water/CO2. The CO2 and alkanes are partially
miscible as CO2 diffuses into the alkanes. CO2 and water
begin to mix, and very few micro water droplets and gas
bubbles are present near the interface between CO2 and
water. The MDNS shows numerous CO2 and alkane mole-
cules distributed commonly in the initial alkane zone. There
are individual CO2 molecules entering the water near the
interface on both sides, with more on the left side than on the
right side. Some water molecules are also observed in the
CO2 zone near the interface (Figure 17b).
(3) Complete miscibility of alkanes/CO2 and partial mis-

cibility of water/CO2. CO2 in the central zone is completely
miscible with alkanes, forming the alkane+CO2 phase. The
miscibility degree of CO2 and water has increased in the
system, especially in the part with direct contact between the
two phases. The MDNS shows the mixing of alkane and CO2

molecules in the initial alkane and CO2 zones. CO2 mole-
cules enter the water near the interface on both sides, with
more on the left side than on the right side. More water
molecules enter the CO2 zone near the interface (Figure 17c).
(4) Forming of H2O+CO2 phase via miscibility of CO2 and

water, and initial miscibility of H2O+CO2 phase and alkane
+CO2 phase. CO2 dissolves completely in the alkane and
water phases, forming alkane+CO2 and H2O+CO2 miscible
phases that begin initial miscibility. The water droplets

Figure 17 Models of the miscibility of the fluids in the alkane-CO2-water systems from LTLP to HTHP.
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converge in the alkane+CO2 phase and become larger. A few
tiny oil droplets begin to appear in the H2O+CO2 phase on
both sides. The MDNS shows that CO2 mix with both the
alkane and water. Water molecules enter the alkane+CO2

phase, and alkane molecules enter the H2O+CO2 phase
(Figure 17d).
(5) The water+CO2 phase starts to converge into segments

in the alkane+CO2 phase. The water+CO2 enters the alkane
+CO2 phase and starts to coalesce to form the water+CO2

segment. Oil droplets in the CO2+water phase on both sides
gradually become larger. The MDNS indicates a large
amount of CO2+H2O aggregate in the alkane+CO2 phase,
and the alkane molecules are accumulating in the CO2+water
phase near the interfaces on both sides (Figure 17e).
(6) Segmented miscibility of the water+CO2 phase and

alkane+CO2 phase. Segments of the water+CO2 phase and
alkane+CO2 phase exist alternatively. Local mixing occurs at
the interfaces between the two miscible phases, and the in-
terface widens. In the MDNS, the water and CO2, and the
alkane and CO2 coalesce respectively. The same type of
molecules aggregates at the interface between the two mis-
cible phases (Figure 17f).
(7) Dynamic miscibility of the water+CO2 phase and al-

kane+CO2 phase. When the required T-P conditions have
been reached, the two phases become miscible in-
stantaneously, and dynamic miscibility is observed. The
MDNS shows that dispersion and aggregation of different
types of individual molecules in the water+CO2 and alkane
+CO2 occur alternately at the same T-P conditions (Figure
17g).
(8) Complete miscibility of CO2, alkanes, and water. The

fluids in the system reach a stable homogeneous phase. In the
MDNS, the interfaces between different phases have dis-
appeared, and the same molecules are uniformly distributed
in the simulation box (Figure 17h).

4.5 Geological significances

The results of this study show that the miscibility of different
organic and inorganic fluids is not instantaneous, from LTLP
to HTHP conditions. Instead, the miscibility degree increases
as the T-P increase and different miscibility stages occur.
Petroleum, gas, and water exist commonly in the HTHP re-
servoirs in deep and ultra-deep layers in petroliferous basins
(Helgeson et al., 1993; Lewan, 1997; Seewald, 2003; Yuan et
al., 2019, 2022; Cao et al., 2022b). In the HTHP ranges
(generally less than 200°C) of recently explored deep and
ultra-deep reservoirs, most hydrocarbons are partially but not
completely miscible with water. A heterogeneous fluid sys-
tem with incomplete miscibility can promote the formation
of different types of fluid inclusions, such as hydrocarbon
inclusions, hydrocarbon-bearing aqueous inclusions, and
aqueous inclusions in the same diagenetic stages (Ramboz et

al., 1982; Chen et al., 2009, 2011; Liu et al., 2017; Chi et al.,
2021). Therefore, a wide range of homogenization tem-
peratures exists for different types of fluid inclusions cap-
tured in the same diagenetic stage, and there is usually a
difference between the homogenization temperature and the
capture temperature (Ramboz et al., 1982; Chi et al., 2021;
Yang et al., 2022; Zhang et al., 2022).
Besides hydrocarbons and pore water, the hydrocarbon

reservoirs in ultra-deep layers of petroliferous basins gen-
erally contain some CO2, especially in the background with
the development of deep crust/mantle-derived CO2 (Smith
and Ehrenberg, 1989; Seewald, 2003; Liu et al., 2017, 2019).
Under HTHP conditions, the miscibility of hydrocarbon,
water, and CO2 probably has a profound impact on the
generation, migration, and preservation of oil and gas. On the
one hand, the existence of deep high-temperature pore water
(especially the intrusion of large-scale high-temperature
thermal fluid) and its mixing with organic matter, can pro-
vide heat and hydrogen for the occurrence of the organic-
inorganic hydrocarbon generation processes, which can ex-
pand the “oil generation window”, and promote the genera-
tion of more low-molecular-weight hydrocarbons (Liu,
2022). On the other hand, supercritical CO2 in deep layers
can effectively extract hydrocarbons and promote the mi-
gration of hydrocarbons from source rocks to reservoirs. The
bridging role of CO2 promotes partial or dynamic miscibility
of oil and pore water under relatively lower temperature and
pressure conditions in deep layers, effectively reduces ca-
pillary resistance at narrow throats in the tight rocks, and
promotes efficient migration of hydrocarbon fluid from
source rocks to the reservoir. The crude oil associated with
CO2 usually contains more light oil components (Liu et al.,
2017, 2019; Zhu et al., 2018; Liu, 2022). In addition, under
the HTHP conditions, hydrocarbons in ultra-deep reservoirs
are miscible with water, leading to the occurrence of ex-
tensive organic-inorganic interactions, which has an im-
portant impact on hydrocarbon preservation and reservoir
quality. The bridge function of CO2 increases the miscibility
degree of hydrocarbons and water, which can inhibit the
asphaltation of hydrocarbons, and promote oil cracking to
form more low-molecule weight hydrocarbons and water
oxidation of hydrocarbons to form more acids under HTHP
conditions (Seewald, 2003). The water oxidation of hydro-
carbons generates more CO2 and increases the miscibility
degree of hydrocarbons and water. It can also promote the
dissolution of minerals to generate more secondary pores,
improving the quality of hydrocarbon reservoirs (Yuan et al.,
2019, 2022; Jin et al., 2022).
This study investigated the mixing processes and mis-

cibility patterns of n-alkanes, water, and CO2 from a per-
spective of a high geothermal gradient using microscopic in
situ thermal experiments and molecular dynamics simula-
tions. Research method for studying the miscibility of
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complex fluid under HTHP is established, and the results
provide crucial information for our understanding of the
behavior of geofluids. Different petroliferous basins in dif-
ferent areas have very different geothermal gradients. For
example, in addition to the hot basins in East China with high
geothermal gradients, there are also cold basins with low
geothermal gradients and overpressure in West China. In
addition, the composition of oil and gas is complex in hy-
drocarbon reservoirs. Besides normal alkanes, aromatic hy-
drocarbons and iso-alkanes with different properties are
present. Their miscibility with water and CO2 will affect the
miscibility of hydrocarbons with water and CO2, which still
requires further research.

5. Conclusions

(1) The miscibility of fluids in different alkane-H2O and
alkane-CO2-H2O systems is not instantaneous from LTLP to
HTHP conditions. Instead, the miscibility processes can be
divided into three stages, including initial partial miscibility
near the interface, segmented dynamic miscibility, and
complete miscibility. Further, the mixing of fluids in the
alkane-H2O and alkane-CO2–H2O systems can be subdivided
into seven and eight mixing stages, respectively.
(2) The temperature significantly affects the miscibility of

alkanes, H2O, and CO2 in hydrocarbon reservoirs. As the
temperature increases, the miscibility of alkanes, H2O, and
CO2 increases, and the width of the interface between the
alkane and water phases increases exponentially. The carbon
number affects the miscibility of alkanes and water. The
temperature in the initial, dynamic, and complete miscibility
stages are significantly different between different alkanes-
water systems.
(3) CO2 has a bridge function in the miscibility of alkanes

and water At HTHP. Its presence significantly reduces the
temperatures required for the initial, dynamic, and complete
miscibility of alkanes and water.
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