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Significance
The visualization of CO2 and oil interactions give insight
into the multiple mechanisms controlling CO2 enhanced
oil recovery processes. In this work, a high-pressure high-
temperature full visual PVT system is used to observe
different phase behaviors and measure the equilibrium
properties such as CO2 solubility, swelling factor, and
minimum miscibility pressure (MMP). Together with the
simulation work, a graphical method for the
determination of the multi-contact miscibility pressure is
generated based on the phase behavior observation and
slim tube simulation. The controlling mechanisms
controlling CO2 enhanced have been comprehensively
analyzed at different aspects. This work sheds light on the
design of CO2-EOR project in unconventional oil
reservoirs.

Experimental Section
In-site camera, which enables us to visualize three different types of phase
behavior (LV, LLV and LL) and determine the swelling factor at different
equilibrium pressures and temperatures.

At 27°C
• Swelling factor increases with pressure during LV condition (Figure 2a).
• CO2 solubility increases with pressure in LV condition.
• Swelling factor decreases with pressure during LLV (Figure 2b) and LL

(Figure 2c) conditions.
• CO2 and oil phases achieve miscibility as pressure continuously

increases (Figure 2d).

At 80°C
• When the system temperature goes beyond the critical

temperature, supercritical CO2 shows properties of gaseous CO2

when the pressure is under 1828 psi, and liquid CO2 when
pressure is great than 1828 psi.

• System forms a Liquid-Vapor phase behavior (Figure 4a), and
forms a Liquid-Liquid phase behavior (Figure 4b).

• Extraction of oil components becomes more intense with higher
system pressure.

Apparatus
Core Lab PVT 300/700
full visual system
advantages:
• High pressure (max. 

10152 psi).
• High temperature 

(max. 180 °C).
• Automatically record 

data.
• Easy measurement.
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Figure 1 Core Lab PVT 300/700 full visual system

Experimental Properties Determination
• Solubility

𝑆 =
𝑉𝐶𝑂

2

𝑉𝑜𝑖𝑙

𝑉𝐶𝑂2
is the molar amount of CO2 dissolved into Oil, 𝑉𝑜𝑖𝑙 is the molar 

amount of Bakken oil.
• Swelling factor

𝑆𝐹 =
𝑉2

𝑉1

𝑉1 is the oil volume at room temperature and atmosphere pressure, 𝑉2
is the oil volume at elevated temperature and pressure

Key Findings
• Three types of phase behavior can be captured under

certain conditions including liquid-vapor (LV), liquid-
liquid-vapor (LLV), and liquid-liquid (LL).

• When the system is below the CO2 critical temperature,
there are three phase behaviors observed between CO2

and Bakken crude oil (LV, L1L2V, L1L2). On the contrast,
there are only two-phase behaviors (LV, L1L2) when the
system exceeds the CO2 critical temperature.

• The swelling factor increases with pressure before
extraction pressure because oil can be swollen by
dissolving CO2 at high pressures. The swelling factor
decreases with pressure greater than extraction
pressure due to oil component extraction.

• Solubility of CO2 and extraction pressure decreases
with temperature. Therefore, higher temperature
results in stronger extraction capability, and higher
temperature lowers the starting pressure for
extraction.

• From simulative results, there are two different MMP. in
the pressurization process. Slim tube simulation shows
the extrapolated pressure corresponds to the
miscibility pressure.

Figure 2 Different phase behaviors between CO2 and oil at 27 °C. (a) LV phase behavior at 718 
psi, (b) L1L2V phase behavior at 843 psi, (c) L1L2 phase behavior at 3034 psi, and (d) miscible 

phase behavior at 3253 psi.
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Figure 3 Swelling factor of Bakken oil at 27°C

Figure 4 Different phase behaviors between CO2 and oil at 80 °C. 
(a) LV phase behavior at 1013.87 psi, (b) L1L2 phase behavior at 

2765.64 psi, (c) L1L2 phase behavior at 3335.52 psi, and (d) 
miscible phase behavior at 4420.13 psi.
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Figure 5 Swelling factor of Bakken oil at 80°C. 

At 120°C
Results of phase behaviors at 120°C show similarities to the
experiments outcomes at 80°C , supercritical CO2 has properties of
gaseous CO2 when the pressure is under 2470 psi, and liquid CO2

when pressure is great than 2470 psi.

Figure 6 Different phase behaviors between CO2 and oil at 120 °C. (a) LV 
phase behavior at 2138.45 psi, (b). L1L2 phase behavior at 2992.20 psi, (c) 

L1L2 phase behavior at 3642.76 psi, and (d) miscible phase behavior at 
4270.45 psi.
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Figure 7 Swelling factor of Bakken oil at 120°C. 

MMP Determination
Figure 5 and Figure 7 show the swelling factor changing path along with
increasing pressure at system temperatures of 80°C and 120°C. Results
show that the swelling factor decreases rapidly when there is L1L2 phase
behaviors. The trend line shows the swelling factor will decreases to
zero due to oil component extraction becomes more intense when the
system pressure increase further more. In consequence, the extrapolated
pressure at which the swelling factor reduces to zero is 3796 psi at 80°C
and 4627 psi at 120°C. The swelling factor becomes zero, which means
two phases achieve miscibility, at extrapolated pressure. Hence, this
extrapolated pressure is defined as minimum miscibility pressure
(MMP).

Simulation Section
The history matching yields a good swelling factor matching with a less than
5% error after updating the property coefficients for oil components.
However, in the swelling factor changing path, there are two critical points
that confuse the determination for the miscibility pressure.
• For example, at 120°C, WinProp simulation outcome shows the interfacial

tension become zero and two phases achieve miscibility at 2575 psi.
However, the interface between oil and CO2 is still visible.

• Extrapolated pressure shows two phases achieve miscibility at 4627 psi.
Therefore, slim tube simulation is performed by PVTSim in order to predict
the multi-contact miscibility pressure in order to compare these two critical
pressures along the swelling factors changing path.
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Figure 8 Slim tube simulation results at 120°C.

Slim Tube Simulation Result
The traditional multi-contact minimum miscibility pressure determination in
oil and gas industry is preformed by slim tube measurement. Figure 8 shows
the multi-contact MMP is 4445 psi at the temperature of 120°C, which
corresponds to the extrapolated pressure with an error of 4%. In
consequence, the multi-contact MMP can be determined using a graphic
method by performed phase behavior experiments at elevated pressures.
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