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ABSTRACT 
Carbon dioxide (CO₂) flooding, a critical enhanced oil 

recovery (EOR) technique, exhibits unresolved miscibility 
mechanisms and dynamic processes. This study 
systematically investigates the property evolution of 
formation fluids and miscibility behavior post-CO₂ 
injection through comprehensive physical visualization 
characterization and experiments. Results demonstrate 
that CO₂ injection markedly reduces fluid density and 
viscosity, elevates saturation pressure, and induces 
exponential growth in volumetric expansion coefficients. 
Concurrently, the phase envelope shifts leftward and 
upward with expansion of the two-phase region during 
miscible displacement, while critical parameters undergo 
dynamic adjustments contingent upon dissolution ratios. 
Visualization experiments delineate the miscibility 
process into three mechanistic stages: swelling, mass-
transfer zone transition, and miscibility achievement-
each exhibiting distinct characteristics. These findings 
advance fundamental understanding of CO₂ flooding 
mechanisms and provide a theoretical framework for 
optimizing field implementation. 
 
Keywords: CO₂ Flooding, Miscibility Mechanisms, 
Property Changes, Phase Behavior, Miscibility 
Visualization  
 

NONMENCLATURE 

Abbreviations  

Wo Mass of degassed oil, g 
W1 Mass of separation flask before oil release, g 
W2 Mass of separation flask after oil release, g 

Vof1 Metering pump reading before oil release, mL 
Vof2 Metering pump reading after oil release, mL 
RS Solution gas-oil ratio, fraction 
Vg1 Gas meter reading before oil release, mL 
Vg2 Gas meter reading after oil release, mL 
So Crude oil shrinkage factor,% 
P Pressure,MPa 

 

1. INTRODUCTION 
Carbon dioxide (CO₂) flooding is an effective 

enhanced oil recovery (EOR) technique whose process 
inherently constitutes a complex dynamic phase 
transition[1-3]. Following CO₂ injection into the formation, 
crude oil properties—including density, viscosity, and 
saturation pressure—continuously evolve over time 
through fluid interactions[4-6]. Consequently, a thorough 
understanding of the interaction mechanisms and phase 
behavior evolution between CO₂ and formation fluids 
forms the foundation for investigating CO₂ flooding 
mechanisms and is critical for optimizing displacement 
efficiency[7-9]. 

Reservoir conditions significantly influence CO₂ 
flooding performance. Factors such as permeability, pore 
structure, and crude oil composition govern CO₂ 
solubility and mass transfer behavior[10-11]. CO₂ 
dissolution markedly reduces oil viscosity, improving 
mobility, while simultaneously triggering complex 
chemical effects (e.g., emulsification, wettability 
alteration) that further enhance recovery. Reservoir 
heterogeneity critically impacts CO₂ migration pathways, 
enabling preferential mobilization of residual oil in small 
pores for effective displacement[12-17]. 
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The phase behavior of CO₂-crude oil systems 
underpins the physical basis of flooding mechanisms. 
Conventional PVT experiments primarily assess 
miscible/immiscible behavior through quantitative data 
but suffer from limited visual access and incomplete 
mechanistic representation, hindering comprehensive 
analysis of dynamic phase evolution[18-20]. For 
instance, crude oil during CO₂ dissolution exhibits 
volumetric swelling, viscosity reduction, two-phase 
region expansion, and critical point parameter 
variations—yet the underlying micro-mechanisms 
remain inadequately characterized. Furthermore, 
systematic experimental analysis of coupled interactions 
between phase interface evolution, dissolution kinetics, 
and pressure changes is lacking[21]. 

To address these gaps, this study systematically 
investigates phase transition laws and property 
evolution during CO₂-crude oil mixing using 
reconstituted formation crude samples integrated with 
numerical simulation. A visualization platform is 
established to enable real-time dynamic monitoring of 
the miscibility process, clarifying dissolution 
characteristics under varying temperature/pressure 
conditions. Sequential image data capturing mixing, 
diffusion, mass transfer, dissolution, swelling, and phase 
transitions are acquired to elucidate the physical essence 
of CO₂ miscible flooding, providing theoretical and 
experimental support for EOR optimization[22-25]. 

2. EXPERIMENTAL MATERIALS, EQUIPMENT AND 
METHODS  

2.1 sample preparation 

The experimental oil utilized surface-degassed crude 
samples from the target reservoir. The reconstituted 
formation gas was blended with associated gas under 
surface conditions. CO₂ with 99.9% purity and petroleum 
ether (boiling range: 70°C) were employed for the 
tests.Section of material and methods 

2.2 laboratory equipment 

The principal equipment for experimental 
characterization of CO₂-injected reservoir fluid phase 
behavior includes a gas chromatograph, RUSKA 2370 PVT 
analyzer, and formation water analyzer, supplemented 
by density and viscosity meters. As illustrated in Fig. 1, 
this PVT system operates at temperatures up to 200°C 
and pressures up to 70 MPa.  
 

The experimental setup for visualizing CO₂-crude oil 
miscibility mechanisms comprised a RUSKA 2370 PVT 
analysis system, high-pressure/high-temperature visual 
cell, ISCO-260D precision displacement pump, and high-
accuracy gas flow meter. Primary experimental 
equipment is illustrated in Fig. 2. 
 

2.3 Formation fluid compounding method 

Standard Reservoir Fluid Recombination Procedure 
I. Oil Transfer 
(1) Assemble equipment; clean, dry, heat to reservoir 

temperature. 
(2) Evacuate vessel to 133 Pa, maintain 30 min. 
(3) Stabilize separator oil at target pressure. After 4-

hr equilibrium, confirm ≤1% volumetric change over 30 
min. 

(4) Transfer oil via dual-pump displacement. 
II. Gas Transfer 
(5) Replace oil vessel with gas cylinder. Stabilize 4 hr 

at set T/P until ≤1% volumetric change/30 min. 
(6) Transfer gas via dual-pump displacement. 
II. Quality Check 
(7) Agitate sample at reservoir T, compress to single-

phase. After 4-hr equilibrium, confirm ≤1% volumetric 
change/30 min. 

(8) Conduct triplicate liberation tests. Successful if 
measured GOR matches target value. 

2.4 Experimental research method of phase 
characteristics of carbon dioxide injection in 
reservoir fluid 

   
Fig. 1. RUSKA 2370 PVT high-pressure physical property 

analyzer  
 

    
Fig. 2. The main experimental device diagram of visual 

miscible experiment  
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This study employed fundamental pressure-volume-
temperature (PVT) experimental methodology to 
systematically analyze phase behavior characteristics 
and property alterations in reservoir fluids following CO₂ 
injection. The experimental procedure comprised: 

(1)The prepared reservoir fluid samples were 
injected into the PVT instrument, and the bubble point 
pressure was measured by slow depressurization. A 
single degassing experiment was carried out to record 
the gas volume, crude oil density and viscosity changes 
before and after degassing. 

(2)The prepared reservoir fluid samples were 
injected into the PVT instrument, and the bubble point 
pressure was measured by slow depressurization. A 
single degassing experiment was carried out to record 
the gas volume, crude oil density and viscosity changes 
before and after degassing. 

(3)The calculation of the key parameters of this 
experiment is based on the following formula.  

Degassed oil quality: 
Wo=W2-W1  (3.1) 
Crude oil volume coefficient : 

𝐵𝑜 =
𝑉𝑜𝑓

𝑉𝑜
  (3.2) 

Formation oil volume : 
𝑉𝑜𝑓 = 𝑉𝑜𝑓1 − 𝑉𝑜𝑓2    (3.3) 

Dissolved gasoline ratio of formation oil: 

𝑅𝑠 =
𝑉𝑔

𝑉𝑜
    (3.4) 

The sum of the volume of oil and gas : 
𝑉𝑜𝑔 = 𝑉𝑔2 − 𝑉𝑔1    (3.5) 

Crude oil shrinkage : 

𝑆𝑜 =
𝐵𝑜−1

𝐵𝑜
    (3.6) 

Formation oil density : 

𝜌𝑜𝑓 =
𝑊𝑜+𝑊𝑔

𝑉𝑜𝑓
    (3.7) 

Degassed oil volume : 

𝑉𝑜 =
𝑊2−𝑊1

𝜌𝑜
    (3.8) 

2.5 Parameter calculation formula  

Considering the limitation of temperature 
measurement range ( 0-120 °C ), the phase diagram was 
obtained by the combination of experimental 
measurement and numerical simulation. Firstly, the 
prepared formation fluid samples are transferred to the 
phase analyzer, and the gas-liquid ratio of each pressure 
point is measured under different constant temperature 
conditions. Subsequently, the temperature was changed 
to repeat the measurement to obtain the phase data 
under different temperature and pressure conditions. 

The phase diagram of crude oil and the phase state of 
CO₂-crude oil system with different mole fractions were 
simulated by CMG WinProp software. The 
comprehensive analysis of the phase characteristics of 
reservoir fluid after CO₂ injection was realized by 
combining the experimental and simulation results. 

2.6 Experimental method for visual miscible mechanism 
of carbon dioxide-crude oil system 

In order to systematically study the miscible 
mechanism of CO₂ and crude oil system, this paper uses 
a high temperature and high pressure visual kettle to 
carry out visual experiments to dynamically observe the 
fluid mixing process and phase evolution. The specific 
experimental steps are as follows : 

(1)Pipeline cleaning and drying  
Before the experiment, the experimental pipeline 

and related components were thoroughly cleaned with 
petroleum ether, and then dried in a thermostat for 12 
hours to ensure that the system had no impurities and 
water residues.  

(2)Gas tightness detection of the device  
After the assembly is completed, the air tightness 

test of the experimental device is carried out to confirm 
that there is no leakage and ensure the stability of the 
experimental pressure and the accuracy of the data.  

(3)Oil sample transfer  
The PVT instrument is used to inject the formation 

crude oil sample into the visual kettle to ensure that the 
oil sample is completely transferred to the observation 
area.  

(4)CO₂ injection and pressure control  
CO2 is injected at a constant rate of 0.2 mL / min 

through a high-precision injection pump, gradually 
boosting to multiple pressure points of the design. After 
reaching the set pressure, stand fully mixed to observe 
the phenomenon of dissolution and volume expansion. 
Repeat the process to cover the full pressure range.  

(5)Data collection  
High-resolution photography and video equipment 

are used to record the miscible process in real time, 
capture the interface evolution and fluid state changes, 
and record the pressure changes before and after the 
injection of each pressure point in detail, providing a 
basis for subsequent analysis.  

This method realizes the dynamic and intuitive 
characterization of the miscible process of CO₂ and crude 
oil, and provides a reliable experimental basis for the in-
depth analysis of the miscible mechanism. 
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3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Analysis of phase characteristics of carbon dioxide 
injection in reservoir fluid 

(1) CO₂ solubility characteristics  
The change of crude oil solubility coefficient in the 

formation with different concentrations of CO₂ is shown 
in Fig.3. It can be seen that with the increase of CO₂ 
injection, the dissolved CO₂ in the formation crude oil 
increases approximately linearly. As the oil quality 
becomes better, the ability of the formation crude oil to 
dissolve CO₂ increases. 

 
Fig. 3. Variation of crude oil dissolution coefficient in CO2 

formation with different concentration of CO2  

(2) Variation characteristics of saturation pressure  
The change of saturation pressure of formation 

crude oil after injection of different concentrations of 
CO₂ is shown in figure 4.As the injection of CO₂ increases, 
the saturation pressure increases gently, indicating that 
the properties of the experimental oil are improved after 
the injection of CO₂ into the formation crude oil in this 
area. 

 
Fig. 4 Variation of saturation pressure of formation crude oil 

after injection of different concentrations of CO₂ 

(3) Variation characteristics of expansion coefficient  
After injecting different concentrations of CO₂, the 

change of expansion coefficient of formation crude oil is 
shown in figure 5.As the injection of CO₂ increases, the 
volume expansion coefficient increases exponentially. 

When 22 % CO₂ is injected, the volume expansion of 
formation crude oil can reach 1.35 times of the original 
volume. After CO₂ is injected into the formation crude oil 
in this area, the expansion ability is strong, which is 
conducive to improving the oil displacement efficiency. 

 
Fig. 5 Change of expansion coefficient of formation crude oil 

after CO₂ injection with different concentrations 

(4) Viscosity change characteristics  
The change of crude oil viscosity after injection of 

different concentrations of CO₂ is shown in Fig.6.With 
the injection of CO₂, the density and viscosity of crude oil 
decreased, showing a good viscosity reduction effect 
after injection of CO₂ in this block. The adaptability is 
good, and the reduction range is about 45 %, which is 
beneficial to oil displacement. 

 
Fig. 6 Viscosity changes of crude oil after injecting different 

concentrations of CO₂ 

( 5 ) Variation characteristics of crude oil density  
The change of crude oil density in the formation 

after different CO₂ concentrations is shown in Fig.7. The 
injection of CO₂ reduces the density of crude oil in the 
formation under saturation pressure. After the injection 
of CO₂, the formation oil expands and the density of the 
system decreases. With the gradual increase of CO₂ 
concentration, the light components in the crude oil 
extracted by CO₂ are more and more, the heavy 
components are reduced, the crude oil is lighter and 
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lighter, and the density of the formation oil is smaller and 
smaller. 

 
Fig. 7 The density change of formation crude oil after 

injecting different CO₂ concentration 

3.2 Phase change characteristics of formation crude oil 

PR equation is improved from SRK equation. 
Compared with PR78, it is more suitable for light crude 
oil and can describe the state change of polar gas ( such 
as CO₂ ) more accurately. As a gas state equation with 
wide application, high precision and simple structure, PR 

equation plays an important role in related fields. Its 
equation form is shown in formula 3.9. 

𝑝 =
𝑅𝑇

𝑉−𝑏
−

𝑎𝜕(𝑇)

𝑉(𝑉+𝑏)+𝑏(𝑉−𝑏)
    (3.9) 

Based on the PR equation, the original phase 
diagram of crude oil and the phase diagram after 
miscible injection of 30%-80% CO₂ are simulated by 
Winprop in CMG software under formation conditions, 
as shown in Fig.8. The crude oil belongs to black oil 
reservoir. Because the crude oil contains more heavy 
hydrocarbon components, the critical point is located at 
300.36 °C and 8.74 MPa. With the injection of CO₂, the 
phase diagram shows that the isoliquid line increases, 
the position of the overall envelope moves to the upper 
left, and the content of the light component in the 
system increases. At the same time, the gap between the 
light component and the heavy component is gradually 
shown, which makes the two-phase region increase. 
When 50 % CO₂ is injected, the lower limit of the 
envelope temperature is too low ( below minus 50 
degrees Celsius ) to be drawn. 

 

  

(a) Original phase diagram (b) Phase diagram after miscible injection of 20 % CO2 

 

  

(c) Phase diagram after miscible injection of 40 % CO2 (d) Phase diagram after miscible injection of 60 % CO2 
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Fig. 8 The original phase diagram and the phase diagram after miscible with 10%-50% CO₂ 

 
When CO₂ is injected to dissolve 60 %, the area 

enclosed by the bubble point line and dew point line and 
the coordinate axis is expanded, and then it begins to 
decrease, which indicates that crude oil can exist in two-
phase form under more pressure and temperature 
conditions, providing more operation windows for 
reservoir development and allowing more extensive 
measures. 

The 100 % liquid phase diagram of formation crude 
oil after miscible with different proportions of CO₂ is 
shown in Fig.8, and the change of critical point after 
miscible with different proportions of CO₂ is shown in 
Table 1. The higher the content of CO₂ after dissolution, 
the higher the coexistence area of gas phase and liquid 
phase of crude oil in low temperature and low pressure 
area, and the larger the range of crude oil without 
degassing. At the same time, the temperature of critical 
point decreases gradually, but the pressure of critical 
point increases first and then decreases, and the critical 
point is when the amount of CO₂ is 70 % mole fraction. 
From the phase diagram, it is known that after the crude 
oil is injected with 10 % ~ 80 % molar fraction of CO₂, the 
current formation temperature and pressure are still 
liquid phase, which indicates that CO₂ injection is 
suitable to improve the development effect. 

 
Table 3.1 Critical point information of formation oil with 

different solubility of CO₂ injection 

Gas 
solubility/mol% 

Critical pressure 
/MPa 

Critical 

temperature /℃ 

0 8.74 300.36 

10 9.55 291.68 

20 11.37 281.06 

30 13.03 267.81 

40 14.95 250.86 

50 17.11 228.53 

60 19.29 198.08 

70 20.59 154.89 

80 17.67 92.52 

 

3.3 Phase change characteristics of formation crude oil 

According to the experimental phenomena and 
results, the miscible process can be divided into three 
stages : gas injection expansion stage, mass transfer zone 
conversion stage and miscible stage.  
(1) Gas injection expansion stage: 

 
Fig.9 Experimental results of CO₂ injection expansion stage 

 
In the initial stage of gas injection ( 0-8.7MPa ), at 

this stage, the main characteristics of the system are 
shown in Fig.9.With the injection of CO₂, CO₂ and crude 
oil do not contact much in the system, and the pressure 
gradually increases. The volume expansion of crude oil 
can be observed by the increase of liquid phase interface. 
At this time, the dissolution and diffusion of gas mainly 
occur to crude oil, which can be approximately regarded 
as the mass transfer of gas to crude oil in a single aspect, 
and the volume expansion of liquid phase occurs. When 
the system pressure exceeds 8.7 MPa, an obvious ' mass 
transfer zone ' can be observed at the edge of the oil-gas 
interface, and as the system pressure increases. The ' 

  

(e) Phase diagram after miscible injection of 80 % CO2 (f) Phase diagram after miscible injection of 100 % CO2 
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mass transfer zone ' will become more and more 
obvious. At this time, it can be approximated as that in 
addition to the mass transfer of CO₂ to crude oil, there is 
also crude oil extracted into CO₂, and the mass transfer 
from the liquid phase to the gas phase becomes stronger.  
( 2 ) Mass transfer zone conversion stage : 

 
Fig.10 Experimental results of supercritical conversion stage 

 
When the system pressure exceeds 10.3 MPa, the 

experimental results are shown in Figure 10. It can be 
seen that the ' mass transfer zone ' begins to become 
obvious, no longer only appears at the edge of the 
interface between CO₂ and crude oil. The range of the ' 
mass transfer zone ' gradually expands to the gas phase 
with the increase of the system pressure. At this time, 
the mass transfer between the two phases is enhanced, 
and the intermediate components of the rich gas 
extraction form a hydrocarbon-rich transition zone. It 
can be assumed that the phase diagram in the system is 
three-phase, oil phase, gas phase and ' mixed 
supercritical phase '.When the system pressure exceeds 
12.7 Mpa, the range of the ' mass transfer zone ' expands 
significantly. The crude oil was extracted by CO₂, and the 
extraction was more intense. The space occupied by the 
original gas phase in the visible kettle appeared obvious 
chaotic phenomenon, and the transmittance decreased 
and the window darkened.  
( 3 ) Miscibility phase : 

 
Fig.11 Experimental results of miscible phase 

 
When the system pressure exceeds 15.4 MPa, the 

experimental results are shown in Fig. 11. It can be seen 
that the ' mass transfer zone ' has occupied the entire gas 
phase space, the transmittance in the window is 
enhanced and brightened, and the chaotic phenomenon 
is converted into bright yellow. The ' mass transfer zone 
' that has completely occupied the gas phase space has 
undergone a transformation of morphology and 
appearance, and the dazzling light emitted during flame-

like combustion can be observed. With the further 
increase of the system pressure, when it exceeds 16.1 
MPa, the phenomenon of ' combustion ' in the bright 
yellow region becomes too intense, and the 
phenomenon of ' mass transfer zone ' is almost no longer 
observed. At this time, the extraction and extraction of 
gas phase relative to liquid phase, as well as the 
dissolution and diffusion of liquid phase to gas phase 
have become very intense. It can be considered that the 
oil and gas interface in this area has disappeared, and the 
corresponding pressure point is 16.8MP, which can be 
considered to have reached miscible phase. With the 
further increase of system pressure, the volume of crude 
oil decreases again, and the bright yellow part of miscible 
phase in the visual window gradually turns into brown 
yellow, and the degree of miscible phase is further 
enhanced. At the end of the experiment, the gaseous CO₂ 
in the system was slowly released. It can be seen that the 
viscosity of the crude oil in the visible kettle increased 
significantly and became thicker. The crude oil before 
and after the experiment is shown in Fig. 12, indicating 
that during the miscible process, the light components 
extracted by CO₂ extraction did not return to the crude 
oil with the decrease of the system pressure. 

 
Fig. 12. Changes of crude oil before and after CO₂ miscible 

 
Comprehensive analysis shows that the injection of 

CO₂ into crude oil will undergo a complex and multi-
dimensional process. High pressure and moderate 
temperature can promote the dissolution and diffusion 
of CO₂ into crude oil, as well as the extraction and 
extraction of crude oil by CO₂. When the two-phase fluid 
is in constant contact at the beginning, the dissolved CO₂ 
in the crude oil dominates, and the volume of the crude 
oil expands. With the increase of the pressure of the CO₂ 
injection system, the crude oil is dominated by CO₂ 
extraction and extraction, but the mutual mass transfer 
of the two runs through the whole process. Due to the 
differences in composition, density, viscosity, etc., 
obvious mass transfer phenomena occur to form a ' mass 
transfer zone ' in the supercritical conversion stage. The 
formation of the ' mass transfer zone ' is the result of 
multiple contacts between the oil phase and the gas 
phase in the system, because the mobility of the gas 
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phase is greater than that of the liquid phase. In addition, 
the difference between the ' mass transfer zone ' and the 
oil phase and the liquid phase in the system, coupled 
with the imbalance of the uneven distribution of the flow 
velocity caused by the power brought by the gas 
injection process, the ' mass transfer zone ' will continue 
to migrate and the further contact expansion of the two 
phases in the system. A more continuous and stable 
change occurs. The mapping on the phenomenon is that 
the ' mass transfer zone ' begins to diffuse and further 
expand from the edge of the two-phase contact in the 
system, and then the mass transfer phenomenon 
becomes obvious. The morphological transformation 
becomes a phenomenon similar to that of flame 
combustion ; With the further intensification of the mass 
transfer phenomenon, there is no two-phase interface in 
this part and a miscible phase is formed. The essential 
reason is that the miscible process is that the injected gas 
gradually extracts the light components in the oil phase, 
and the oil phase dissolves and diffuses the gas phase so 
that it is gradually easy to be extracted to form an ' 
excessive hydrocarbon miscible zone '. The ' excessive 
hydrocarbon miscible zone ' forms rich phase 
hydrocarbons with the further increase of mass transfer, 
which makes the two-phase interface in the system 
disappear and forms a dynamic change process of 
miscible zone. 

4. CONCLUSIONS 
In this study, based on the phase evolution and 

miscible mechanism in the process of CO₂ flooding, the 
physical property analysis and visualization experiment 
of formation fluid were systematically carried out. The 
main conclusions are as follows :  

1.CO₂ injection significantly changes the physical 
properties of formation crude oil. As the degree of 
miscibility increases, the density and viscosity of the 
system continue to decrease, the saturation pressure 
increases, and the volume expansion coefficient 
increases exponentially, indicating that CO₂ has a good 
potential to improve oil properties and enhance flow 
capacity.  

2.The phase behavior analysis shows that the crude 
oil phase envelope curve moves to the upper left as a 
whole. When the dissolution ratio of CO₂ reaches 60 %, 
the two-phase region expands obviously, the critical 
temperature continues to decline, and the critical 
pressure rises first and then decreases. When the mixed 
solution ratio of CO₂ is 80 %, the system still maintains 
the liquid phase state under the target formation 

conditions, indicating that the crude oil system is suitable 
for efficient recovery by CO₂ flooding.. 

The miscible process of crude oil and CO₂ has obvious 

dynamic evolution characteristics, which can be divided into 

three stages : 1 In the expansion stage, CO₂ dissolves and 

diffuses in crude oil, and the volume of the system expands 

significantly ; 2 In the mass transfer zone conversion stage, CO₂ 

extraction and extraction occurred, resulting in a ' transitional 

hydrocarbon miscible zone ', which gradually expanded with 

the increase of system pressure. 3 In the miscible stage, the 

interface disappears, and the oil and gas phases are completely 

miscible, forming a continuous miscible zone.  

In summary, the CO₂-crude oil system shows significant 

phase regulation and enhanced recovery potential during the 

miscible process. In this paper, the CO₂ flooding process is 

systematically explained from three aspects : physical property 

evolution, phase mechanism and dynamic process, which 

provides theoretical basis and technical support for its efficient 

application in complex reservoirs. 
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