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ABSTRACT 
CO2 flooding is considered as one of the most 

effective enhanced oil recovery (EOR) methods in low-
permeability reservoirs. In our work, we studied CO2 
miscible/immiscible flooding in low-permeability 
sandstones, using nuclear magnetic resonance (NMR) 
and volume of fluid (VOF) method. The experimental 
results indicated that the oil recovery after CO2 miscible 
flooding is 68.13%, which is twice as much as the one 
after CO2 immiscible flooding; oil in large pores is mainly 
displaced in the process of CO2 immiscible flooding, 
whereas in the case of CO2 miscible flooding, the oil 
comes from all kinds of pores. On the basis of VOF 
simulation results, it was fond that oil recovery after CO2 
miscible flooding is also two times the one after CO2 
immiscible flooding, which are dependent on the 
characteristic of CO2-oil contact. Moreover, oil recovery 
of CO2 miscible/immiscible flooding significantly 
decreased with the increase of oil viscosity. The 
interesting observation is that piston displacement 
happened at the injection part and finger displacement 
did at the production part during CO2 miscible flooding. 
In the end, we found that CO2 storage rate of miscible 
flooding is higher than that of immiscible flooding, and 
CO2 storage rate also significantly decreased with the 
increase of oil viscosity.  
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1. INTRODUCTION 
Low-permeability oil reservoirs are abundant in 

resources and widely distributed, with proven reserves 
accounting for 54% of geological reserves, which has 
become the main target of oil development[1, 2]. There 
are some problems in water flooding period such as low 
oil recovery and pressure, rapid increase in water cut due 
to the small pores and strong heterogeneity[3-5]. 
Compared with water flooding, CO2 flooding is superior 
in maintaining reservoir pressure[6], expanding swept 
volume and enhancing oil recovery, especially CO2 
miscible flooding[7, 8]. CO2 would dissolve in oil, causing 
oil to expand and displacing residual oil at the blind end 
of pores[9-11]. At the same time, the dissolved CO2 also 
would reduce the interfacial tension between oil and 
CO2, and improve the flow of oil[12]. Currently, research 
on the flow of CO2 and oil in low-permeability reservoirs 
is still focused on laboratory work. For example, Wei et 
al. used NMR method to study the CO2 miscible flooding. 
Piston displacement appeared in CO2 miscible flooding. 
And oil in large pores was displaced in CO2 miscible 
flooding[13]. Cai et al. studied the distribution of oil in CO2 
miscible flooding and immiscible flooding, and found 
that the recovery rate of miscible displacement is twice 
that of immiscible flooding. It can be seen that the 
experimental results of CO2 miscible flooding are rich, 
but the experimental results mostly show the coupling 
effect of multiple factors[14]. Moreover, the tested 
samples are limited to the flow experiment process and 
cannot be reused.  

Therefore, it is difficult to directly study the influence 
of various factors on CO2 flooding through laboratory 
experiments alone. Core numerical simulation has 
unique advantages in comparation. At present, digital 
cores numerical simulation mainly includes pore network 
simulation methods[15-17], LBM methods[18], and Navier 
Stokes methods. Compared to the pore network 
simulation method, the Navier Stokes simulation method 
extracts the real pore throat based on digital rock cores, 
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establishes a pore throat mesh model, and directly solves 
the Navier Stokes equation.  

At the same time, compared with the LBM method, 
the Navier Stokes method can directly calculate the fluid 
stress status, facilitate the analysis of the mechanical 
mechanism of fluid flow, and meet the needs of reservoir 
development mechanism analysis. The VOF method 
based on Navier Stokes equation was first proposed by 
Hirt and Nichols in the late 1970s, and is mainly used in 
aerodynamics and fluid mechanics. There are few 
reports on the simulation of pore size in oil and gas 
reservoirs. Martin J. Blunt et al. directly carried out the 
numerical simulation of microporosity under the 
condition of low Reynolds number on the digital core 
image based on this method, but he only considered 
single-phase fluid, which is only applicable to low-speed 
flow[19]. Sun et al. analyzed the characteristics of oil water 
flow based on digital core VOF simulation and evaluated 
the effectiveness of water flooding. Injected water 
flowed along the dominant channel, and the growth of 
sweep coefficient gradually slowed down to a stable 
state[20]. It was fond that the VOF method based on the 
Navier Stokes equation for CO2 flooding has not been 
reported yet.  

In this study, CO2 flooding experiments and VOF 
simulation were conducted to compare the EOR, flow 
and CO2 storage in miscible and immiscible flooding. 
Subsequently, the method was used to simulated the 
effect of oil viscosity on CO2 flow and oil recovery. 

2. MATERIAL AND METHODS 
2.1 Materials  

The low permeability core samples in this work were 
about 10cm in length and 2.54cm in diameter, collected 
from a production in low permeability bottom water 
reservoir in China. The core samples were first cleaned 
with toluene, then dried in 333.15K for 48h. Permeability 
and porosity were tested by helium under confining 
pressure of 4.5MPa and pore pressure of 1.5MPa. The 
physical properties were listed in Table 1 The oil sample 
was formation oil. The minimum miscibility pressure of 
oil-CO2 was 20.32MPa obtained by slim tube method. 

Table 1 Physical properties of the core samples 

Sample Φ(%) k (mD) 
Injected 

rate 
(mL/min) 

Back 
pressure 

(MPa) 
1 12.40 0.50 0.05 5 
2 10.22 0.37 0.05 25 

2.2 Experimental procedures 

The experimental flow chart of CO2 flooding system 
was displaced in Fig. 1, which consisted of four systems: 
NMR system, a core holder, fluid injecting system and 
heating system. Fig. 1b showed fluid injection system. 
The fluid injection system included two intermediate 
containers, each containing CO2 and oil. The 
intermediate container was connected to one ISCO 
pump with a six-way valve. The NMR system was 
displayed in Fig. 1c. The waiting time was 5000ms, the 
echo interval was 0.5ms, and the scanning number was 
64 for nuclear magnetic resonance, respectively. 

 
Fig. 1. schematic of NMR CO2 flooding experimental 

device 
The experimental steps for NMR CO2 flooding were 

as follows: (1) Core samples were vacuumized for 2 hours 
and saturated with oil at 20MPa for 48 hours and tested 
initial T2 spectrum. (2) CO2 was injected into core samples 
at a constant flow rate of 0.05mL/min with back pressure 
of 25MPa and 5MPa at 363.15K until no more oil 
production, then testing T2 spectrum after CO2 flooding. 

Nuclear magnetic resonance (NMR) had been widely 
used in the field of core experimental analysis as an 
efficient, nondestructive and rapid technology to 
describe fluid quantity and its distribution. According to 
the relaxation mechanism of NMR, the lateral relaxation 
time was composed of three parts: surface relaxation 
time (T2S), bulk relaxation time (T2B), and diffusion 
relaxation time (T2D). The equation is as follows: 

( )2

2
2 2 2 2 2

1 1 1 1 1=
12

E

B S D B

D GTS
T T T T T V

γ
ρ+ + = + +     (1)

 
Where ρ2 was surface relaxation rate, μm / ms, S is 

Internal surface area of rock pores, μm2, V is the pore 
volume, μm3, D was diffusion coefficient of the fluid, μm2 
/ms, γ was Magnetic rotation ratio of hydrogen nuclei, 
MHz /T, G was magnetic field gradient, G/cm and TE was 
Echo interval, ms. 

In a uniform magnetic field (corresponding to a small 
magnetic field gradient), the volume relaxation time (T2B) 
of the fluid was between 2-3 seconds, which was much 
greater than the lateral relaxation time T2, and the TE 
value was also small. Therefore, the volume relaxation 
time (T2B) and diffusion relaxation time (T2D) could be 
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ignored, and the T2 relaxation time was mainly 
determined by surface relaxation (equation 2). 

2
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T T V F

ρ
ρ

= =        （2）
 

Where Fr was form factor. It could be seen that the 
transverse relaxation time of fluid in the pore throat 
space of rock sample was related to the pore throat 
radius and the form factor of the pore throat body. 
Therefore, there was a corresponding relationship 
between the transverse relaxation time of the pore 
throat and the pore throat radius. Thus, the pore size of 
core samples could be divide into three sections, small 
pores (T2<1ms), middle pores (1ms≤T2<10ms) and large 
pores (T2≥10ms). 

2.3 VOF method 

VOF method was tracking fluid flow in Euler grids by 
studying the fluid to mesh volume ratio function within 
the grid element. For the construction of pore scale grid 
models, CT scanning was used to reconstruct pore 
structure, then the grid of the core was obtained by CT 
grayscale value. Finally, the attribute model of the digital 
core was obtained through the porosity and permeability 
parameters. We used the following assumptions to 
simulate immiscible flooding: (1) There were two types 
of immiscible and incompressible fluids in the pore 
network model, (2) The capillary pressure in the network 
model was inversely proportional to the capillary radius, 
(3) The fluid satisfies the Poisson's flow equation, (4) 
Only one fluid interface could exist in the pore grid. The 
process of CO2 flow could be described by the Navier-
Stokes. CO2 miscible flooding was described by PR 
method and fugacity method. 

3. RESULTS AND DISCUSSION 

3.1 Experimental results and discussion 

Fig. 2 showed the oil recovery and gas-oil ratio of CO2 
miscible and immiscible flooding. Oil recovery increase 
rapidly with the increase of CO2 injection volume before 
reaching the inflection point, and the gas-oil ratio before 
the inflection point was relatively low. CO2 breakthrough 
with oil recovery rate of 23.42% after injecting 0.38 PV 
CO2 in CO2 immiscible flooding. Then oil recovery rate 
increased slowly, with final recovery rate of 34.62% and 
gas-oil ratio of 2700 m3/m3. For CO2 miscible flooding, oil 
recovery reached 57.17% as reaching the inflection 
point, and the final oil recovery reached 71.28%, more 
than twice that of CO2 immiscible flooding. 

The T2 spectrums before CO2 flooding and after CO2 
flooding were presented in Fig. 3. The T2 spectrum before 

miscible flooding showed a single peak, indicated that oil 
mainly distributed in middle pores and large pores. After 
CO2 miscible flooding, the T2 spectrum showed double 
peak characteristics, indicated that residual oil 
distributed in small pores and large pores. The T2 
spectrum of immiscible flooding exhibited double peaks 
characteristic before and after CO2 immiscible flooding, 
corresponded that oil distribute in small and large pores.  

 
Fig. 2. Oil recovery and gas oil ratio in displacement 

process with injected CO2 volume 

 
Fig. 3. T2 spectrum of CO2 flooding 

 
Fig. 4. Oil recovery in different pores 

Furthermore, Fig. 4 showed the oil recovery in 
different kinds of pores. For CO2 immiscible flooding, oil 
mainly came from large pores, with oil recovery of 25.2%. 
In other words, the oil in the small pores had not been 
displaced. The main displacement mechanism of CO2 
immiscible flooding was the displacement effect of CO2 
and the dissolution of a little of CO2 in oil to reduce the 
viscosity. It was difficult for CO2 to displace oil in small 
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pores because of the high capillary pressure. For CO2 
miscible flooding, we could observe that the oil recovery 
in small pores and middle pores is improved significantly. 
Only the displacement mechanisms of immiscibility and 
miscibility were considered in this process with same 
temperature. A large amount of CO2 dissolved in the oil 
as pressure was higher than minimum miscibility 
pressure. The IFT and capillary effect between CO2 and 
oil disappeared, and increased the sweep efficiency. Oil 
recovery of small pores was still relatively low because 
the diffusion and mass transfer of CO2 were greatly 
limited in small pores. Therefore, middle pores and large 
pores still contributed most of the oil. 

Fig. 5 CO2 storage of miscible/immiscible flooding 
Another interesting result was about CO2 storge in 

CO2 flooding process. As showed in Fig. 5, the CO2 
storage of miscible flooding was much higher than that 

of immiscible flooding. Otherwise, it can be observed 
that after CO2 breakthrough, the CO2 storage of 
immiscible flooding decreased rapidly, and the reducing 
rate was much faster than that of miscible flooding. 
There were two main reasons for this phenomenon: the 
density and solubility of CO2 increase with the increase 
of pressure. And the miscibility between CO2 and oil 
results in higher diffusion capacity of CO2, leading to 
higher dissolution storage of CO2. On the other hand, oil 
recovery of CO2 miscible was higher, allowing for more 
pores space for CO2 storage. 

3.2 Simulation results and discussion 

Fig. 6 distributed the flow characteristics, oil 
recovery and CO2 storage of CO2 miscible and immiscible 
flooding, from the results of VOF numerical simulation, 
we observed a significant fingering phenomenon in CO2 
immiscible flooding. And the interesting observation was 
that piston displacement happened at the injection part 
and finger displacement became more obvious as closed 
to the production part during CO2 miscible flooding. This 
may be due to the reduction of pressure from the 
injection to the production, or because of the 
heterogeneity of the core. Fig. 6c presented the oil 
recovery in miscible/immiscible flooding, and we could 
see that the oil recovery of miscible flooding was 52.91%, 
more than twice that of immiscible flooding which was 
constant to the experimental results. 

 

 
Fig. 6 Characteristic of CO2 flooding (a. CO2 flow of immiscible flooding, b. CO2 flow of miscible flooding, c. Oil recovery and gas 

oil ratio of CO2 flooding, d. Oil recovery in different CO2 flooding area, e. CO2 storage of CO2 flooding) 
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Moreover, the oil recovery curves of CO2 flooding 
exhibited three periods, which could be divided into pure 
oil, diffusion and pure CO2 area [21]. In CO2 miscible 
flooding, during pure oil area, oil recovery curve was an 
approximate straight line, and there is no gas production. 
Then oil recovery curve was a logarithmic curve, with a 
slower growth rate of recovery rate and low gas oil ratio 
during diffusion area. Finally, in pure CO2 area, the 
growth rate of oil recovery further decreased. At the 
same time, the gas-oil ratio rapidly increased. Oil mainly 
originated from the diffusion and mass transfer of CO2 in 
miscible flooding (Fig. 6d), and pure oil area contribute 
most oil in immiscible flooding. Fig. 6d showed CO2 
storage in CO2 miscible/ immiscible flooding, the CO2 
storage of miscible flooding was much higher than that 
of immiscible flooding with same conditions. 

Fig. 7 showed the CO2 displacement characteristics 

under the conditions of oil viscosity of 1 cp, 2 cp and 10 
cp, respectively. It could be seen that there was a 
significant piston displacement in the early period of CO2 
flooding, and as the CO2 migration distance increases, it 
gradually showed a fingering phenomenon as oil viscosity 
of 1 cp. As the increase of oil viscosity, fingering 
phenomenon appeared earlier and became more 
significant. At the same time, oil recovery under different 
oil viscosities also confirmed this phenomenon showed 
in Fig. 7d. Oil recovery decreased with the increase of oil 
viscosity. This was due to the increase in oil viscosity, 
which leaded to a corresponding increase in oil mobility 
and a decrease in gas-oil mobility ratio. As a result, the 
irregular leading edge of gas drive affects CO2 sweep 
efficiency, leading to a decrease of oil recovery. Moreover, 
Fig. 7e showd the CO2 storage with oil recovery. CO2 
storage increase with the increase of oil recovery.

 

 
Fig. 7 Characteristic of CO2 flooding with different viscosity (a. CO2 flow with oil viscosity of 1cp, b. CO2 flow with oil viscosity of 

2cp, c. with oil viscosity of 10cp, d. Oil recovery and gas oil ratio of CO2 flooding, e. CO2 storage of CO2 flooding) 
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4. CONCLUSIONS 
Laboratory analysis and VOF simulation of CO2 

flooding were conducted, and the main conclusions are 
as follows: 

Oil recovery of CO2 miscible flooding almost doubled 
that of CO2 immiscible flooding. And oil may come from 
all kinds of pores in miscible flooding. Large pores 
contributed most oil in CO2 immiscible flooding. CO2 
storage in immiscible flooding was lower than that in 
miscible flooding, and decreased more rapidly after CO2 
break through than that in miscible flooding. 

VOF simulation results showed that finger 
displacement appears in CO2 immiscible flooding, and 
piston displacement happened at the injection part and 
finger displacement did at the production part during 
CO2 miscible flooding. 

Oil recovery of CO2 miscible flooding is twice as much 
as the one of immiscible flooding which are dependent 
on the characteristic of CO2-oil contact. Oil recovery and 
storage of CO2 flooding significantly decreased with the 
increase of oil viscosity. 
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