
183Pet.Sci.(2011)8:183-193
DOI 10.1007/s12182-011-0133-1

Zhao Yuechao, SongYongchen , Liu Yu, Jiang Lanlan and Zhu Ningjun

Key Laboratory of Ocean Energy Utilization and Energy Conservation of the Ministry of Education, Dalian University of 
Technology, Dalian, Liaoning 116024, China

© China University of Petroleum (Beijing) and Springer-Verlag Berlin Heidelberg 2011

Abstract: CO2 fl ooding is considered not only one of the most effective enhanced oil recovery (EOR) 
methods, but also an important alternative for geological CO2 storage. In this paper, the visualization of 
CO2 fl ooding was studied using a 400 MHz NMR micro-imaging system. For gaseous CO2 immiscible 
displacement, it was found that CO2 channeling or fingering occurred due to the difference of fluid 
viscosity and density. Thus, the sweep efficiency was small and the final residual oil saturation was 
53.1%. For supercritical CO2 miscible displacement, the results showed that piston-like displacement 
occurred, viscous fi ngering and the gravity override caused by the low viscosity and density of the gas 
was effectively restrained, and the velocity of CO2 front was uniform. The sweep effi ciency was so high 
that the fi nal residual oil saturation was 33.9%, which indicated CO2 miscible displacement could enhance 
oil recovery more than CO2 immiscible displacement. In addition, the average velocity of CO2 front was 
evaluated through analyzing the oil saturation profi le. A special core analysis method has been applied to in-situ 
oil saturation data to directly evaluate the local Darcy phase velocities and capillary dispersion rate.
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1 Introduction
CO2 is a major contributor to the greenhouse effect leading 

to global warming. Enhanced Oil Recovery (EOR) using 
CO2 has been an important alternative for geological CO2 
storage. CO2 fl ooding is considered one of the most effective 
tertiary recovery processes in light/medium oil reservoirs 
and has been widely used. CO2 is injected into a reservoir to 
increase production by reducing oil viscosity and providing 
miscible or immiscible displacement of the oil. However, the 
complicated displacement mechanisms have not been fully 
understood.

Traditionally, core analysts have been forced to assume 
that those objects were homogeneous black boxes. Volume 
and composition of fluids that were injected and recovered 
could be measured, but how the fluids were distributed 
and moving inside the core could only be inferred. With 
techniques such as noninvasive neutron radiography (Brunner 
and Mardock, 1946), X-ray (Morgan et al, 1950; Laird and 
Putuan, 1951), gamma ray, and microwave absorption, it 
became possible to obtain one-dimensional fluid saturation 

and solute distribution data. The development of X-ray 
computerized tomography (CT) allowed for determination 
of two-dimensional and three-dimensional rock densities, 
saturations of fl uids, and concentrations of solutes (Wellington 
and Vinegar, 1985, 1987; Hunt and Bajsarowicz, 1988) in the 
core. Recently X-ray CT had been carried out to investigate 
CO2 foam fl ow in a consolidated Bentheimer sandstone core 
saturated with surfactant solution (Carretero-Carralero et al, 
2007; Du et al, 2007; 2008). However, since this method is 
sensitive to mass density contrast, experiments usually have 
to be carried out with large tracer concentrations leading to 
unwanted fingering (Wooding, 1969; Perkins and Johnston, 
1969) and change of the fl uid properties (Kantzas, 1995). It 
is because the X-ray attenuation is principally determined 
by the atomic number of the sample nuclei and is, therefore, 
dominated by the rock matrix rather than the CO2 or oil.

NMR imaging is similar to X-ray CT in that two-
dimensional and three-dimensional images can be obtained 
from selected regions of an object. However, X-ray CT can 
only image electron density and atomic number, while NMR 
imaging, besides spin density of a variety of nuclei (1H, 19F, 
23Na, 31P, etc.), also measures a number of other quantities 
such as relaxation times and chemical shifts (Vinegar, 1986; 
Blackband et al, 1986). It is inherently more informative 
than radiographic techniques. It is also much less hazardous. 
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40 ºC with CO2 injection were obtained and shown in Fig. 5. 
Fig. 5(a) shows two stages of the oil displacement by CO2. 
In the fi rst stage, starting from the beginning of the injection 
up to the CO2 breakthrough, the CO2 tended to penetrate 
through the more permeable regions. The second stage started 
after CO2 breakthrough and ended with the unchanged oil 
saturation distribution. Finally, the residual oil saturation 
in the inlet of the sand pack before the 20 mm was higher 
compared to the outlet in the migration direction. 

Fig. 5(b) shows oil saturation in the total FOV as a 
function of volume of CO2 injection determined from NMR 
imaging. The profi le of the CO2

 motion can also be divided 
into three regions. In part ab, starting from the beginning of 
the injection up to the CO2 breakthrough, the oil saturation 
decreased linearly from 100% to 74.4% after the CO2 

injection of 0.21 PV (0.52 mL). In part bc, the oil saturation 
decreased exponentially to 54.8% with the CO2 injection of 
0.69 PV (1.72 mL). In part cd, continuous displacement of 
oil during CO2 fl ooding until residual oil saturation (53.1%) 
was reached (oil fl ow ceases), the additional injection of 0.69 
PV (1.72 mL) of gas recovered only little oil because at this 
point the relative permeability to oil was near to zero since oil 
saturation was equal to residual oil saturation, and oil would 
not fl ow. The fi nal oil recovery was 46.9%. 

3.2 Supercritical CO2 miscible displacement test
3.2.1 NMR image analysis

In the CO2 miscible displacement test, supercritical CO2 

was injected vertically upward into the oil-saturated sand pack 
at a rate of 0.1 mL/min (at 8.1 MPa and 40 °C). To obtain 

detailed information about the dynamic CO2 displacement 
in the sand pack, the NMR images of oil distribution in 
the slices in the longitudinal direction were examined. Fig. 
6 shows a series of NMR images, which illustrate the oil 
saturation at different injection volumes of CO2 of 0, 0.26, 
0.32, 0.48, 0.61, 0.76, 1.25, and 3.20 PV (corresponding time 
series was 0, 408, 504, 744, 936, 1,152, 1,896, and 4,800 s, 
respectively). The bright regions (orange and yellow) indicate 
the high NMR signal intensity corresponding to high oil 
saturation, while the dark regions (blue) stand for the low oil 
saturation. For instance, the fi rst image shows the sand pack 
was 100% saturated with oil. The porosity distribution shown 
in Fig. 7 was calibrated with a reference standard of known 
porosity that was imaged with the sand pack. Then, with the 
injection of supercritical CO2, the piston-like displacement 
occurred, the phenomenon of viscous fingering and gravity 
override caused by the low viscosity and density of the gas 
was effectively restrained, thereby diverting the injected CO2 
to lower-permeability zones and improving displacement 
effi ciency.
3.2.2 Saturation profi les  

Fig. 8(a) shows two stages of the oil displacement by 
supercritical CO2. In the fi rst stage from the beginning of the 
injection up to the CO2 breakthrough, piston-like displace-
ment occurred. As can be seen from the profi le of 0.61 PV in 
Fig. 8(a), this stage consisted of three regions: (a) a region 
with low oil saturation, where the front of CO2 has passed; 
(b) a region with high oil saturation, where the front of CO2 
has not yet arrived; and (c) a transition region, where the 
front of CO2 is located. With CO2 injection, the oil saturation 

    

    

0 1
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NMR signal intensity/arbitrary unit
Fig. 6 Distribution of NMR signal intensity in the sand pack displaced by supercritical CO2
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BC, the oil saturation decreased linearly to 58.5% due to the 
uniform velocity of CO2 front; in part CD, the oil saturation 
decreased exponentially to 43.8% with the process of total 
CO2 displacement front breakthrough; in part DE, the oil 
saturation steady decreased to 33.9% with the process of 
secondary oil desaturation. The fi nal oil recovery was 66.1%. 
The sweep efficiency in this test with supercritical CO2 
miscible displacement was higher than that of the gaseous 
CO2 immiscible displacement test.

Through analyzing part BC in the oil saturation profi le, we 
can evaluate the approximate whole average velocity of CO2 
front in the following manner. The variation of oil volume 
(∆Vo) in the FOV can be expressed as follows:

(1)oV A h  

where A is the cross-sectional area of the sand pack, cm2;  
is the porosity, fraction; Δh is the displacement of CO2 front, 
cm.

The variation of CO2 volume (∆Q) in the FOV can be 
expressed as follows:

 (2)
p

q tQ
V

where q is the injection rate of CO2, cm3/s; ∆t is the time 
variation, s; Vp is the pore volume of the sand pack, cm3.

The oil saturation (So) can be expressed as follows:

(3)o
o

p

VS
V

 

where Vo is the oil volume in the sand pack, cm3.
From Eqs. (1)-(3), we can evaluate the approximate whole 

average velocity of CO2 front (v ):

(4)oSh qv
t Q A

 

where ∆So is the variation of oil saturation in the FOV, 
fraction.

oS
Q

 in Eq. (4) can be obtained by assuming oil saturation 

is linear with the volume of CO2 injection. Then we can 
obtain the approximate whole average velocity of CO2 front, 
which is 0.12 cm/min. 

Table 2 summarizes oil recovery results with the four 
parts of supercritical CO2 injection for the total experimental 
process. In part BC, the oil recovery values obtained from the 
NMR imaging technique and material balance are 36.5% and 
35.4%, respectively. The deviation is only 3%. 

Table 2 Oil recovery with supercritical CO2 injection

Characteristic regions Volume of CO2 
injected, mL

Volum of CO2 
injected, PV

Oil recovery based on NMR
 imaging, %

Oil recovery based on material
balance, %

AB 0.65 0.26 5 —

BC 1.24 0.5 36.5 35.4

CD 1.22 0.49 14.7 —

DE 4.85 1.95 9.9 —

Total 7.96 3.2 66.1 —

3.2.3 Core analysis methods
The coreflood interpretation method proposed by 

Goodfield et al (2001) was applied to the data generated 
from core displacement tests to determine the local Darcy 
phase velocities in the sand pack. The phase volumes per unit 
cross-sectional area between the core inlet (ζ=0) and the 
current position (ζ=z) are given by:

(5)
g g0
( , ) ( ) ( , )d

z
V z t S t

where ( )z  is the porosity at position z shown in Fig. 7 and 
Sg(ζ,t) is the CO2 saturation at position z and time t shown in 
Fig. 8(a). Using a material balance approach, the local Darcy 
phase (CO2 and oil) velocities can then be expressed in the 
following form:

(6)
ginj

g g

( , )
( , ) ( ) ( )

V z t
U z t U t F t

t
 

 
(7)o

o
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V z tU z t
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where Ug(z, t)  and Uo(z, t)  are the local Darcy phase 
velocities of CO2 and oil, respectively; U(t) is the total Darcy 
velocity. and inj

g ( )F t  is the fractional fl ow of CO2 injection at 
time t. Then, the local Darcy phase velocities of CO2 and oil 
were obtained with this method and shown in Fig. 10. 

Darcy’s law in the new interpretation methods for the 
phase velocities is expressed according to:

(8)( )
p

U k g
z

 

where α denotes each phase of CO2 (g) and oil (o); U is the 
local Darcy velocity; λa is the mobility, λa=kra/μa; k is the 
absolute permeability; p is the pressure; ρ is the density; g is 
the gravitational acceleration; kr is the relative permeability; μ 
is the viscosity. 
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The capillary pressure Pco(So) is defined in the standard 
convention by:

(9)co o g o o o( ) ( ) ( )p S p S p S

From Eqs. (8) and (9), the local Darcy velocity of CO2 can 
be expressed as follows:

(10)

g o g
g o

g o

g o co o

g o o

( )
( ) 1

( )

d
d

kg
U U t

U t

p S
k

S z

 

where U is the total fl ow rate. 
The viscous-dominant fractional flow function, gravity 

countercurrent fl ow function, and the capillary dispersion rate 
can be defi ned as follows, respectively:

 (11)g
g o

g o
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Then Eq. (10) can be expressed as follows:
                        

(14)o
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S
U U t f S kG S kd S

z
 

And Eq. (14) can also be written as follows:

(15)(g) o
g g o cpo o( ) ( , ) ( )

S
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with

(16)(g)
g o g o g o( , ) ( ) ( )kf S U f S G S

U
 

For any saturation So
* , the corresponding position in the 

sand pack can be expressed as a function of time:

(17)* *
o o( ( ), )S z t t S  

Using this function, Eq. (15) can be written as follows:

(18)
*
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,
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Except in the special case of zero total Darcy velocity 
(considered below), Eq. (18) can be rearranged to give:

                      (19)
*

*
g (g) * * o

g o cpo o
,
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where 
*

g ( , )
( )

U z t
U t

 and 
*

o

,( ) z t

Sk
U t z

  are calculated from 

the observed saturation data. Provided gravity forces are 

negligible, or for periods of time when the total fl ow rate is 

constant, this equation gives 
*

g ( , )
( )

U z t
U t

  as a linear function 

of 
*

o

,( ) z t

Sk
U t z

 , where the intercept is given by (g) *
g o( , )f S U   

and the gradient by *
cpo o( )d S . Thus plotting the observed 

values of 
*

g ( , )
( )

U z t
U t

 against 
*

o

,( ) z t

Sk
U t z , (g) *

g o( , )f S U  and 
*

cpo o( )d S  are estimated from the intercept and gradient of 

linear approximation of these data. The calculated capillary 

dispersion rate *
cpo o( )d S  is shown in Fig. 11.

It is worth noting that this capillary dispersion rate, which 
is used for reservoir simulation, can be estimated from only 
in-situ phase distribution data and the injection flow rate 
without additional measurements such as pressure drop across 
the sand pack. In other words, without the measurement of 
capillary pressure function pcw, the capillary dispersion rate 
function can be evaluated. The capillary dispersion rate is a 
maximum at an oil saturation of 0.9.
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Fig. 10 Local phase velocities of (a) CO2 and (b) oil
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