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Study on the Variation Rule of Produced Oil Components during
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Abstract: CO2 ﬂooding has been widely studied and applied to improve oil recovery from low
permeability reservoirs. Both the experimental results and the oilﬁeld production data indicate
that produced oil components (POC) will vary during CO2 ﬂooding in low permeability
reservoirs. However, the present researches fail to explain the variation reason and rule. In this
study, the physical model of the POC variation during CO2 ﬂooding in low permeability
reservoir was established, and the variation reason and rule were deﬁned. To verify the
correctness of the physical model, the interaction rule of the oil-CO2 system was studied by
related experiments. The numerical model, including 34 components, was established based
on the precise experiments matching, and simulated the POC variation during CO2 ﬂooding
in low permeability reservoir at different inter-well reservoir characteristics. The POC
monitoring data of the CO2 ﬂooding pilot test area in northeastern China were analyzed, and
the POC variation rule during the oilﬁeld production was obtained. The research results indicated
that the existence of the inter-well channeling-path and the permeability difference between
matrix and channeling-path are the main reasons for the POC variation during CO2 ﬂooding
in low permeability reservoirs. The POC variation rules are not the same at different inter-well
reservoir characteristics. For the low permeability reservoirs with homogeneous inter-well
reservoir, the variation of the light hydrocarbon content in POC increases initially followed by
a decrease, while the variation of the heavy hydrocarbon content in POC is completely opposite.
The carbon number of the most abundant component in POC will gradually increase. For the
low permeability reservoirs with the channeling-path existing in the inter-well reservoir, the
variation rule of the light hydrocarbon content in POC is increase-decrease-increase-decrease, while
the variation rule of the heavy hydrocarbon content in POC is completely opposite. The carbon
number variation rule of the most abundant component in POC is increase-decrease-increase.
Keywords: Low permeability reservoir, CO2 ﬂooding, produced oil component, inter-well
reservoirs characteristic.
1

Unconventional Petroleum Research Institute, China University of Petroleum, Beijing, China.
College of Science, China University of Petroleum, Beijing, China.
* Corresponding Author: Tongjing Liu. Email: ltjcup@cup.edu.cn.
Received: 01 November 2019; Accepted: 30 March 2020.
2

CMES. doi:10.32604/cmes.2020.09008

www.techscience.com/journal/CMES

1224

CMES, vol.123, no.3, pp.1223-1246, 2020

1 Introduction
With the exploration and development of oilﬁelds, the proportion of low-permeability
oilﬁelds is gradually increasing [Hu, Wei and Bao (2018)]. Ensuring the development of
oil in low-permeability oilﬁelds is of great signiﬁcance to the global oil supply [Asif and
Muneer (2007)]. However, low permeability reservoirs are usually characterized by
multiple reservoir properties, which leads to many difﬁculties in development. Firstly,
Due to the low permeability, it is difﬁcult to inject water into the reservoir [Li, Zhao, Cui
et al. (2008)]. Secondly, the diameter of pores and throats are great small in low
permeability reservoir, resulting in huge capillary forces in the reservoir. The injected
water can not sweep the small diameter pores due to the capillary forces [Wang, Zhang,
Li et al. (2018)]. For that reason, CO2 with their excellent properties has been widely
used in the development of low permeability reservoirs [Qin, Han and Liu (2015); Xiao,
Yang, Wang et al. (2016)].
CO2 has the advantages of low viscosity, high mobility and small molecular size [Holm
(1982); Orr, Silva, Lien et al. (1982)]. Therefore, CO2 is easier to inject into the reservoir
than water, and can sweep the tiny pores that cannot reachable by water [Grogan and
Pinczewski (1987)]. CO2 is usually in a supercritical state under reservoir temperature
and pressure, which makes it have strong solubility and extraction ability [Shi, Xue and
Durucan (2011)]. On the one hand, when CO2 dissolves in oil, the viscosity of the oil
decreases signiﬁcantly, which will increase the oil relative permeability [Dria, Pope and
Sepehrnoori (1993)]. On the other hand, CO2 extracts the light hydrocarbons in the oil
and forms a mixed phase with the oil, which can reduce the interfacial tension
[Hamouda, Chukwudeme and Mirza (2009)]. Therefore, CO2 can increase the seepage
capacity of the oil phase and improve oil recovery. However, due to these characteristics
of CO2, the light hydrocarbons in oil will easily be produced, while heavy hydrocarbons
in oil will be retained in the reservoir during CO2 ﬂooding [Gao, Zhao, Wang et al.
(2014)]. For that reason, the produced oil component (POC) will vary with the CO2
injection volume.
The results of CO2 ﬂooding experiments illustrate that POC will vary regardless of CO2
miscible ﬂooding or immiscible ﬂooding, but the variation rules of POC are not exactly
same [Zhou, Liu, Yang et al. (2015); Cao and Gu (2013); Li, Shan, Liu et al. (2007);
Darvish, Lindeberg, Holt et al. (2006)]. During CO2 miscible ﬂooding, the relative
content of light hydrocarbons in the POC signiﬁcantly increased, and the relative content
of heavy hydrocarbons signiﬁcantly decreased. During CO2 immiscible ﬂooding, the
POC is the same as the initial POC before CO2 breakthrough, but the heavy
hydrocarbons in the POC increased after CO2 breakthrough. The monitoring data of POC
show that the variation of POC has the pulse characteristic during the CO2 ﬂooding pilot
test [Diwu, Liu, You et al. (2018)]. Both the experimental data and production data
indicate that the POC will vary during CO2 ﬂooding. However, there is not relevant
research on the reasons and rules for such variation.
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In this paper, we have established a physical model for the variation of POC during CO2
ﬂooding in low permeability by analyzing the process of CO2 ﬂooding. In order to verify
the correctness of the physical model, ﬁrstly, related experiments have been done to
measure the interaction data between oil and CO2 under different pressure and
temperature. Secondly, the experimental data have been matched using the Eclipse
software, and a numerical model, including 34 components, has been established.
Thirdly, CO2 ﬂooding is simulated at different inter-well reservoir characteristics, and the
variation rule of POC is analyzed. Fourthly, based on the numerical simulation results,
the production data of CO2 ﬂooding in the low permeability reservoir are analyzed, and
then the correctness of the physical model is veriﬁed.
2 POC variation model during CO2 ﬂooding in low permeability reservoir
2.1 Physical model
Low permeability reservoirs have the properties of poor reservoir physical characteristics
and insufﬁcient natural energy, so that water ﬂooding is usually used to develop the
reservoir at the beginning of the reservoir development [Li (1998); Liu and Li (2012);
Wang, Liao and Zhao (2014)]. During the oilﬁeld development, it is easy to form the
channeling-path between parts of the injection well and production well because of the
strong stress sensitivity and wide distribution of natural fracture in low permeability
reservoirs [Ruan and Wang (2002)]. Therefore, some inter-well reservoir are relatively
homogeneous, others have the channeling-path during the development of low
permeability reservoirs. Due to the low permeability of the matrix, the permeability will
have a large level difference between the matrix and channeling-path when the inter-well
reservoir has the channeling-path [Wang, Wang, Chen et al. (2010)]. The seepage
velocity of CO2 in the matrix is less than in channeling-path after CO2 is injected.
Therefore, the variation rule of POC is not exactly same at different inter-well reservoir
conditions during CO2 ﬂooding.
For the low permeability reservoirs with homogeneous inter-well reservoir, the variation
rules of POC are mainly divided into three stages during CO2 ﬂooding, as shown in
Fig. 1. In the ﬁrst stage, CO2 is injected as a displacement phase to displace oil to the
production well, as shown in Fig. 1(a). At this stage, the produced oil does not contact
with CO2, and the POC is the same as the end of water ﬂooding. The most abundant
component in POC is the same as the end of water ﬂooding. In the second stage, the
produced oil mainly comes from the ﬂooding front formed by CO2 extracting the light
hydrocarbons in crude oil, as shown in Fig. 1(b). The content of light hydrocarbons is
relatively high in the ﬂooding front, so that light hydrocarbons in the POC will increase,
and heavy hydrocarbons in the POC will decrease. The carbon number of the most
abundant component in POC will stay the same or decrease. In the third stage, the
remaining oil is produced, which come from the CO2 ﬂushing the oil in the pores and
throats, as shown in Fig. 1(c). The content of heavy hydrocarbons is relatively high in
the remaining oil, so that light hydrocarbons in the POC will decrease, and heavy
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Figure 1: Schematic diagram of CO2 ﬂooding in low permeability reservoirs with
homogeneous inter-well reservoir. (a) Stage I. (b) Stage II. (c) Stage III
hydrocarbons in the POC will increase. The carbon number of the most abundant
component in POC will gradually increase.
For the low permeability reservoirs with the channeling-path existing in the inter-well
reservoir, after CO2 injection, some of them displace the oil in channeling-path, and
others displace the oil in the matrix. Due to the permeability difference between the
matrix and channeling-path in low permeability reservoirs, the oil in channeling-path will
preferentially be produced than the oil in the matrix. The interaction rules of the oil-CO2
system are always the same whether in the matrix or in the channeling-path. Therefore,
according to the order of oil being produced and the interaction rules of the oil-CO2
system, the CO2 ﬂooding process is divided into two parts and six stages in the low
permeability reservoir with inter-well channeling-path existed, as shown in Fig. 2.

Figure 2: Schematic diagram of CO2 ﬂooding in low permeability reservoirs with the
channeling-path existing in the inter-well reservoir. (a) Stage I of the ﬁrst part. (b) Stage II
of the ﬁrst part. (c) Stage III of the ﬁrst part. (d) Stage I of the second part. (e) Stage II of
the second part. (f) Stage III of the second part
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In the ﬁrst part, the oil in channeling-path displaced by CO2 is produced. In the ﬁrst stage,
the produced oil mainly comes from the channeling-path and does not contact with CO2, as
shown in Fig. 2(a). So the POC is the same as the ending of water ﬂooding. The most
abundant component in POC is the same as the end of water ﬂooding. In the second
stage, the produced oil mainly comes from the ﬂooding front that formed by CO2
exacting the light hydrocarbons in channeling-path, as shown in Fig. 2(b). The content of
light hydrocarbons is relatively high in the ﬂooding front, so that light hydrocarbons in
the POC will increase, and heavy hydrocarbons in the POC will decrease. The carbon
number of the most abundant component in POC will stay the same or decrease. In the
third stage, the remaining oil is produced, which come from the CO2 ﬂushing the oil in
the channeling-path, as shown in Fig. 2(c). The content of heavy hydrocarbons is
relatively high in the remaining oil, so that light hydrocarbons in the POC will decrease,
and heavy hydrocarbons in the POC will increase. The carbon number of the most
abundant component in POC will gradually increase.
In the second part, the oil in the matrix displaced by CO2 is produced. In the ﬁrst stage, the
produced oil mainly comes from the matrix and does not contact with CO2, as shown in
Fig. 2(d). So the POC is the same as the ending of water ﬂooding. The most abundant
component in POC is the same as the end of water ﬂooding. In the second stage, the
produced oil mainly comes from the ﬂooding front that formed by CO2 exacting the light
hydrocarbons in the matrix, as shown in Fig. 2(e). The content of light hydrocarbons is
relatively high in the ﬂooding front, so that light hydrocarbons in the POC will increase,
and heavy hydrocarbons in the POC will decrease. The carbon number of the most
abundant component in POC will stay the same or decrease. In the third stage, the
remaining oil is produced, which come from the CO2 ﬂushing the oil in the matrix, as
shown in Fig. 2(f). The content of heavy hydrocarbons is relatively high in the remaining
oil, so that light hydrocarbons in the POC will decrease, and heavy hydrocarbons in the
POC will increase. The carbon number of the most abundant component in POC will
gradually increase.
In summary, the variation rule of POC is not exactly same at different inter-well reservoir
conditions during CO2 ﬂooding in low permeability reservoir. For the low permeability
reservoirs with homogeneous inter-well reservoir, the variation of the light hydrocarbon
content in POC increases initially followed by a decrease, while the variation of the
heavy hydrocarbon content in POC is completely opposite. The carbon number of most
abundant component in POC will gradually increase. For the low permeability reservoirs
with the channeling-path existing in the inter-well reservoir, the variation rule of the light
hydrocarbon content in POC is increase-decrease-increase-decrease, while the variation
rule of the heavy hydrocarbon content in POC is completely opposite. The carbon
number variation rule of most abundant component in POC is increase-decrease-increase.
In order to verify the correctness of the physical model, relevant experiments have been
done, and the component numerical models have been established to analyze the
variation rules of POC during CO2 ﬂooding in low permeability reservoir.
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2.2 Mathematical model
During CO2 ﬂooding, a mixture of gas and liquid is produced. The POC variation is the
same as the variation of the molar fraction of hydrocarbon components in the liquid
phase. Therefore, the primary target of the mathematical models is to calculate the molar
fraction of hydrocarbon components in the liquid phase.
It is assumed that the total mass of the mixture produced by the oil well is NF. So, at any
time, the molar fractions of the liquid phase and gas phase in the mixture must sum up to
NF. The equation can be expressed as:
Nl þNg ¼NF

(1)

where Nl and Ng is the molar fraction of liquid phase and gas phase in the mixture.
The material balance equation of component i can be written as:
Nl xi þNg yi ¼NF zi

(2)

where xi, yi and zi is the molar fraction of component i in liquid phase, gas phase and mixture
phase, respectively.
The equilibrium constant Ki and gasiﬁcation rate v is introduced. The calculation formulas is
written as:
yi
(3)
Ki ¼
xi
v¼

Ng
NF

(4)

Therefore, the xi, yi can be written as:
zi
xi ¼
1þvðKi 1Þ
yi ¼

Ki zi
1þvðKi 1Þ

(5)
(6)

The molar fractions of component i in each phase must sum up to one which can be written as:
N
X

xi ¼

i
N
X
i

N
X
i

yi ¼

N
X
i

zi
¼1
1þvðKi 1Þ

(7)

Ki zi
¼1
1þvðKi 1Þ

(8)
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from which:
f¼

N
X

ðyi xi Þ¼

i

N
X
zi ðKi 1Þ
¼0
1þvðKi 1Þ
i

(9)

According to the phase equilibrium equation, the Ki also can be expressed as:
Ki ¼

fli
fgi

(10)

where fli and fgi is the fugacity coefﬁcient of component i in the liquid phase and gas phase.
The fli and fgi vary with pressure (P) and temperature (T), and it can be calculated by the
equation of state (EOS). Derivation of Eq. (6) can be written as follows:
N
X
df
zi ðKi 1Þ2
¼
2
dv
i ð1þvðKi 1ÞÞ

(11)

At some point in oilﬁeld production, the P, T, NF and zi are given parameters. The mole
fraction of hydrocarbon components in the liquid phase can be obtained by using the
Newton’s method. The general formula for the k-th iteration is:


df ðvÞ
ðvkþ1vk Þ¼0
(12)
f ðvk Þþ
dðvÞ v¼vk
vkþ1 ¼vk

f ðvk Þ
f 0 ðvkþ1 Þ

(13)

A simple ﬂow chart of calculating xi and yi is shown in Fig. 3.
3 Experimental section
3.1 Materials
In this study, the oil sample from northeast China was applied to measure the phase
behaviors of oil-CO2 systems. The properties of dead oil and live oil are shown in
Tab. 1, and the compositional analysis of the oil samples under the reservoir conditions
(23.21 MPa, 97.3°C) is listed in Tab. 2. The minimum miscibility pressure (MMP) of the
live oil sample was measured using a traditional slim tube, and the MMP measured as
22.1 MPa [Ma, Wang, Gao et al. (2016)]. The purities of CO2 and N2 (leakage-free test
gas) were 99% and 99.9%, respectively.
3.2 Experimental setup
In the experimental studies, CO2 was recombined into a reservoir oil sample to generate
light oil-CO2 systems under different pressures for measuring phase behaviors. A plunger
type PVT system (210/1500 FV, ST, French) was used to measure the properties of the
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Figure 3: Flow chart of calculating xi and yi
Table 1: Properties of the dead oil and live oil
Parameter

Dead oil

Live oil

Crude oil viscosity (mPa·s)
Crude oil density (kg/m3)
Solution gas-oil ratio (GOR) (Sm3/m3)
Saturation pressure (MPa)
Oil formation volume factor (m3/m3)

3.19
850.3
/
/
/

1.85
761.5
36.7
7.01
1.2

Note: The properties of dead oil were measured under atmosphere conditions, while the properties
of live oil were tested under reservoir conditions (23.1 MPa, 97.3°C).

oil-CO2 system, as shown in Fig. 4. The PVT system is mainly composed of PVT test
chamber, constant temperature air bath, pressure and temperature sensor, metering pump
and operating system. The PVT test chamber is located in the constant temperature air
bath, in which the temperature is controlled by temperature sensor and operating system.
A plunger pump is connected to the PVT system to control the pressure of the PVT test
chamber. The effective volume of the PVT test chamber is 240 ml and the highest
pressure and temperature it can withstand is 150 MPa and 200°C, respectively. In
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Table 2: Compositional analysis results of the oil sample
Composition MD (mol%) SD (mol%) Composition MD (mol%) SD (mol%)
CO2
N2
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15

0.343
1.971
16.739
5.901
3.843
1.696
2.373
1.576
2.253
5.319
5.349
4.264
3.663
3.71
3.167
2.676
2.881

0.35
1.87
16.72
5.91
3.85
1.74
2.43
1.59
2.28
5.35
5.39
4.28
3.78
3.77
3.39
2.65
2.85

C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C31+

2.325
2.323
2.17
1.962
1.877
1.773
1.598
1.533
1.438
1.271
1.198
1.161
1.053
0.963
0.93
0.75
7.951

2.31
2.32
2.2
1.95
1.88
1.76
1.56
1.52
1.42
1.26
1.18
1.15
1.03
0.96
0.93
0.75
7.62

Note: MD=measured data; SD=simulation data.

addition to the PVT system, the experimental equipment also includes a vacuum pump,
intermediate container, and other measuring equipment.
3.3 Experimental procedures
In order to measure the phase behavior of oil-CO2 system under different pressures, the main
experimental steps are summarized as follows:
1. Prior to ﬂuid injection, clean the PVT test chamber and vacuum it using the vacuum pump.
Then, inject the testing oil sample to the PVT test chamber and set the temperature of the
air bath to the target temperature for 24 h to ensure that the temperature of oil sample
reached the target temperature.
2. The designed volume of CO2 is injected into the PVT test chamber to form the oil-CO2
system, and make sure the system in an equilibrium status under designed pressure and
temperature conditions.
3. Measure the saturation pressure, swelling factor, solution gas-oil ratio, density and
viscosity of the oil-CO2 system.
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Figure 4: Schematic of the experimental setup for the PVT tests of oil-CO2 system
4 Numerical simulation
4.1 Phase behavior matching study
To establish an accurate numerical model, it is necessary to match the PVT data of the oilCO2 system measured from the experiments and gain the necessary parameters for
establishing the numerical model. Prior to phase behavior matching, the oil components
should be divided according to the research.
In this study, the PVTi module of the Eclipse software was used to match the experimental
data. The Soave-Redlich-Kwong (SRK) equation of state was used to compute the
saturation pressure, oil swelling factor, density, and viscosity of the light oil-CO2 system
with different CO2 concentrations. The SRK equation can be written as:
P¼RT =ðVbÞac a=½V ðV þbÞ

(14)

ac ¼0:42747R2 Tc =Pc

(15)

b¼0:08664RTc =Pc


2
a¼ 1þm 1Tr0:5

(16)

m¼0:048þ1:574x0:176x2

(18)

(17)

where P is the pressure, R is ideal gas constant, T is the absolute temperature, V is the
volume, Tc is absolute temperature at the critical point, Pc is pressure at the critical point,
Tr is the reduced temperature, ω is the acentric factor for the species.

Study on the Variation Rule of Produced Oil Components during CO2 Flooding

1233

In order to accurately analyze the variation rules of POC during CO2 ﬂooding,
34 components were used to match the phase behavior, as shown in Tab. 2. The reservoir
temperature, reservoir pressure and saturation pressure was set to 88°C, 22.5 MPa and
7.01 MPa, respectively.
The measured and simulated saturation pressures and oil swelling factor were shown in
Fig. 5. The measured and simulated density and the viscosity of the light oil-CO2 system
were tabulated in Tabs. 3 and 4, respectively. The errors were calculated using Eq. (19):
Error¼

jMDSDj
100%
MD

(19)

Fig. 5, Tabs. 3 and 4 indicate that the simulation data are close to the measurement. The
maximum errors for the density and viscosity are 3.197% and 3.388%, respectively.
Thus, the simulation results are acceptable.

Figure 5: Measured and simulated saturation pressures and oil swelling factor for light oilCO2 systems with different CO2 concentrations
4.2 Multi-component mathematical model
In this work, an isothermal compositional multiphase ﬂuid ﬂow in porous media is
considered. The assumptions of the multi-component mathematical model are presented
as follow:
1.
2.
3.
4.
5.

Isothermal reservoir rock, ﬂuid, and injecting ﬂuids.
Local phase equilibrium.
Three phases and N components in the reservoir.
Phase velocities evaluated through the modiﬁed Darcy’s law.
No hydrocarbon dissolution or solubilization into the aqueous phase.
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Table 3: Densities of the light oil-CO2 system with different CO2 concentrations under
different pressures
P(MPa): 24.2

CCO2

P(MPa): 7.01

MD (g/cm3) SD (g/cm3) Error (%) MD (g/cm3) SD (g/cm3) Error (%)
0.00
16.68
30.43
40.32
50.05
63.96

0.7615
0.7701
0.7756
0.7662
0.7607
0.7580

0.7414
0.7632
0.7743
0.7721
0.7652
0.7631

2.6395
0.8962
0.1682
0.7741
0.0696
0.2770

0.7453
0.7492
0.7564
0.7508
0.7493
0.7580

0.7521
0.7612
0.7763
0.7615
0.7391
0.7553

0.912384
1.597354
2.633003
1.426968
1.367835
0.356201

Note: CCO2=concentration of CO2 in light oil-CO2 systems; P=pressure; MD=measured data; SD=simulation data.

Table 4: Viscosities of the light oil-CO2 system with different CO2 concentrations under
different pressures
P(MPa): 24.2

CCO2

P(MPa): 7.01

MD (mPa.s) SD (mPa.s) Error (%) MD (mPa.s) SD (mPa.s) Error (%)
0.00
16.68
30.43
40.32
50.05
63.96

1.85
1.42
1.11
0.95
0.82
0.68

1.8300
1.4100
1.1500
0.9900
0.8400
0.7100

1.0811
0.7042
3.3243
4.2105
2.4390
4.4118

1.47
1.18
0.99
0.87
0.78
0.68

1.45
1.21
1.03
0.89
0.81
0.71

1.360544
2.542373
4.040404
2.890173
3.846154
4.411765

Note: CCO2=concentration of CO2 in light oil-CO2 systems; P=pressure; MD=measured data; SD=simulation data.

The material balance equation of component i can be written as:

! 
t o þCig qg !
t g þCiw qw !
t w þqi
r  Cio qo !

@
¼
fðCio qo So þCig qg Sg þCiw qw Sw Þ i¼1; …; N
@t

(20)

where Cio, Ciw and Cig are the molar fraction of component i in phase oil, water and gas,
respectively, ρo, ρw and ρg are the density of oil, water and gas phase, respectively, qi is the
molar ﬂow rate of component i due to well injection/production per unit of bulk volume,
!
So, Sw and Sg are the saturation of oil, water and gas phase, respectively, f is the porosity, r
is the Hamiltonian, and it can be written as:
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@
@
! @
r ¼ iþ jþ k
@x @y @z

(21)

The Darcy’s formula considering gravity action is as follows:
8
Kkrg !
!
>
!
>
>
tg ¼
ðr Pg qg g r DÞ
>
>
lg
>
>
<
Kk
!
ro !
!
to ¼
ðr Po qo gr DÞ
>
lo
>
>
>
>
Kk
!
>
rw !
>
:!
tw ¼
ðr Pw qw g r DÞ
lw

(22)

 is the absolute permeability tensor, kro, krw and krg are the relative permeability of
where K
oil, water and gas phase, respectively, μo, μw and μg are the viscosity of oil, water and gas
phase, respectively, Po, Pw and Pg are the pressure of oil, water and gas phase, respectively,
g is the gravity acceleration, D is the depth.
Combing the Eqs. (20) and (22), the material balance equation of component i can be written as:

Cig qg Kkrg !
! Cio qo Kkro !
!
!
r
r Poqo g r D þ
r Pgqg g r D
lo
lg

Ciw qw Kkrw !
!
(23)
þ
r Pwqw gr D þqi
lw

@
fðCio qo So þCig qg Sg þCiw qw Sw Þ i¼1; …; N
¼
@t
The ﬂuid saturation in the reservoir must sum up to one. The equation can be expressed as:
So þSg þSw ¼1

(24)

The molar mass of each phase must sum up to one which is given by:
N
X

Cio ¼1

(25)

Ciw ¼1

(26)

Cig ¼1

(27)

i¼1
N
X
i¼1
N
X
i¼1
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The relationship of capillary force in the reservoir is written as:
pcgo ¼pg po

(28)

pcow ¼po pw

(29)

The equilibrium constant of component i is written as:


Cig
¼kigo T ; pg ; po ; Cig ; Cio
Cio

(30)



Cig
¼kigw T ; pg ; pw ; Cig ; Ciw
Ciw

(31)

where kigo are the equilibrium constant of component i in phase oil and gas, kigw are the
equilibrium constant of component i in phase water and gas.
The boundary conditions of the model including outer boundary condition and inner
boundary condition. The outer boundary condition can be written as:
Pjr¼re ¼const

(32)

The inner boundary condition can be written as:
qjr¼rw ¼const

(33)

where re is the radius of reservoir, rw is the radius of well. In this work, In order to obtain
higher calculation speed, the adaptive implicit methods was been used, which obtained by
combining a Fully Implicit (FI) formulation with an IMPES approach.
4.3 Numerical model establishment
In order to study the variation rule of POC during CO2 ﬂooding in low permeability
reservoirs, a typical numerical model was established using the E300 module of Eclipse
software. There were 5 wells in the model, of which 4 production wells (P1-well,
P2-well, P3-well, and P4-well) located around the model, and 1 injection well (I1-well)
located in the middle of the model. In the numerical model, 19,19,11 grids were
developed in the i,j,k direction, and the size of the model in each direction are 570 m,
570 m, and 6.6 m, respectively, as shown in Fig. 6. The model properties (saturation and
porosity) and initial conditions (temperature and pressure) are the same as the oilﬁeld in
northeastern China, as shown in Tab. 5.
The physical model proposed a hypothesis that the POC variation rule was not the same at
different inter-well reservoir characteristics during CO2 ﬂooding in low permeability
reservoirs. In order to verify the correctness of the hypothesis, two types of the numerical
model were established, which were the numerical model with homogeneous inter-well
reservoir and the numerical model with channeling-path existing in the inter-well
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Figure 6: Schematic of the numerical model at different inter-well reservoir characteristics:
(a) Front view of homogeneous inter-well reservoir; (b) Section view of channeling-path
existing in the inter-well reservoir
Table 5: Parameters setting in the numerical model
Parameter

Value

Parameter

Value

Initial formation pressure
Initial oil saturation

22.5 MPa
0.549

Initial formation temperature
Formation porosity

88°C
0.12

reservoir. For the numerical model with homogeneous inter-well reservoir, the permeability
was 5 mD. The front view of the model was shown in Fig. 6(a). For the numerical model
with channeling-path existing in the inter-well reservoir, the channeling-path located
between the P1-well and the P3-well in the plane and the 6th layer in the vertical
direction. The permeability of the matrix and channeling-path was 5 mD and 150 mD,
respectively. The Section view of the model was shown as Fig. 6(b).
For simulating the oilﬁeld production status, the numerical model applied CO2 ﬂooding
after water ﬂooding. During CO2 ﬂooding the injection well continuously injected the
gas and the simulation ﬁnished when the cumulative gas injection amount was 1 PV. In
the numerical model, the oil production rate was 10 sm3/d, the water injection rate was
40 sm3/d, and the gas injection rate was 8000 sm3/d.
4.4 Simulation results and analysis
C1-C4 in the oil components is gaseous under the atmosphere conditions. According to the
setting of the components in the numerical model, the variation of C5-C31 in the POC will be
analyzed to determine the POC variation rules during CO2 ﬂooding. The ability of CO2
extraction C5-C15 from oil is signiﬁcantly stronger than the ability of CO2 extraction C16C31+ from oil [Hu, Hao, Chen et al. (2019)]. So the relative content variation of C5-C15
and C16-C31+ in the POC will be analyzed separately. The numerical model, including
34 components, was used to simulate the CO2 ﬂooding in low permeability reservoir at
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different inter-well reservoir condition, and the POC variation rules was analyzed. The
simulation results were as follows.
For the low permeability reservoirs with homogeneous inter-well reservoir, the simulation
results were shown in Figs. 7 and 8. At the end of water ﬂooding, that is, the CO2
injection amount is 0 PV. The relative content of C5-C15 in the POC is less than the
relative content of C16-C31+, and the most abundant component in the POC is C9. When
the CO2 injection amount is 0.1 PV, the relative content of C5-C15 in the POC increase,
and the relative content of C16-C31+ decrease. The most abundant component in the POC
is C9. When the CO2 injection amount is 0.5PV, the relative content of C5-C15 in the
POC decrease, and the relative content of C16-C31+ increase. The most abundant
component in the POC changes from C9 to C12. When the CO2 injection amount is 1PV,
the relative content of C5-C15 in the POC decrease, and the relative content of C16-C31+
increase. The most abundant component in the POC changes from C12 to C15.

Figure 7: POC variation in the numerical model with homogeneous inter-well reservoir
during CO2 ﬂooding
For the low permeability reservoirs with the channeling-path existing in the inter-well
reservoir, the simulation results were shown in Figs. 9 and 10. At the end of water
ﬂooding, that is, the CO2 injection amount is 0 PV. The relative content of C5-C15 in the
POC is more than the relative content of C16-C31+, and the most abundant component in
the POC is C9. When the CO2 injection amount is 0.003 PV, the relative content of
C5-C15 in the POC increase, and the relative content of C16-C31+ decrease, and the most
abundant component in the POC is C9. When the CO2 injection amount is 0.031 PV, the
relative content of C5-C15 in the POC decrease, and the relative content of C16-C31+
increase, and the most abundant component in the POC changes from C9 to C30. When
the CO2 injection amount is 0.4 PV, the relative content of C5-C15 in the POC increase,
and the relative content of C16-C31+ decrease, and the most abundant component in the
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Figure 8: C5-C15 and C16-C31+ relative content in numerical model with homogeneous
inter-well reservoir during CO2 ﬂooding

Figure 9: POC variation in the numerical model with channeling-path existing in the interwell reservoir during CO2 ﬂooding
POC changes from C30 to C12. When the CO2 injection amount is 1PV, the relative content
of C5-C15 in the POC decrease, and the relative content of C16-C31+ increase, and the most
abundant component in the POC changes from C12 to C15.
In summary, the simulation results indicate that for the low permeability reservoirs with
homogeneous inter-well reservoir, the variation of the light hydrocarbon relative content
in POC increases initially followed by a decrease, while the variation of the heavy
hydrocarbon relative content in POC is completely opposite. The carbon number of the
most abundant component in POC will gradually increase (C9-C12-C15). For the low
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Figure 10: C5-C15 and C16-C31+ relative content in the numerical model with channelingpath existing in the inter-well reservoir during CO2 ﬂooding
permeability reservoirs with the channeling-path existing in the inter-well reservoir, the
variation of the light hydrocarbon relative content in POC is an increase-decreaseincrease-decrease, while the variation of the heavy hydrocarbon relative content in POC
is completely opposite. The carbon number variation of most abundant component in
POC is an increase-decrease-increase (C9-C30-C12-C15).
The numerical simulation results are the same as the conclusions of the physical model
hypothesis, so the numerical model veriﬁes the correctness of the physical model. In
order to further verify the correctness of the physical model during the oilﬁeld
production, the POC monitoring data will be analyzed, which get from a CO2 ﬂooding
pilot test area of low permeability reservoir in northeastern China.
5 Analysis of the oilﬁeld production data
In May 2008, a pilot test area of low permeability reservoir in northeastern China applied
CO2 ﬂooding to enhance the oil recovery. There are 6 injection wells and 27 production
wells in the pilot test area. The reservoir characteristic parameters such as initial
formation pressure, temperature, permeability, and viscosity are 24.3 MPa, 98.9°C,
3.57 mD and 1.85 mPa·s respectively. The MMP of the live oil is 21.5 MPa.
In order to monitor the time of gas breakthrough and the variation rules of POC during CO2
ﬂooding in the pilot test area, the produced oil and gas components are tested for all
production wells. The POC variation rule can be divided into two types by analyzing the
POC monitoring data. Take the POC monitoring data and the CO2 content monitoring
data of P1-well and P2-well as examples to analyze the variation rule of the two types.
In September 2007, the P1-well began to produce oil. The injection well that provided the
CO2 for P1-well began to inject gas in March 2009, and the gas injection rate was 7000 m3/d.
As of February 2013, the POC of P1-well was tested four times. The tested results were shown
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in Fig. 11. The relative content variation of C5-C15 and C16-C31+ were shown in Fig. 12. In
March 2009, the relative content of C5-C15 in the POC was more than the relative content
of C16-C31+, and the most abundant component in POC was C8. In February 2010, the
relative content of C5-C15 in the POC decreased, and the relative content of C16-C31+
increased. The most abundant component in POC was C8. In June 2011, the relative content
of C5-C15 in the POC decreased, and the relative content of C16-C31+ increased. The most
abundant component in POC changed from C8 to C10. In February 2013, the relative
content of C5-C15 in the POC decreased, and the relative content of C16-C31+ increased. The
most abundant component in POC changed from C10 to C18.

Figure 11: The POC monitoring data of P1-well in CO2 ﬂooding pilot test area

Figure 12: C5-C15 and C16-C31+ relative content of P1-well in CO2 ﬂooding pilot test area
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In September 2007, the P2-well began to produce oil. The injection well that provided the
CO2 for P2-well began to inject gas on March 2009, and the gas injection rate was 6700 m3/d.
As of February 2013, the POC of P2-well was tested four times. The tested results were shown
in Fig. 13. The relative content variation of C5-C15 and C16-C31+ were shown in Fig. 14. In
March 2009, the relative content of C5-C15 in the POC was less than the relative content of
C16-C31+, and the most abundant component in POC was C8. In September 2011, the
relative content of C5-C15 in the POC decreased, and the relative content of C16-C31+
increased. The most abundant component in POC changed from C8 to C15. In August
2012, the relative content of C5-C15 in the POC increased, and the relative content of
C16-C31+ decreased. The most abundant component in POC changed from C15 to C8. In
February 2013, the relative content of C5-C15 in the POC decreased, and the relative content
of C16-C31+ increased. The most abundant component in POC changed from C8 to C13.

Figure 13: The POC monitoring data of P2-well in CO2 ﬂooding pilot test area

Figure 14: C5-C15 and C16-C31+ relative content of P2-well in CO2 ﬂooding pilot test area
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The relative content of CO2 in the produced gas was monitored during the production of
P1-well and P2-well. The results were shown in Fig. 15. The monitoring data indicate that
the CO2 breakthrough time for P1-well and P2-well is November 2011 and September
2009, respectively. So that, for the P1-well and the P2-well, the gas breakthrough occurred
at 43 months and 6 months after CO2 injection. It indicates that the reservoir between the
P1-well and its corresponding injection well is relatively homogeneous, and the reservoir
between the P2-well and its corresponding injection well exist the channeling-path.

Figure 15: CO2 concentration date of P1-well and P2-wells
In summary, for the low permeability reservoirs with homogeneous inter-well reservoir
(P1-well), the light hydrocarbons in the POC will decrease, and heavy hydrocarbons in
the POC will increase. The carbon number of the most abundant component in POC will
increase. For the low permeability reservoirs with the channeling-path existing in the
inter-well reservoir (P2-well), the variation rule of the light hydrocarbon content in POC
is a decrease-increase-decrease, while the variation rule of the heavy hydrocarbon content
in POC is completely opposite. The variation rule of carbon number of most abundant
component in POC is an increase-decrease-increase.
Comparing the variation rule of POC in the pilot test area and the theoretical hypothesis
model, the results indicate that the variation rule of the carbon number of the most
abundant component in POC is the same, but the variation rule of light hydrocarbons and
heavy hydrocarbons are different. The production monitoring data do not indicate the
phenomenon of light hydrocarbons increase and the heavy hydrocarbons decrease when
the oil in the ﬂooding front is produced. The reason for this phenomenon may be that the
ﬂooding front is small and the sampling time interval is too long, resulting in failure to
monitor the production data at this stage. At other production stages, the variation rule of
POC in the pilot test area and the theoretical hypothesis model is the same. Therefore, it
is considered that the variation rule of POC in the pilot test area is the same as the
theoretical hypothesis model, and the correctness of the physical model is veriﬁed.

1244

CMES, vol.123, no.3, pp.1223-1246, 2020

6 Conclusion
In this study, through analyzing the CO2 ﬂooding process in the low permeability reservoir at
different inter-well reservoir characteristics, the physical model of POC variation was
established, and the variation reason and rule were deﬁned. Based on the experiments
study of oil-CO2 system properties and the precise experiments matching, the numerical
model, including 34 components, was established, and simulated the POC variation rule
during CO2 ﬂooding in low permeability reservoir at different inter-well reservoir
characteristics. The POC monitoring data of CO2 ﬂooding pilot test area of low
permeability reservoir in northeastern China were analyzed, and the POC variation rule
during the oilﬁeld production was obtained. Three conclusions can be drawn from this study.
First, the existence of the inter-well channeling-path and the difference of the permeability
between matrix and channeling-path are the main reasons for the POC variation during CO2
ﬂooding in low permeability.
Second, for the low permeability reservoirs with homogeneous inter-well reservoir, the
variation of the light hydrocarbon content in POC increase initially followed by a decrease,
while the variation of the heavy hydrocarbon content in POC is completely opposite. The
carbon number of the most abundant component in POC will gradually increase.
Third, for the low permeability reservoirs with the channeling-path existing in the inter-well
reservoir, the variation rule of the light hydrocarbon content in POC is an increase-decreaseincrease-decrease, while the variation rule of the heavy hydrocarbon content in POC is
completely opposite. The variation rule of carbon number of the most abundant
component in POC is an increase-decrease-increase.
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