
Citation: Zou, M.; Yu, J.; Chen, H.; Li,

M.; Wu, G.; Shi, H.; Bian, H.; Liao, X.;

Huang, L. Laboratory Test of Fluid

Physical Property Parameters of Well

Fluid Containing CO2. Processes 2023,

11, 1954. https://doi.org/10.3390/

pr11071954

Academic Editors: Qingbang Meng

and Yongping Chen

Received: 7 April 2023

Revised: 9 May 2023

Accepted: 13 June 2023

Published: 28 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Laboratory Test of Fluid Physical Property Parameters of Well
Fluid Containing CO2

Minghua Zou 1, Jifei Yu 1, Huan Chen 1, Menglong Li 1, Guang‘ai Wu 1, Haowen Shi 2,3, Hanqing Bian 2,3,
Xiaobo Liao 2,3 and Lijuan Huang 2,3,*

1 D&C Department, CNOOC Reasearch Institute, Beijing 100020, China
2 Key Laboratory of Drilling and Production Engineering for Oil and Gas, Wuhan 430100, China
3 School of Petroleum Engineering, National Engineering Research Center for Oil & Gas Drilling and

Completion Technology, Yangtze University, Wuhan 430100, China
* Correspondence: huanglijuan@yangtzeu.edu.cn

Abstract: Change regulation of the physical properties of fluid is key to accurately predicting
multiphase fluid flow in the production wellbore of CO2 flooding reservoirs. Given the characteristics
of significant changes in pressure, temperature, and CO2 content in the whole wellbore of production
wells in CO2 flooding reservoirs, this paper systematically studied the change rules of volume factor,
viscosity, density, and solubility of well fluid for pressure 5~30 MPa, temperature 20~120 ◦C, and CO2

content 10~90% through single degassing PVT experiments. According to the experimental results,
the volume factor of crude oil increases first and then decreases with the pressure increase. At the
bubble point pressure (20 MPa), the volume factor of crude oil can reach 1.89 at high temperatures.
The volume factor can be increased from 1.28 to 1.44 at 8 MPa when the temperature increases from
20 ◦C to 120 ◦C. Under the bubble point pressure, the increase in pressure increases the solubility
of CO2, and the viscosity of crude oil decreases rapidly. In contrast, above the saturation pressure,
the increase in pressure increases the viscosity of crude oil. Under the freezing point temperature
(24 ◦C), the viscosity of crude oil decreases sharply with increase in temperature. In contrast, above
the freezing point temperature, the viscosity change of crude oil is not sensitive to temperature.
The wellbore temperature has a significant impact on the density of the well fluid. At 5 MPa, the
temperature increases from 20 ◦C to 120 ◦C, which can reduce the density of high CO2 crude oil
from 0.93 g/cm3 to 0.86 g/cm3. The solubility of CO2 in crude oil is sensitive to pressure. When the
pressure increases from 5 MPa to 15 MPa at 20 ◦C, the solubility increases by 36.56 cm3/cm3. The
results of this paper support the multiphase fluid flow law prediction of CO2 flooding production
wells with a high gas–liquid ratio.

Keywords: CO2–oil system; volume factor; viscosity; density; solution; laboratory test

1. Introduction

Problems such as global temperature increase, forest fires, glaciers melting, and sea-
level elevation gradually affect human beings’ living environment. More and more attention
is focused on carbon capture, storage, and utilization to inhibit the greenhouse effect [1].
As an effective technology to enhance oil recovery, CO2 has a wide range of adaptability to
different types of reservoirs [2,3]. With low viscosity, high fluidity, and good compatibility
with the reservoir, CO2 does not easily cause damage to the reservoir. It extracts crude oil
and is easily miscible, which can significantly improve oil recovery [4]. Klewiah et al. and
Berawala et al. found that CO2 can preferentially substitute with methane in shale and
improve recovery [5,6]. Because CO2 can be dissolved in crude oil in large quantities, the
physical parameters of crude oil will change greatly [7,8], and even the reservoir properties
will be improved, which is the key to enhancing oil recovery by CO2 [9].

CO2 flooding is more favorable in most oilfields because CO2 has higher solubility in
oil, and it can better expand oil volume and reduce oil viscosity and CO2–oil interfacial
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tension. When the gas–oil volume ratio increases from 100.4 to 485.8, the oil bubble point
pressure increases from 11.6 MPa to 14.8 MPa, increasing only 3.2 MPa. When the CO2 mole
fraction in the CO2–oil system reaches 70%, oil volume can expand by 1.5 times, and oil
viscosity reduces by 57.1%. Additionally, when the pressure exceeds the minimum miscible
pressure (MMP), the CO2–oil interface disappears, and oil and CO2 achieve miscibility.
According to some miscibility pressure tests, the MMP of the CO2–oil system is much lower
than that of the oil-associated gas system. When 90% CO2 and 10% associated gas are
mixed, the MMP of the CO2–oil system increases by 1.08 MPa. Core flooding experiments
show that miscible CO2 flooding increases the recovery factor by 42.7% based on water
flooding, 19.4% higher than the associated gas flooding.

In recent years, there were more than 200 gas injection projects worldwide, of which
70% were CO2 flooding projects. Approximately 300–600 billion barrels of oil can be
recovered by CO2 flooding in the world. Since the United States has many CO2 reservoirs,
there is a sufficient supply of CO2 to carry out CO2 flooding in water-flooded oil fields.
Oil production increased by CO2 flooding is 1371 tons in the United States, accounting for
93% of the world’s oil production enhanced by CO2 flooding. At present, CO2 huff and
puff technology has been applied in many major oil fields, such as the Ritchie oilfield [7],
Wilmington oilfield [10], Halfmoon oilfield [11], etc. Considering the satisfactory EOR effect
of CO2 flooding, many oilfields in China (e.g., Daqing Oilfield, Jilin Oilfield, Zhongyuan
Oilfield, Jiangsu Oilfield, etc.) have also carried out CO2 flooding projects since 1960, which
have achieved good oil recovery results and economic benefits through CO2 injection, and
have also met the requirements of the carbon peaking and carbon neutrality goals in China.

Pressure-volume-temperature (PVT) analysis is the process of determining the fluid
behaviors and properties of oil and gas samples from an existing well. Normally, PVT prop-
erties are experimentally measured in the laboratory [12]. The fluid properties of reservoirs
are crucial in the computations implemented in the field of petroleum engineering, e.g.,
the computations of the material balance, numerical simulation of reservoirs, estimates
of reserves, and calculations of inflow performance. Therefore, accurate PVT properties
data are very important for the success of these applications [13]. Wang et al. designed
an experimental apparatus to accurately measure the density of supercritical CO2 in wide
temperature and pressure ranges [14]. Ghasemi et al. described a systematic approach to
modeling the phase and volumetric behavior of extra-heavy oil and light solvent mixtures
for a wide range of temperatures [15].

As fields become mature and more laboratory data are available from specific geo-
graphical locations, it is possible to characterize and classify crude oils and develop or
modify published correlations to better predict oil PVT properties [16]. The target block is
mainly composed of structural and lithologic structural reservoirs with a buried depth of
−3200~−3900 m. At abnormally high temperature and pressure, the geothermal gradient
is 3.76 ◦C/100 m and the pressure coefficient 1.40~1.57. It is a low-porosity and ultra-low
permeability reservoir with an average porosity of 13.9% and an average permeability of
7.7 mD.

Compared with the wellbore flow of conventional oil wells, in the late production
period of CO2 flooding reservoirs, the associated gas produced from production wells
has a high CO2 content [17], resulting in changes in the volume factor, viscosity, density,
and gas solubility of the three oil–gas–water phases; this further affects the calculation of
wellbore pressure, temperature distribution, and gas-lift design [18,19]. Therefore, it is
of great importance to study the fluid physical parameters of watered oil under different
temperatures, pressures, and CO2 content through laboratory experiments. Compared
with previous studies, this paper carries out a well-flow physical property test with a CO2
content of 10–90% at high temperatures and pressures. The results of this paper provide
scientific guidance for development scheme formulation, oil well productivity evaluation,
and field construction.
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2. Experimental Apparatus and Method for Physical Property Parameters of Well Fluid

The purpose of conducting high-temperature and high-pressure physical property
parameter testing experiments on CO2–crude oil mixed systems is to explore the influence
law of different CO2 contents on the physical property of crude oil under different tem-
perature and pressure conditions. The experiment mainly uses a high-temperature and
high-pressure reactor as the equipment to test the solubility, density, volume factor, and
viscosity of the mixed fluid in the CO2–crude oil system. The physical property change
law of high temperature and high pressure of fluid is compared and analyzed, and the
physical property parameter calculation model suitable for the experimental conditions is
established based on fitting the experimental results, which lays the basis for calculation of
the pressure and temperature distribution along the wellbore, and thus provides the basis
for the dynamic prediction of the wellbore.

2.1. Experimental Equipment

The well fluid physical property test system is shown in Figure 1, which mainly
includes a high-temperature and high-pressure reactor (effective volume 1000 mL), con-
stant temperature air bath, high-pressure displacement pump, gas flowmeter, electronic
balance, oil/gas chromatograph (Agilent 6890), falling ball viscometer (70 MPa, 200 ◦C),
and gas–liquid separation meter. Auxiliary equipment includes a gas booster pump and
intermediate vessel.
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2.2. Experimental Materials

The experimental materials were mainly crude oil samples and formation water in
the S well area of an oilfield in China, as well as methane, ethane, propane, butane, CO2,
N2 gas (purity 99.99%), C5H12, C6H14, C7H16, and C8H18 reagents. The original formation
temperature was 127 ◦C, the bottom hole pressure of the production well was 30 MPa, the
original gas–oil ratio was 89 m3/m3, the formation crude oil viscosity was 1.13 mPa·s, the
density was 0.7437 g/m3, and the freezing point was 24 ◦C. The composition of well fluid
and flash vapor is shown in Table 1.



Processes 2023, 11, 1954 4 of 15

Table 1. Well fluid and flash vapor composition.

Component
Live Oil

mol/% wt%

CO2 3.64 1.23
N2 0.2 0.04
C1 35.27 4.36
C2 6.29 1.46
C3 3.5 1.19
iC4 0.35 0.16
nC4 1.38 0.62
iC5 0.5 0.28
nC5 1.04 0.58
C6 1.91 1.23
C7 2.83 2.09
C8 4.15 3.42
C9 3.39 3.16
C10 2.92 3.01
C11 2.41 2.73
C12 2.2 2.73
C13 2.21 2.98
C14 2.05 3
C15 2.12 3.37
C16 1.6 2.73
C17 1.64 2.98
C18 1.41 2.73
C19 1.29 2.61
C20 1.22 2.58
C21 1.08 2.43
C22 0.97 2.28
C23 0.96 2.35
C24 0.86 2.2
C25 0.83 2.22
C26 0.76 2.09
C27 0.78 2.25
C28 0.8 2.39
C29 0.81 2.5
C30 0.78 2.5
C31 0.58 1.93
C32 0.57 1.93
C33 0.43 1.5
C34 0.38 1.37
C35 0.33 1.23
C36+ 3.56 17.56
Total 100 100

Oil samples in the target block were mixed with CO2-containing natural gas, and
physical property parameter test experiments were carried out. The solubility of CO2 in
crude oil and the volume factor, viscosity, and density of the mixed fluid under conditions of
high CO2-containing content were determined. The change rule of CO2–crude oil physical
properties in the whole wellbore section of production Wells in the target block was studied.
The physical property parameters of the experiment are shown in Table 2. The experimental
temperature was 20–120 ◦C, the experimental pressure was 5–30 MPa, the content of CO2
in natural gas was set at 10–90%, and the water content was 20%.
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Table 2. Experimental scheme design.

Experimental Project Parameter Parameter Range

Viscosity, density, volume factor test

Temperature/◦C 20, 70, 120
Pressure/MPa 5–30

CO2 concentration/mol% 10, 40, 90
Watered/% 20

Solubility experiment
Temperature/◦C 20, 70, 120

Pressure/MPa 5, 8, 10, 12, 15, 18, 20, 30
Watered/% 20

2.3. Experimental Method

The flash separation experiment of an oil–water mixing system was carried out in a
high-temperature and high-pressure reactor under saturated CO2. By obtaining the surface
oil volume under different conditions and the volume of a single excited gas, the volume
change of fluid volume under high temperature and high pressure, and the composition of
crude oil and gas after surface separation. The CO2 solubility in watered oil, the volume
factor, and the density at different pressures and temperatures were calculated. Then the oil
and water systems under the same conditions were transferred to the high-temperature and
high-pressure falling ball viscometer to measure the viscosity under different pressures and
temperatures. The density, volume factor, and viscosity of the CO2–crude system could be
tested simultaneously through a set of experimental devices. The CO2 solubility experiment
had to be tested separately, but the steps of liquid mixing and standard gas injection were
the same in the two experiments. The specific experimental process is as follows:

(1) Natural gas preparation

According to the composition of well fluid and the dissolved gas/oil ratio, calculate
the volume of C1~C4, CO2, and N2 required to prepare a certain amount of formation crude
oil at the surface condition. Determine the actual injection amount of each gas component
by combining the actual gas cylinder pressure and experimental ambient temperature. In
order of cylinder pressure from small to large, transfer the appropriate amount of each gas
to the intermediate container in a sequence of 2~3 times. Pressurize to 30 MPa for remixing
of formation crude oil.

(2) Oil preparation

Pour 300 mL dead oil into the sample distributor, inject the formation water sample
into the sample distributor according to the moisture content, and, finally, inject the mixed
natural gas sample into the sample distributor. Shake for 2~3 h to make the gas–liquid
mixture in the sample distributed evenly, and then stand. At this point, the formation oil
remix is completed.

(3) Parameter test

a. The experimental steps for testing volume factor, viscosity, and density are as
follows [20,21]: Pour 300 mL crude oil into the reactor and adjust the tempera-
ture to the design temperature of the experiment. Inject the formation water
sample into the dead oil in a certain proportion according to the water content
requirement (20%). According to the molar content of CO2 in natural gas, inject
various gases into the intermediate vessel and pressurize to 30 MPa to form
standard gas. To prepare live oil, inject the standard gas into the reactor at a
constant pressure of 30 MPa to fully dissolve it into crude oil. Discharge the
free gas, then connect the capillary to the reactor and the gas–liquid separation
meter (test tube and gas flowmeter). Open the valve of the reactor to let the
crude oil enter the test tube, and the gas enters the gas flowmeter. Record the
values before and after the pressure pump, and test the volume factor. Remove
the connection device after the test. Using a capillary connection reactor, use
the densitometer and kinematic viscosity tester as follows: Open the valve of



Processes 2023, 11, 1954 6 of 15

the reactor, and the fluid will enter the kinematic viscosity tester for testing the
viscosity. Stop the test when the viscosity value shows stability, and measure
density with the weighing method. Lower the pressure to the next pressure
point, and after it is constant for 1 h repeat the above steps. When measuring
the parameters below the bubble point pressure, it is necessary to open the
release valve of the reactor to exhaust and reduce the pressure, and the stability
time should be extended from 4 h to 5 h.

b. Experimental steps for testing solubility are as follows [22,23]: Pour 300 mL
crude oil into the reactor and adjust the temperature to the design temperature
of the experiment. According to the gas–oil ratio, inject various gases into the
intermediate vessel and pressurize to 30 MPa to form standard gas. To prepare
live oil, inject the standard gas into the reactor at a constant pressure of 30 MPa
to fully dissolve it into crude oil. Inject excess CO2 (recorded amount of CO2
added) into the reactor and allow it to dissolve fully, leaving undissolved CO2
above the reservoir. Connect the capillary to the reactor and the gas flowmeter
and discharge the free gas. Collect the gas sample in the gas collection bag and
test it using the gas chromatograph (Agilent 7890). Record the total amount
of gas discharged until the oil is produced. Lower the pressure to the next
pressure point, and after it is constant for 1 h repeat the above steps. Calculate
CO2 solubility from the volume of free gas and oil.

3. Experimental Results and Analysis
3.1. Experiment on Volume Factor of Watered oil Containing CO2

As shown in Figures 2–4, the experiment tested the volume factor of the mixed
fluid with different contents of CO2 and watered oil (water content 20%) under different
pressures (5~30 MPa) and temperatures (20 ◦C, 70 ◦C, and 120 ◦C). The coupling formulas
for volume factor, temperature, and pressure under different CO2 contents have been listed
in Equations (1)–(3).
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Under the same CO2 content, the dynamic trend of the volume factor is that with the
increase in pressure, the volume factor first increases and then decreases. For example,
under the conditions of 90% CO2 content and 120 ◦C, the pressure increases from 5 MPa to
18 MPa and the volume factor increases from 1.26 to 1.90. The main reason for this is that
the increase in pressure improves the compression degree of crude oil and helps to improve
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its lifting efficiency. An obvious inflection point occurs around 20 MPa; it is analyzed that
the pressure around 20 MPa at this moment is the bubble point pressure, and the CO2
dissolving capacity of crude oil reaches its maximum at this moment. When the pressure
continues to increase, the gas has been completely integrated into the crude oil, and the
volume will be compressed again under continuous pressure, resulting in a decrease in the
volume factor. Under the same conditions of 90% CO2 and 120 ◦C, the pressure increases
from 20 MPa to 30 MPa and the volume factor decreases by 15.3%. When the CO2 content
is constant, the volume factor increases with the increase in temperature. The main reason
for this is that with the increase in temperature, the volume of crude oil expands, which
can integrate more CO2 gas, resulting in an increase in the volume factor. Under the same
pressure and temperature, the volume factor also showed an increase with the increase in
CO2 content. This is because, compared with other components in natural gas, CO2 is more
soluble in crude oil. Therefore, the higher the CO2 content, the more gas is dissolved in
crude oil, resulting in a higher volume factor of crude oil with high CO2 content. Similarly,
when the pressure continues to increase, less CO2 gas can be dissolved, and the volume
factor also decreases.

The coupling formula for volume factor, temperature, and pressure under the condi-
tion of 10% CO2 content:

Bo =
0.76627 + 0.00321P − 0.00259T + 1.30858 × 10−5T2 + 3.56405 × 10−8T3

1 − 0.04464P + 0.00195P2 − 2.1495 × 10−5P3 − 0.00387T + 2.10358 × 10−5T2 (1)

R2 = 0.9842

The coupling formula for volume factor, temperature, and pressure under the condi-
tion of 40% CO2 content:

Bo =
0.82507 + 0.01469P + 0.00134T − 1.31859 × 10−5T2 + 8.29571 × 10−9T3

1 − 0.01873P + 6.84822 × 10−4P2 + 1.75474 × 10−6P3 − 0.00165T + 3.24 × 10−7T2 (2)

R2 = 0.9826

The coupling formula for volume factor, temperature, and pressure under the condi-
tion of 90% CO2 content:

Bo =
0.92078 + 0.10719P − 0.00747T + 1.27202 × 10−5T2 + 1.01053 × 10−7T3

1 + 0.08005P − 0.00362P2 + 1.01198 × 10−4P3 − 0.00946T + 3.76734 × 10−5T2 (3)

R2 = 0.9749

3.2. Experiment on Viscosity of Watered Oil Containing CO2

As shown in Figures 5–7, the experiment tested the viscosity of the mixed fluid
with different contents of CO2 and watered oil (water content 20%) under different pres-
sures (5–30 MPa) and temperatures (20 ◦C, 70 ◦C, and 120 ◦C). The coupling formulas
for viscosity, temperature, and pressure under different CO2 contents have been listed in
Equations (4)–(6). By analyzing the experimental results, it can be found that the viscosity
of the mixed fluid changes as follows:

The viscosity of the mixed fluid decreases with the increase in temperature; the de-
crease is fastest at 20 ◦C, then the trend slows down. This is because when the temperature
is near the freezing point (24 ◦C), the increase in temperature has an obvious effect on the
viscosity reduction of crude oil. Above the freezing point, the viscosity reduction effect of
rising temperature is weakened. At a certain CO2 content, the temperature is more sensitive
to viscosity than pressure, and as CO2 content increases, the sensitivity of mixed fluid to
temperature decreases. For example, when the temperature rises from 20 ◦C to 70 ◦C at
a pressure of 5 MPa with 10% CO2 content, the viscosity drops sharply from 10.21 mPa·s
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to 4.74 mPa·s with an amplitude of 5.46 mPa·s. When the temperature rises from 20 ◦C to
70 ◦C, the viscosity decreases from 3.66 mPa·s to 2.15 mPa·s, and the decreased amplitude
is 1.51 mPa·s under the conditions of 5 MPa pressure and 90% CO2 content.
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Pressure has a certain influence on viscosity, and viscosity changes with an increase in
pressure. The curve appears to have the trend of first decreasing and then rising. When the
oil is below the saturation pressure, dissolved gas in the crude oil is constantly separated
with the decrease in formation pressure. Under the action of pressure, the volume of crude
oil shrinks, the density increases, the molecular spacing becomes smaller, the friction inside
the liquid layer increases, and the viscosity of crude oil increases. For the crude oil with
40% CO2 content at 120 ◦C, when the pressure changes within the range of 5–18 MPa,
the viscosity varies in the range of 1.83–1.14 mPa·s. When the pressure is higher than the
saturated pressure, the viscosity of crude oil rises sharply with the rise in pressure. This is
because the increase in pressure causes the extrusion of crude oil, and the distance between
molecules decreases, increasing the density and viscosity of crude oil.

Under certain temperature and pressure conditions, the viscosity of the mixed fluid
decreases with increasing CO2 injection amount. This is because CO2 changes the original
strong liquid–liquid intermolecular force into weak gas–liquid intermolecular force, de-
stroys the layered structure of macromolecular substances in crude oil, and greatly weakens
the intermolecular force. When the molar fraction of CO2 gradually increases, as CO2
plays a role in the extraction of light components in crude oil, the molar fraction of light
components in crude oil decreases, and the range of viscosity reduction decreases [24].

The coupling formula for viscosity, temperature, and pressure under the condition of
10% CO2 content:

η =
15.8646 − 0.00575P − 0.31492T + 0.00237T2 − 6.26963 × 10−6T3

1 + 0.05656P − 0.00102P2 − 2.18843 × 10−5P3 − 0.01274T + 5.8072 × 10−5T2 (4)

R2 = 0.9959

The coupling formula for viscosity, temperature and pressure under the condition of
40% CO2 content:

η = 8.22563 − 0.18087P − 0.05977T + 0.00822P2 + 2.15673 × 10−4T2 − 0.00129PT (5)

R2 = 0.9354
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The coupling formula for viscosity, temperature and pressure under the condition of
90% CO2 content:

η =
−3.93046 × 1012 − 1.99647 × 1012P + 5.42089 × 1010T − 1.54465 × 109T2 + 1.58047 × 1010PT

1 − 8.15331 × 1011P + 4.34841 × 1010T + 1.96476 × 1010P2 − 9.66256 × 108T2 − 8.1036 × 108PT
(6)

R2 = 0.9956

3.3. Experiment on Density of Watered Oil Containing CO2

As shown in Figures 8–10, the density of CO2 and watered oil under different pressure
and temperature conditions was tested experimentally. As can be seen from the figure,
under certain CO2 content and temperature conditions, the density shows a trend of first
decreasing and then increasing. When the pressure is less than the saturation pressure, the
dissolved gas increases with the increase in pressure, so the crude oil density decreases.
When the pressure is higher than the saturation pressure, the gas has been completely
dissolved, and the oil is compressed with the increase in pressure, so the density of the
oil increases. As can be seen from Figure 8, below the saturation pressure, the density
decreases linearly with the increase in pressure at 20 ◦C, which is as low as 0.89 g/cm3

at 20 MPa. At 70 ◦C and 120 ◦C, the density decreases slowly at the initial stage with
the increase in pressure, and then the drop rate increases with the increase in pressure.
When the pressure increases from 5 MPa to 10 MPa, the density increases by 1.36% and
1.44% at 70 ◦C and 120 ◦C, respectively. When the pressure increases from 10 MPa to
15 MPa, the density increases by 2.15% and 2.99%, respectively. The coupling formulas
for density, temperature, and pressure under different CO2 contents have been listed in
Equations (7)–(9).

Processes 2023, 11, x FOR PEER REVIEW 11 of 15 
 

 

The coupling formula for viscosity, temperature and pressure under the condition of 
90% CO2 content: 

12 12 10 9 2 10

11 10 10 2 8 2 8
3.93046 10 1.99647 10 5.42089 10 1.54465 10 1.58047 10

1 8.15331 10 4.34841 10 1.96476 10 9.66256 10 8.1036 10
P T T PT

P T P T PT
η − × − × + × − × + ×=

− × + × + × − × − ×  
(6)

R2 = 0.9956 

3.3. Experiment on Density of Watered Oil Containing CO2 
As shown in Figures 8–10, the density of CO2 and watered oil under different pres-

sure and temperature conditions was tested experimentally. As can be seen from the fig-
ure, under certain CO2 content and temperature conditions, the density shows a trend of 
first decreasing and then increasing. When the pressure is less than the saturation pres-
sure, the dissolved gas increases with the increase in pressure, so the crude oil density 
decreases. When the pressure is higher than the saturation pressure, the gas has been com-
pletely dissolved, and the oil is compressed with the increase in pressure, so the density 
of the oil increases. As can be seen from Figure 8, below the saturation pressure, the den-
sity decreases linearly with the increase in pressure at 20 °C, which is as low as 0.89 g/cm3 
at 20 MPa. At 70 °C and 120 °C, the density decreases slowly at the initial stage with the 
increase in pressure, and then the drop rate increases with the increase in pressure. When 
the pressure increases from 5 MPa to 10 MPa, the density increases by 1.36% and 1.44% at 
70 °C and 120 °C, respectively. When the pressure increases from 10 MPa to 15 MPa, the 
density increases by 2.15% and 2.99%, respectively. The coupling formulas for density, 
temperature, and pressure under different CO2 contents have been listed in Equations (7)–
(9). 

 
Figure 8. Variation of density with temperature and pressure at 10% CO2 content. Figure 8. Variation of density with temperature and pressure at 10% CO2 content.



Processes 2023, 11, 1954 12 of 15Processes 2023, 11, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 9. Variation of density with temperature and pressure at 40% CO2 content. 

 
Figure 10. Variation of density with temperature and pressure at 90% CO2 content. 

  

Figure 9. Variation of density with temperature and pressure at 40% CO2 content.

Processes 2023, 11, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 9. Variation of density with temperature and pressure at 40% CO2 content. 

 
Figure 10. Variation of density with temperature and pressure at 90% CO2 content. 

  

Figure 10. Variation of density with temperature and pressure at 90% CO2 content.

The coupling formula for density, temperature, and pressure under the condition of
10% CO2 content:

ρ = 0.95798 − 0.10941[
1 +

(
P−25.45371

15.20256

)2
]
·
[

1 +
(

T−133.72396
155.85863

)2
] (7)



Processes 2023, 11, 1954 13 of 15

R2 = 0.96232

The coupling formula for density, temperature, and pressure under the condition of
40% CO2 content:

ρ =
0.95947 − 0.00372P − 0.00527T − 1.0236 × 10−6T2 + 2.35106 × 10−4PT

1 + 8.4501 × 10−6P − 0.00514T − 8.37431 × 10−5P2 − 4.40868 × 10−6T2 + 2.71753 × 10−4PT
(8)

R2 = 0.98049

The coupling formula for density, temperature, and pressure under the condition of
90% CO2 content:

ρ =
0.98914 + 0.01636P − 0.00296T − 3.71605 × 10−5T2 + 7.74607 × 10−5PT

1 + 0.02363P − 0.00134T − 5.90135 × 10−5P2 − 5.12033 × 10−5T2 + 7.10527 × 10−5PT
(9)

R2 = 0.98911

3.4. Experiment on Solubility of CO2 in Watered Oil

It can be seen from Figure 11 that under the same watered condition, the solubility of
CO2 in crude oil increases with decreasing temperature and increasing pressure. Taking
the solubility at 20 ◦C as an example, when the pressure increases from 5 MPa to 15 MPa,
the solubility increases by 36.56 cm3/cm3. When the temperature increases from 20 ◦C to
70 ◦C, and the pressure is 15 MPa, the variation range of the solution is 16.04 cm3/cm3.
It can be seen that during the flow of crude oil in the wellbore of production wells, the
solubility of CO2 in crude oil is more sensitive to pressure. As the pressure of the wellbore
decreases, the solubility of CO2 will gradually decrease and precipitate from the oil.
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4. Conclusions

In the middle and late stages of oilfield development, the CO2 gas in the fluid will
increase year by year, which makes conventional calculation methods not able to calculate
the fluid physical parameters. Therefore, indoor fluid physical property experiments
under different pressures, temperatures, and CO2 contents were carried out to study the
dissolution characteristics of CO2 in watered oil and the change law of volume factor,
viscosity, and density. The main conclusions were as follows:

(1) The solubility of CO2 in watered oil increases with increasing pressure and decreases
with increasing temperature. Therefore, in the recovery process, as the pressure
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decreases, the solubility will gradually decrease, and a large amount of CO2 will
be precipitated.

(2) Under different temperature conditions, with the increase in pressure, the volume
factor first increases and then decreases, mainly because the increase in pressure
improves the compression degree of crude oil, while the increase in temperature
causes volume expansion, resulting in an increase in CO2 gas that can be dissolved,
resulting in an increase in volume factor. However, above the bubble point pressure,
CO2 is already saturated, the fluid is compressed under the influence of pressure, and
the volume factor decreases.

(3) The viscosity curve decreases first and then increases with increasing pressure. The
main reason is that live crude oil is very sensitive to pressure. When the pressure is
lower than the saturation pressure, the gas will dissolve into the oil as the pressure
rises, improving the composition of the crude oil and making the viscosity of the
crude oil drop sharply. When the pressure is higher than the saturated pressure, the
oil will be squeezed with rising pressure, resulting in an increase in the density and
viscosity of the oil.

(4) With increasing temperature, the viscosity decreases sharply. When the temperature
is above 20 ◦C, the viscosity changes greatly because the increase in temperature
near the freezing point has an obvious effect on the viscosity reduction of crude
oil, and the increase in temperature above the freezing point weakens the viscosity
reduction effect.

(5) Under certain CO2 content and temperature conditions, the density showed a trend
of decreasing first and then increasing. When the pressure is less than the saturation
pressure, the dissolved gas increases with increasing pressure, so the density of crude
oil decreases. When the pressure is higher than the saturation pressure, the gas has
been completely dissolved, and the oil is compressed with increasing pressure, so the
density of the oil increases.
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