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Abstract: Natural gas injection is considered for enhanced oil recovery (EOR) in a high saturation pres-
sure reservoir in block B111 of the Dagang oilfield, China. To investigate the interaction characteristics
of injected natural gas and crude oil, the ability for dissolution–diffusion and miscibility–extraction
of natural gas in crude oil was tested using a piece of high-temperature and high-pressure PVT
equipment. The physical properties and minimum miscible pressure (MMP) of the natural gas–crude
oil system and their interaction during dynamic displacement were analyzed using the reservoir
numerical simulation method. The results show the following: (1) Under static gas–oil contact
conditions, natural gas has a significant dissolution–diffusion and miscibility–extraction effect on
the crude oil in block B111, especially near the gas–oil interface. The content of condensate oil in gas
phase is 10.14–18.53 wt%, while the content of dissolved gas in oil phase reaches 26.17–57.73 wt%;
(2) Under the reservoir’s conditions, the saturated solubility of natural gas injected in crude oil is
relatively small. The effect of swelling and viscosity reduction on crude oil is limited. As the pressure
increases with more natural gas dissolved in crude oil, the phase state of crude oil can change from
liquid to gas; accordingly, the density and viscosity of crude oil will be greatly reduced, presenting
the characteristics of condensate gas; (3) The MMP of natural gas and crude oil is estimated to be
larger than 40 MPa. It mainly forms a forward-contact evaporative gas drive in block B111. The
miscible state depends on the maintenance level of formation pressure. The injected natural gas has a
significant extraction effect on the medium and light components of crude oil. The content of C2–C15
in the gas phase at the gas drive front, as well as the content of CH4 and C16+ in the residual oil at
the gas drive trailing edge, will increase markedly. Accordingly, the residual oil density and viscosity
will also increase. These results have certain guiding significance for understanding gas flooding
mechanisms and designing gas injection in block B111.

Keywords: natural gas; high saturation pressure; miscible mechanism; gas drive front

1. Introduction

There are a large number of low-permeability oil and gas reservoirs in China, which
have abundant geological reserves but also deep burial depth and high formation tempera-
ture and pressure [1]. Generally, in the process of depressurization for development, it is
hard to maintain a high production rate in such oil reservoirs because of the rapid pressure
decline and the serious degassing of crude oil. When water is further injected to enhance
the formation energy, problems such as high injection pressure, low water displacement
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efficiency and poor production performance, are often encountered [2–4]. To improve the
development efficiency of this kind of reservoir, pilot tests of gas injection for enhanced oil
recovery (EOR) are often considered. They can take full advantage of the strong injection
ability and high oil displacement efficiency [5–9]. Especially for high saturation pressure
oil reservoirs with a large gas–oil ratios, the injected natural gas can be obtained on site.
The produced gas can be injected back into the reservoir to maintain the pressure and for
EOR [10]. Currently, some small-scale natural gas flooding projects have been conducted
in China, including Daqing, Tuha, Zhongyuan, Changqing and other oil fields, which
demonstrate the feasibility of natural gas injection for EOR and generate experience for
large-scale projects in the future [11–15].

The Dagang oilfield is located in the Bohai Bay basin of China. After decades of
development, oil and gas exploration and development have been proceeding to deep,
tight reservoirs with high pressure and temperature [16–18]. In recent years, to effectively
develop the deep low-permeability oil reservoirs, several gas injection pilot tests have
been carried out in the Dagang oilfield [19–21], including the CO2 injection in block Y21
and oxygen-reduction air injection in blocks N59 and G15-2. The pilot test of natural gas
injection has also been designed in block B111, which will use its own associated natural
gas or nearby oil and gas reservoirs. Block B111 is a small structural–lithological reservoir
with low porosity, low permeability and high saturation pressure. The block is cut by five
faults, three of which divide the oil-bearing area into three relatively independent regions.
The main oil reservoir is in the Bin-1 group, which can be subdivided into three oil layers,
including Bin-1-up, Bin-1-middle and Bin-1-down, with an OOIP of 5.838 × 105 t. The
buried depth of the oil reservoir is 3400–3500 m. The formation pressure and temperature
are 35.75 MPa and 123.3 ◦C, respectively. The porosity and permeability are 12.6–16.8% (the
average is 14.7%) and 6.2–63.2 md (the average is 19.97 md), respectively. The gas–oil ratio
reaches 274 m3/m3 with a large saturation pressure of 32.13 MPa. The density and viscosity
of crude oil under reservoir conditions are 0.5686 g/cm3 and 0.1849 mPa·s, respectively,
while those at surface are 0.81 g/cm3 and 2.1 mPa·s, respectively. In addition, the salinity
of the formation’s water is 5558 mg/L. This block was discovered in 2020 and started to
develop in 2021. Up to March 2023, cumulative oil production is 7.05 × 104 t, cumulative
gas production is 2.921 × 107 sm3, and the oil recovery degree is 12.07%. For further EOR,
natural gas injection is being considered using a well pattern with eight injection wells
and 14 production wells. The design of the injection scheme should be based on the main
EOR mechanisms of natural gas in the reservoir. The interaction characteristics of injected
natural gas and crude oil during gas flooding need to be clarified in advance.

In this paper, a laboratory experiment and a numerical simulation were conducted to
investigate the interaction characteristics of injected natural gas and crude oil under the reser-
voir conditions of block B111 in the Dagang oilfield. The capacity of dissolution–diffusion and
miscibility–extraction of natural gas in crude oil was tested using a piece of high-temperature
and high-pressure PVT equipment. The physical properties and MMP of the natural gas–crude
oil system and their interaction behaviors during dynamic displacement were analyzed using
the numerical simulation method. Then, the EOR mechanisms, gas channeling issues and
development trends were discussed. It is expected that these study results can help people
to understand the EOR mechanisms of the natural gas and the design injection scheme in
block B111.

2. Laboratory Experiment
2.1. Experimental Equipment and Methods
2.1.1. Equipment

A piece of high-temperature and high-pressure PVT equipment was used to test the
dissolution–diffusion and miscibility–extraction capacity of natural gas in crude oil [22].
The schematic diagram of the PVT equipment is shown in Figure 1, where the maximum
working pressure and temperature of the PVT cell are 70 MPa and 150 ◦C, respectively. The
maximum working volume of the PVT cell is 237 mL with a variable volume of 210 mL.
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When the effective volume of the cell is set to be 200 mL, the effective height inside the
cell is 20 cm. The oil and gas in the cell can be mixed by turning the cell bottom up and
down continuously and, at the same time, driving a slider moving in the cell to accelerate
mixing. The PVT cell is covered by a heating and insulation jacket with a temperature
control accuracy of 0.1 ◦C. In addition, a pressure sensor is installed on the top of the cell
with a monitoring accuracy of 0.01 MPa.
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Figure 1. Schematic diagram of experimental equipment.

2.1.2. Materials

The experimental materials mainly include the degassed crude oil sampled from
well B111-8 and the self-prepared associated gas and injected gas in block B111; their
main compositions are shown in Table 1. It can be seen that the content of C2–C5 in
the associated gas is high, up to 20 mol%, while the content of C1 in the injected gas is
absolutely dominant, larger than 90 mol%. Before being injected back, the more economic
components, i.e., C3+, in the associated gas produced from block B111, are separated by
adsorption or condensation processes.

Table 1. Main compositions of associated gas and injected gas in block B111.

Components
Content, mol%

Associated Gas in Oil Injected Natural Gas

CO2 1.336 1.060

N2 1.188 1.658

C1 71.660 91.873

C2 12.710 3.709

C3 8.541 0.834

iC4 1.889 0

nC4 1.742 0

iC5 0.345 0.137

nC5 0.172 0

Others 0.417 0.729

2.1.3. Procedures

To investigate the capacity of dissolution–diffusion and miscibility–extraction of natu-
ral gas in the crude oil of block B111 under reservoir conditions, the experimental procedure
was optimized to measure the properties of crude oil, the dissolution rate and diffusion
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coefficient of natural gas in crude oil, and the extraction–dissolution profile near the gas–oil
interface through only one set of experiments. The specific procedures are as follows:

(1) Preparing live oil: a. First, the PVT cell volume was set to 200 mL, and the temperature
of the cell was maintained at 123 ◦C; b. According to the gas–oil ratio of the formation
oil in block B111, the associated gas was injected into the PVT cell until the pressure
was stabilized at 18.58 MPa. Then, 100 mL of dead oil was injected into the cell,
making the gas–oil ratio in the cell reach 274 m3/m3; c. The volume of the PVT
cell was compressed and the gas and oil in the cell were stirred to measure the
P–V relationship. The saturation pressure, volume factor and density of live oil
were determined;

(2) Injecting natural gas to measure pressure drop: a. The PVT cell was placed vertically,
and the cell volume was restored to 200 mL; b. The natural gas was quickly injected
into the cell through the valve at the top until the pressure reached 35.75 MPa. Subse-
quently, the PVT cell was allowed to stand for 24 h until the cell pressure declined
and reached stability; c. The amount, dissolution rate and diffusion coefficient of the
natural gas dissolved in crude oil were calculated according to the recorded pressure
drop in the cell. The calculation method of the gas diffusion coefficient referred to
existing literature [23,24];

(3) Sampling for measuring the gas–oil ratio and oil and gas composition: a. The PVT
cell was placed vertically, and the gas and oil in the cell were sampled at the top using
a high-pressure bottle with an effective volume of 10 mL by pushing the piston up to
keep the cell pressure constant; 10 samples were taken with an interval of 10 mL (as
shown in Figure 1b); b. The sampling bottle was cooled down to room temperature,
then the upper gas inside the bottle was released slowly while not taking away as
much of the separated oil as possible; c. The volume of the released gas was measured
using a gas flow meter with an accuracy of 0.001 L/min; the weight of the sampling
bottle before and after sampling and after gas release was also measured using an
electronic scale with an accuracy of 0.01 g. Then, the gas–oil ratio profile inside the
cell from the top to the bottom was calculated based on the released gas volume and
the crude oil mass before and after gas release. In addition, the compositions of the
oil and gas sampled in the middle position of the gas and oil phase in the cell were
analyzed using gas chromatography.

2.2. Experimental Results and Analysis
2.2.1. Properties of Crude Oil

The P–V relationship and the calculated volume factors and densities of crude oil at
123.3 ◦C and different pressures are shown in Figure 2. The crude oil was prepared in
terms of the gas–oil ratio of 274 m3/m3, and its saturation pressure was determined to be
32.75 MPa according to the turning point of the P–V relationship; this is consistent with
the previous experimental result of 32.13 MPa. At the saturation pressure, the crude oil
volume factor and density are 1.7433 and 0.6192 g/cm3, respectively. When the pressure is
enhanced to the formation pressure of 35.75 MPa, the volume factor decreases to 1.7133, and
the density increases to 0.6301 g/cm3. Hence, it can be seen that the crude oil of block B111
is characterized by a high gas–oil ratio, high saturation pressure, slight formation-saturation
pressure difference, high volume factor and low density.

2.2.2. Dissolution–Diffusion Ability of Injected Natural Gas in Crude Oil

Under reservoir conditions, a certain amount of natural gas was injected into the
PVT cell through the top inlet and dissolved and diffused downwards in the crude oil.
The pressure drop of the cell and the calculated amount, dissolution rate and diffusion
coefficient of the injected gas dissolved in crude oil are shown in Figure 3. The results
show that the dissolution rate of the injected gas in crude oil was relatively large within
the first 300 min, reaching 0.09–0.32 mL gas/mL oil/min. Cell pressure declined from
36.32 MPa to 31.12 MPa with a drop of 5.2 MPa. Then, cell pressure started to decrease
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slowly and reached stability 1440 min later. The pressure was kept at 30 MPa, and the
total pressure drop was 6.32 MPa. The average dissolution amount of the injected gas in
crude oil is 28.02 mL gas/mL oil, and the corresponding average diffusion coefficient of
the injected gas in crude oil is 4.81 × 10−7 m2/s. Because the content of CH4 in the injected
gas accounts for more than 90 mol%, the diffusion coefficient mainly reflects the diffusion
ability of CH4 in crude oil. Generally, the gas diffusion coefficient in the oil or water phase
is in the order of 10−9 m2/s. It can be seen that the injected natural gas has great diffusion
ability in the crude oil of block B111 due to the high reservoir temperature and low oil
viscosity, but the dissolution amount of the injected gas is relatively small because of the
little formation–saturation pressure difference.
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Figure 2. P–V relationship, volume factors and densities of crude oil at different pressures.

Processes 2023, 11, x FOR PEER REVIEW 5 of 20 
 

 

   
(a) P-V relationship (b) Oil volume factor (c) Oil density 

Figure 2. P–V relationship, volume factors and densities of crude oil at different pressures. 

2.2.2. Dissolution–Diffusion Ability of Injected Natural Gas in Crude Oil 
Under reservoir conditions, a certain amount of natural gas was injected into the PVT 

cell through the top inlet and dissolved and diffused downwards in the crude oil. The 
pressure drop of the cell and the calculated amount, dissolution rate and diffusion coeffi-
cient of the injected gas dissolved in crude oil are shown in Figure 3. The results show that 
the dissolution rate of the injected gas in crude oil was relatively large within the first 300 
min, reaching 0.09–0.32 mL gas/mL oil/min. Cell pressure declined from 36.32 MPa to 
31.12 MPa with a drop of 5.2 MPa. Then, cell pressure started to decrease slowly and 
reached stability 1440 min later. The pressure was kept at 30 MPa, and the total pressure 
drop was 6.32 MPa. The average dissolution amount of the injected gas in crude oil is 28.02 
mL gas/mL oil, and the corresponding average diffusion coefficient of the injected gas in 
crude oil is 4.81 × 10−7 m2/s. Because the content of CH4 in the injected gas accounts for 
more than 90 mol%, the diffusion coefficient mainly reflects the diffusion ability of CH4 in 
crude oil. Generally, the gas diffusion coefficient in the oil or water phase is in the order 
of 10−9 m2/s. It can be seen that the injected natural gas has great diffusion ability in the 
crude oil of block B111 due to the high reservoir temperature and low oil viscosity, but 
the dissolution amount of the injected gas is relatively small because of the little for-
mation–saturation pressure difference. 

  
(a) Pressure drop (b) Solubility of injected gas 

  

140

150

160

170

180

190

200

210

20 25 30 35 40 45

Vo
lu

m
e,

 m
l

Pressure, MPa

1.0

1.2

1.4

1.6

1.8

2.0

2.2

20 25 30 35 40 45

O
il 

vo
lu

m
e 

fa
ct

o
r

Pressure, MPa

0.40

0.45

0.50

0.55

0.60

0.65

0.70

20 25 30 35 40 45

C
ru

d
e 

o
il 

d
en

si
ty

, g
/m

l

Pressure, MPa

0

5

10

15

20

25

30

35

40

0 300 600 900 1200 1500

Pr
es

su
re

, M
Pa

Time, min

Pressure
Pressure drop

0

5

10

15

20

25

30

0 300 600 900 1200 1500

In
je

ct
ed

 g
as

 s
ol

ub
ili

ty
,

m
l g

as
/m

l o
il

Time, min
Processes 2023, 11, x FOR PEER REVIEW 6 of 20 
 

 

  
(c) Dissolution rate of injected gas (d) Fitting of Ln(Pt-Peq) and t 

Figure 3. Experimental results of dissolution and diffusion ability of injected natural gas in crude 
oil. 

2.2.3. Miscibility–Extraction Effect of Injected Natural Gas on Crude Oil 
The miscibility–extraction effect of injected gas on crude oil can be analyzed accord-

ing to the gas–oil ratio profile along the PVT cell. The gas–oil ratios of 10 samples taken in 
the cell from the top to the bottom are shown in Figure 4. For the convenience of compar-
ison, the original gas–oil ratio of block B111 and the gas–oil ratio of the oil phase in the 
cell before natural gas was injected are also marked in the figures. The original gas–oil 
ratio of 274 m3/m3 is expressed as 0.333 g gas/g oil, 338.27 mL gas/t oil, or an associated 
gas content of 24.97 wt%. Before the natural gas was injected into the cell, the volume and 
pressure of the cell were 200 mL and 23 MPa, respectively. Part of the associated gas was 
separated from the crude oil and accumulated in the upper cell with a volume about 100 
mL, which was also used for injected gas. The saturation pressure of crude oil is 32.13 
MPa; hence, according to the law of partial pressure, the gas–oil ratio of the oil phase in 
the lower cell is only about 72% (23/32.13) of the original value, namely 0.239 g gas/g oil, 
243.13 mL gas/t oil or 19.30 wt%. Accordingly, the measured gas–oil ratio profile in the 
cell was drawn in three types. The first one used the data obtained using the weighing 
method (Figure 4a); the second one used the data obtained using the gas metering method 
(Figure 4b); the third one was expressed as extracted oil in the gas phase and dissolved 
gas in the oil phase based on the data of the first one (Figure 4c). 

  
(a) Gas–oil ratio obtained by weighing method (b) Gas–oil ratio obtained by gas metering method 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 300 600 900 1200 1500

In
je

ct
ed

 g
as

 d
is

so
lu

ti
o

n 
ra

te
, 

m
l g

as
/m

l o
il/

m
in

Time, min

y = -6.0517E-05x + 1.2496E+00

R² = 9.4224E-01

-5

-4

-3

-2

-1

0

1

2

3

0 20,000 40,000 60,000 80,000

Ln
(P

t-
P e

q
),

 m
in

Time, min

0

2

4

6

8

10

12

14

16

18

20

0 2 4 6 8 10

D
is

ta
nc

e 
fr

o
m

 P
V

T 
ce

ll 
to

p
, c

m

Gas-oil ratio, g gas/g oil

Gas-oil ratio before natural gas injection

Gas-oil ratio after natural gas injection

Original gas-oil ratio of crude oil

Gas-oil interface

Gas phase

Oil phase

0

2

4

6

8

10

12

14

16

18

20

0 2,000 4,000 6,000 8,000 10,000

D
is

ta
nc

e 
fr

o
m

 P
V

T 
ce

ll 
to

p,
 c

m

Gas-oil ratio, ml gas/g oil

Gas-oil ratio before natural gas injection

Gas-oil ratio after natural gas injection

Gas-oil ratio of crude oil

Gas-oil interface

Gas phase

Oil phase

Figure 3. Experimental results of dissolution and diffusion ability of injected natural gas in crude oil.
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2.2.3. Miscibility–Extraction Effect of Injected Natural Gas on Crude Oil

The miscibility–extraction effect of injected gas on crude oil can be analyzed according
to the gas–oil ratio profile along the PVT cell. The gas–oil ratios of 10 samples taken in the
cell from the top to the bottom are shown in Figure 4. For the convenience of comparison,
the original gas–oil ratio of block B111 and the gas–oil ratio of the oil phase in the cell
before natural gas was injected are also marked in the figures. The original gas–oil ratio
of 274 m3/m3 is expressed as 0.333 g gas/g oil, 338.27 mL gas/t oil, or an associated gas
content of 24.97 wt%. Before the natural gas was injected into the cell, the volume and
pressure of the cell were 200 mL and 23 MPa, respectively. Part of the associated gas was
separated from the crude oil and accumulated in the upper cell with a volume about 100 mL,
which was also used for injected gas. The saturation pressure of crude oil is 32.13 MPa;
hence, according to the law of partial pressure, the gas–oil ratio of the oil phase in the
lower cell is only about 72% (23/32.13) of the original value, namely 0.239 g gas/g oil,
243.13 mL gas/t oil or 19.30 wt%. Accordingly, the measured gas–oil ratio profile in the
cell was drawn in three types. The first one used the data obtained using the weighing
method (Figure 4a); the second one used the data obtained using the gas metering method
(Figure 4b); the third one was expressed as extracted oil in the gas phase and dissolved gas
in the oil phase based on the data of the first one (Figure 4c).
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Figure 4. Gas–oil ratio profile near the interface between the injected gas and crude oil.

According to the sharp variation in the gas–oil ratio along the vertical cell, the gas–oil
interface can be judged at a position about 7.5 cm below the top of the cell after the injected
natural gas pressure reached stability. The upper gas phase contains condensate oil which is
extracted from the lower oil phase. The closer to the gas–oil interface, the greater the amount
of extracted oil in the gas phase, changing from 10.14 wt% to 18.53 wt%, and the gas–oil
ratio decreasing from 8.857 to 4.395 g gas/g oil, namely from 9080.95 to 1616.28 mL gas/g
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oil. Meanwhile, the lower oil phase contains dissolved gas, and the further away from the
gas–oil interface, the smaller the amount of dissolved gas in the oil phase, changing from
57.73 wt% to 26.17 wt%, and the gas–oil ratio decreasing from 1.366 to 0.354 g gas/g oil,
namely 489.43 to 174.95 mL gas/g oil. It can be seen that the gas–oil ratio obtained using
the weighing method is more reliable, which is higher than the value before the natural
gas was injected. From this, it can be concluded that the dissolved gas has diffused to the
bottom of the cell, 12.5 cm from the oil-gas interface during the 24 h pressure-dropping
process. Comparatively, the error of the gas–oil ratio obtained using gas metering is larger,
which is seriously affected by measuring accuracy especially when the gas release rate is
too small. In addition, the injected natural gas dissolved in oil can reduce the oil’s viscosity.
The viscosity-reduction factors are estimated to be 17.98–59.06%, based on the amount of
injected gas dissolved in the oil phase.

In addition, the compositions of the oil and gas samples obtained from the upper
gas phase (at the position of 2.5 cm) and the lower oil phase (at the position of 10.5 cm)
were analyzed; the results are shown in Figure 5. The CH4 content in the natural gas
separated from the gas phase is 11% higher than that from the oil phase, and the natural
gas separated from the oil phase contains more C2 and C3. Compared with the original
crude oil composition (dead oil), the contents of medium and light components in the
extracted oil in the gas phase increased, while those of the heavy components decreased.
The content of C6–C15 in the extracted oil is significantly higher than that in the original
crude oil, especially the content of C7 is the highest. Accordingly, the contents of medium
and light components in the degassed oil in the oil phase decreased, and the contents of
the heavy components increased with the content of components C17+ higher than that
in the original crude oil. The effects of dissolution–diffusion and miscibility–extraction of
natural gas on crude oil have an important influence on the compositions of both the gas
and oil phases.
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Figure 5. Compositions of typical oil and gas samples.

3. Numerical Simulation
3.1. Properties of the Injected Natural Gas–Crude Oil System

The composition of crude oil in block B111 was calculated according to the dead oil
composition and the gas–oil ratio and further combined into eight components. By fitting
the basic properties of the crude oil, a PVT model was established based on the EoS of
PR (1978) to predict the physical properties of the injected natural gas–crude oil system.
The basic parameters of these components are shown in Table 2, and the fitting errors of
the crude oil’s properties are shown in Table 3. There are no data about the swelling and
dissolution of injected gas in dead oil tested before. Hence, the PVT model was fitted using
limited data, but it can be seen that the injected natural gas should have a higher saturation
pressure than the associated gas when the same volume of gas is dissolved in dead oil.
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Table 2. Basic parameters of 8 components in the PVT model.

Parameters CO2 N2 CH4 C2H6 C3H8 C4 to C6 C7 to C15 C16 to C45

Composition,
mol% 1.011 0.899 54.228 9.618 6.490 5.115 12.032 10.607

CMM 0.044 0.028 0.016 0.0301 0.0441 0.0667 0.1435 0.3487

PCRIT 7376.46 3394.39 4600.15 4883.87 4245.52 3565.22 2440.47 1270.28

TCRIT 31.05 −146.95 −82.55 32.25 96.65 173.17 360.94 541.88

MOLDEN 1.62 × 104 1.62 × 104 1.58 × 104 1.30 × 104 1.06 × 104 9.23 × 103 5.19 × 103 2.10 × 103

CP 8.81 × 10−6 9.71 × 10−6 9.19 × 10−6 7.68 × 10−6 6.70 × 10−6 2.58 × 10−6 1.13 × 10−6 5.49 × 10−7

CT1 2.05 × 10−3 2.47 × 10−3 2.16 × 10−3 1.38 × 10−3 9.52 × 10−4 2.77 × 10−4 2.88 × 10−5 2.00 × 10−3

CT2 2.51 × 10−6 1.91 × 10−6 2.27 × 10−6 2.89 × 10−6 2.98 × 10−6 2.20 × 10−6 1.37 × 10−6 -1.49 ×
10−6

AVISC 1.75 × 10−1 1.15 × 10−1 1.04 × 10−1 1.24 × 10−1 1.26 × 10−1 1.26 × 10−1 1.08 × 10−1 8.37 × 10−1

BVISC 182.63 59.66 85.9 156.6 203.4 264.54 483.78 753.73

AVG 2.10 × 10−5 5.49 × 10−5 1.19 × 10−4 4.80 × 10−5 2.44 × 10−5 1.09 × 10−5 1.45 × 10−5 1.20 × 10−5

BVG 1.04 9.06 × 10−1 8.00 × 10−1 9.24 × 10−1 1.01 1.12 1.01 9.90 × 10−1

Note: CMM is the molecular weight, kg/mol; PCRIT is the critical pressure, kPa; TCRIT is the critical temperature,
◦C; MOLDEN is the partial molar density, mol/m3; CP is the liquid compressibility, 1/kPa; CT1 is the first coeffi-
cient of the thermal expansion correlation, 1/◦C; CT2 is the second coefficient of the thermal expansion correlation,
1/◦C2; AVISC and BVISC are the coefficients of the correlation for temperature dependence of component viscosity
in the liquid phases; AVG and BVG are the coefficients in power-law correlation for temperature dependence of
gas-phase viscosity.

Table 3. Fitting results of crude oil properties.

Parameters Measured Values Fitted Values Error, %

Reservoir temperature, ◦C 123.3 123.3 0

Reservoir pressure, MPa 35.75 35.75 0

Gas–oil ratio, m3/m3 274 267.74 −2.28

Saturation pressure, MPa 32.75 32.13 −1.89

Oil volume factor at saturation pressure 1.743 1.740 −0.17

Oil volume factor at reservoir pressure 1.713 1.720 0.41

Oil density, g/cm3

At surface (20 ◦C) 0.810 0.810 0

At surface(50 ◦C) / 0.779 /

At reservoir pressure and 123.3 ◦C 0.6301 0.628 −0.33

At saturation pressure and 123.3 ◦C 0.6192 0.619 −0.03

Oil viscosity, mPa·s
At surface (20 ◦C) / 3.270 /

At surface(50 ◦C) 2.100 2.100 0

At reservoir pressure and 123.3 ◦C 0.185 0.185 0

The calculated physical properties of the crude oil with different amounts of injected
natural gas dissolved at saturation and formation pressures and 123.3 ◦C are shown in
Figure 6. The results show that under the reservoir’s conditions (35.75 MPa, 123.3 ◦C),
the saturated solubility of the injected natural gas in the crude oil is relatively small, only
9.1 mol% (i.e., 40 sm3/t dead oil). If the oil volume and expansion factors reach 1.81 and
1.06, respectively, the oil density will decrease from 628 kg/m3 to 609 kg/m3, and the
oil viscosity will decrease from 0.1849 mPa·s to 0.1604 mPa·s. Hence, in this case, the
swelling and viscosity-reduction effect of the injected natural gas on the crude oil is limited.
When more injected natural gas is mixed with crude oil, the system will present a gas–oil
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two-phase state. When the content of injected natural gas in the system reaches 90 mol%,
due to the extraction effect of the gas phase on the oil phase, the density and viscosity of
the oil phase can be increased to 659.89 kg/m3 and 0.2162 mPa·s, respectively, and the oil
volume and expansion factors are reduced to 1.67 and 0.97, respectively. If all the excess
gas is dissolved into the crude oil by the increase in pressure, the oil saturation pressure
will reach 56.33 MPa when the injected natural gas content in the system is 75 mol%. If the
content of the injected natural gas continues to increase, the phase state of the system will
transfer from oil to gas, and the saturation pressure will also change from the bubble point
to the dew point. When the content of the injected natural gas reaches 90 mol%, the gas
density and viscosity will decrease to 324.66 kg/m3 and 0.0392 mPa·s, respectively, while
the volume and expansion factors will increase to 10.44 and 5.987, respectively, presenting
the characteristics of condensate gas.
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Figure 6. Physical properties of crude oil with different amounts of injected natural gas dissolved at
123.3 ◦C.

3.2. MMP between Injected Natural Gas and Crude Oil

MMP is an important parameter to judge the miscible state between injected gas and
crude oil during gas flooding. Many methods can be used to determine the MMP of gas
flooding, including the slim tube experiment, the interfacial tension test, EoS prediction and
empirical formula calculation [25–30]. In this study, three methods were used to determine
the MMP of natural gas flooding in block B111, including using the above established
PVT model to predict the IFT between natural gas and crude oil; using the PVT model
to simulate the multiple contact process; and using the empirical formula of Hou [27].
According to the predicted IFT, the MMP of natural gas flooding is 44 MPa, and the one-
contact miscible pressure when the IFT disappears is 62 MPa (Figure 7). The MMP obtained
by multiple contact simulation is 40.75 MPa (Figure 8), while the MMP predicted by Hou’s
empirical formula is 42.42 MPa. These predicted MMPs are in a range of 40.75–44 MPa,
which indicates that it is hard to reach a miscible flooding in block B111 under the original
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formation pressure, but it may reach near-miscible flooding or even miscible flooding
depending on the formation pressure maintained.
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3.3. Interaction Characteristics during Natural Gas Flooding
3.3.1. Simulation Model and Schemes

According to the reservoir conditions of block B111, a conceptual model was estab-
lished using reservoir numerical simulation software to simulate and analyze the interaction
characteristics of natural gas and crude oil during gas flooding. The main parameter set-
ting in the basic model is shown in Table 4. In order to better describe the seepage and
conveniently draw the fluid profile between the injection and the production wells, radial
grids were used to describe the geological model, which is 90◦ fan-shaped with a radius
of 250 m and a thickness of 5 m. The grid number is 20 × 5 × 5 = 500. The reservoir’s
properties are homogeneous. The formation pressure and temperature are 35.75 MPa and
123 ◦C, respectively, while the formation porosity and permeability are 14.7% and 19.97 md,
respectively, and the initial oil saturation is 0.64. The fluid model refers to the PVT model in
Section 3.1, and the diffusion coefficient of CH4 in oil phase refers to the experimental result
of 4.81 × 10−7 m2/s. The kr curves used are shown in Figure 9b,c. Moreover, one injection
well and one production well are located in the geological model; their positions are shown
in Figure 9a. The well spacing is 250 m. The underground gas injection rate is 4 m3/d, and
the liquid production rate is the same with a bottom-hole pressure (BHP) of 15–45 MPa.
Among them, 20 MPa and 35 MPa are typical values. The former is lower than the crude
oil saturation pressure, and the latter is the original formation pressure. These two cases
correspond to degassing production and pressure-holding production, respectively. The



Processes 2023, 11, 2152 11 of 19

gas injection time is 30 years. The production performance and the oil and gas properties
in the upper formation between injection and production wells were analyzed.

Table 4. Main parameter setting in the basic model.

Parameters Values Parameters Values

Model size 250 m × 90◦ × 5 m Underground gas injection rate, m3/d 4

Grid number 20 × 5 × 5 = 500 Max. injection pressure, MPa 45

Temperature, ◦C 123.3 Liquid production rate, m3/d 4

Pressure, MPa 35.75 Min. bottom-hole pressure, MPa 15–35

Permeability, mD 19.97 Well spacing, m 250

Porosity, % 14.7 Injection time, a 30

So, % 64
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Figure 9. Geological model and kr curves used in the numerical simulation.

3.3.2. Simulation Results and Analysis

(1) Production performance

The production performances at different BHPs of the production well are shown
in Figure 10. It can be seen that the smaller the production well’s bottom-hole flowing
pressure, the longer the oil production rate is maintained at 4 m3/d; however, the earlier
the gas channeling, the greater the decline of oil rate in the later production stage. When the
BHP of the production well is 20 MPa, the crude oil in the formation near the production
well will be degassed once production starts. As the oil degassing scope gradually expands,
the injected natural gas and the separated gas from crude oil soon connect to form gas
channeling. When the BHP of the production well is 35 MPa, it is necessary to inject
natural gas to establish a large enough driving pressure difference between the injection
and production wells. In this case, the gas drive’s front migration speed is relatively slower,
the initial oil production rate is smaller, but the decline rate is also smaller, and the gas
channeling occurs later. When the BHP of the production well is increased to 45 MPa, the
natural gas injected in the early stage is used for enhancing the formation pressure. As a
result, the gas channeling will be further delayed, but it will also cause the oil recovery to
decrease a little. Overall, the oil recovery will be about 50% after 10 years of gas injection
and reach 64–73% after 30 years. When the BHP exceeds 30 MPa, the final recovery rate
is not much different. The production performance of near-miscible gas flooding can
be achieved.
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Figure 10. Production performances under different BHPs of production well.

(2) Sweep performance

The variations in the gas saturation field with time under different BHPs are shown
in Figure 11. It can be seen that under different BHPs, the sweep performance of injected
natural gas in the reservoir is different. In the horizontal direction, when the BHP is lower
than the saturation pressure of crude oil, for example, at BHP = 25 MPa, crude oil degassing
can accelerate the movement of the gas drive front in the reservoir. The swept area is large,
and the oil recovery degree is high in the early stage of gas injection, but it can lead to early
gas channeling in the production well (less than 1 year later). When the BHP is higher than
the saturation pressure of crude oil, such as at BHP = 35 MP, gas channeling will occur after
2.5 years. The injected gas will burst from the injection well to the production well, and a
large amount of residual oil will be left on both sides. As a result, the swept area and oil
recovery degree are relatively small in the early stage of gas injection. However, with the
extension of the injection time, the swept areas will become close under different BHPs.
In the vertical direction, although the thickness of the reservoir is thin, only 5 m, due to
the large density difference between the injection gas and crude oil, a significant gravity
segregation of gas and oil will occur. The injected gas is more likely to channel in the upper
formation, which will greatly reduce the vertical sweep coefficient. The density difference
between the injected gas and the crude oil under BHP = 25 MPa is greater than that under
BHP = 35 Mpa; hence, the former has a more serious gas channeling risk. Although the
final sweep coefficients are not much different under different BHPs, the oil displacement
efficiency and oil recovery factor are higher under a higher BHP.

(3) Variation in oil saturation

The variation in oil saturation in the top layer between the injection and production
wells at different BHPs is shown in Figure 12. It can be seen that with the continuous
injection of natural gas, the oil saturation between the injection and production wells will
gradually decrease. The oil saturation at BHPs of 20 MPa and 35 MPa after the same
gas injection time is different. When the BHP is 20 MPa, the migration speed of the gas
drive front is faster due to the higher displacement pressure difference in the early stage
and the lower formation pressure in the later stage. After a half year of gas injection, the
gas drive front will advance 100 m and reach the production well after one year. The
residual oil saturation near the injection well can reach 0 under the continuous extraction
effect of injected natural gas. When the BHP is 35 MPa, due to a higher formation pressure
maintained, more natural gas will dissolve in crude oil, and the gas drive front will reach the
production well after 2–3 years of injection. Because of the stronger miscibility–extraction
effect of natural gas, the oil displacement efficiency is higher, and the scope with residual
oil saturation equal to 0 around the injection well is larger.
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Figure 12. Variations in oil saturation between injection and production wells under different BHPs.

(4) Variation in oil phase properties

The variations in oil phase properties between injection and production wells under
different BHPs are shown in Figure 13. From the perspective of oil phase composition after
one year of injection (see Figure 13a,b), the injected natural gas mainly extracts the C2–C15
in the crude oil near the well, resulting in a significant reduction in these components in
the residual oil. Accordingly, the contents of CH4 and heavy components C16–C45 in the
residual oil increase. Comparing the difference in oil composition at different BHPs, we can
see that when the BHP is 20 MPa, the formed gas channeling will cause the degassing of
crude oil and the CH4 content in the crude oil near the production well to decrease to 0.511
(the original content is 0.542) and the content of C16–C45 to increase to 0.123 (the original
content is 0.106). Meanwhile, the CH4 and C16–C45 contents in the residual oil near the
injection well will increase to 0.627 and 0.308, respectively. Comparatively, when the BHP
is 35 MPa, the contents of CH4 and C7–C45 in the crude oil near the production well still
remain at the original level, but the CH4 and C16–C45 contents in the residual oil near the
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injection well will increase to 0.658 and 0.277, respectively; these are both higher than the
original levels.
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Figure 13. Variations in oil phase properties between injection and production wells under different
BHPs. (a) Oil phase composition after one year of injection when BHP is 20 MPa; (b) Oil phase
composition after one year of injection when BHP is 35 MPa; (c) Oil phase density and viscosity when
BHP is 20 MPa; (d) Oil phase density and viscosity when BHP is 35 MPa.

From the perspective of oil phase density and viscosity, after different years of injection
(see Figure 13c,d), in general, with the continuous extraction of natural gas on the medium
and light components in crude oil, both the density and viscosity of residual oil will increase.
When the BHP is 20 MPa, the crude oil is degassed early, and the extraction time of fresh
gas phase to residual oil is long, so the density and viscosity of residual oil clearly increase.
When the BHP is 35 MPa, the formation pressure is higher, more CH4 can be dissolved in
crude oil, and more oil can be extracted into the gas phase. However, the gas drive front
will migrate slowly, and the extracted oil cannot be taken away quickly by the fresh injected
gas; this hinders the extraction process. As a result, in the same injection time, the increase
in the density and viscosity of the residual oil will be smaller under a higher BHP.

(5) Variations in gas phase properties

The variations in gas phase properties between injection and production wells under
different BHPs are shown in Figure 14. According to the gas phase composition after
one year of injection (see Figure 14a,b), the injected natural gas can continuously extract
the C2–C15 in the crude oil near the injection well, especially at the gas drive front. The
content of these components in the gas phase is significantly higher than the original
value. Accordingly, the content of CH4 in the gas phase will decrease. The content of
C2–C15, especially C7–C15, in the gas phase at a BHP of 35 Mpa, is slightly higher than
that at a BHP of 20 Mpa; overall, the gas phase compositions of these two cases are close.
When the gas phase is produced to the surface for oil and gas separation, the components
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below C5 usually go into a gas phase, while the C6+ enters the condensate oil. In this
study, part of the C4–C6 will go into a gas phase, and the rest will remain in condensate
oil. The main components of the condensate oil are C7–C15, which is consistent with the
experimental results.
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Figure 14. Variations in gas phase properties between injection and production wells under different
BHPs. (a) Gas phase composition after one year of injection when BHP is 20 MPa (the rest is CH4);
(b) Gas phase composition after one year of injection when BHP is 35 MPa (the rest is CH4); (c) Gas
phase density and viscosity when BHP is 20 MPa; (d) Gas phase density and viscosity when BHP is
35 MPa.

The gas phase density and viscosity after different years of injection are shown in
Figure 14c,d. Generally, with medium and light components in the crude oil extracted
by the injected natural gas, the gas phase density and viscosity will increase gradually.
However, once the gas channeling occurs, as no medium and light components in the
residual oil can be extracted, the density and viscosity of the gas phase will gradually
decrease to the original values. When the BHP is 20 MPa, in the first 0.5–1 years of gas
injection, the formation pressure is relatively large, hence the content of C2–C6 in the gas
phase is also high. The density of the gas phase increases from 166–176 kg/m3 near the
injection well to 224–235 kg/m3 near the production well. After 3–6 years of gas injection,
as serious gas channeling occurs, the whole formation pressure drops to nearly 20 MPa,
and the density of the gas phase decreases to 112–142 kg/m3. When the BHP is 35 MPa,
the gas phase density is high, which gradually increases from 180 kg/m3 near the injection
well to 242 kg/m3 near the production well. In addition, the gas phase viscosity is mainly
affected by the formation pressure and less affected by the gas phase density. It decreases
slightly from the injection well to production well, but the overall change is slight.

To sum up, the injected natural gas mainly forms a forward-contact evaporative gas
immiscible or near-miscible drive. At the gas drive’s front, the content of C2–C15 in the
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gas phase will increase, while that of CH4 will decrease; at the gas drive’s trailing edge,
the content of C2–C15 in the residual oil will decrease, while the contents of CH4 and C16+
will increase. The miscibility–extraction effect of natural gas on crude oil is remarkable.
The production performance and variations in oil saturation, gas and oil phase properties
in the reservoir are affected by the interaction characteristics of injected natural gas and
crude oil during gas flooding at different BHPs.

4. Discussion

Block B111 is a deep, low-permeability oil reservoir with high saturation pressure
and a high gas–oil ratio. Conducting natural gas flooding in this reservoir has significant
advantages, including the available produced gas for reinjection, no produced gas mixing
issues caused by other gases, such as CO2, N2 or air, and the absence of corrosion problems.
Although the dissolution–diffusion and miscibility–extraction effect of natural gas on
crude oil is significant, the displacement effect of natural gas on crude oil is still the main
gas flooding mechanism [10]. Unlike CO2 flooding, natural gas has weak dissolution
and diffusion capacities in water; water can shield natural gas from contact with crude
oil [10,31]. Therefore, if block B111 is flooded with water first and then with natural gas,
the natural gas will gradually strip the water film and contact the remaining oil after water
flooding in the swept area, and the remaining oil will be driven out under the action of
dissolution and extraction of natural gas. In the unswept area, the natural gas cannot
directly contact the crude oil, and the remaining oil sealed by the water film will be driven
out with difficulty. Therefore, for the development of high saturation pressure and low-
permeability reservoirs, some scholars suggest that the reservoir should be depleted first to
release the dissolved gas in the oil to expand the swept area. Then, a natural gas injection
with high pressure and low rate can be carried out to increase the action time between the
natural gas and the crude oil, so as to improve the miscibility between them [10].

Like other gas drives, natural gas flooding also has some problems which should be
solved, such as gas channeling and high MMP. Gas channeling is a common problem that
almost all gas injection projects will face [32,33]. In this paper, a conceptual homogeneous
geological model was used to study the interaction between natural gas and crude oil
during gas flooding. The main reasons causing gas channeling are a high mobility ratio
and a large density difference between injected gas and crude oil. However, in an actual
oil reservoir, formation heterogeneity and natural or hydraulic fractures can also lead to
serious gas channeling, which can greatly reduce the sweep coefficient of natural gas in
the reservoir [33]. It is necessary to take anti-gas channeling measures, such as using gels
to block the high-permeability channels, injecting foam agents to reduce the natural gas
mobility and adopting water alternating gas (WAG) injection to improve the displacement
profile [33]. In practice, these control measures can be applied in combination. In this study,
the MMP of natural gas and crude oil in block B111 is higher than the formation pressure,
which limits gas flooding performance. There are many methods that can be used to reduce
the MMP, including enhancing the enrichment degree of the injected gas, reducing the
reservoir temperature, increasing the reservoir pressure, changing the properties of the
crude oil, and strengthening the extraction and solution ability of gas in oil. Among them,
adding chemical agents to reduce MMP is the most commonly used operation, but, at
present, chemical agents have the problems of large dosage and high cost. Low-dosage,
low-cost, and environmentally friendly chemicals should be developed to reduce the MMP
of injected gas and crude oil.

As a clean and high-quality energy type, natural gas plays an important role in
optimizing the energy consumption structure, improving the atmospheric environment,
and reducing greenhouse gas emissions. In recent years, in order to improve the natural gas
industry and maintain energy security, China has vigorously carried out the construction
of natural gas storage [34]. At present, natural gas storage in China is still dominated
by gas reservoir type, and the peak regulation capacity of the reservoir for gas storage is
limited. Coupling natural gas flooding with the construction of gas storage reservoirs is
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a novel technology developed in recent years [35–37]. To build this kind of gas storage
reservoir, natural gas should be injected at the top of the oil reservoir. The oil in the
upper part of the reservoir will be driven to the lower part and produce out, gradually
forming a large secondary gas top for gas storage. This technology can achieve not only
large swept and displacement coefficients to enhance oil recovery greatly, but also form
an underground reservoir for natural gas storage. The key techniques, including anti-gas
channeling measures, the miscible capacity-improving method, wellbore integrity, ground
gathering and the transport system, still need to be further studied in the future [38].

5. Conclusions

Under static gas–oil contact conditions, natural gas has significant dissolution–diffusion
and miscibility–extraction effects on the crude oil of block B111, especially near the gas–oil
interface. The diffusion coefficient of natural gas in crude oil reaches 4.81 × 10−7 m2/s; the
content of condensate oil in gas phase is 10.14–18.53 wt%; and the content of dissolved gas
in oil phase reaches 26.17–57.73 wt%. The content of C6–C15 in condensate oil increases
significantly, and the contents of heavy components above C17 in degassed residual oil
increase significantly.

Under the reservoir’s conditions, the amount of injected natural gas saturated in crude
oil is relatively small. The effect of swelling and viscosity reduction on crude oil is limited.
As the pressure is increased with more natural gas dissolved in crude oil, the phase state of
crude oil can change from liquid to gas. Accordingly, the density and viscosity of crude oil
are greatly decreased, presenting the characteristics of a condensate gas.

The MMP of natural gas and crude oil is estimated to be larger than 40 MPa. It mainly
forms a forward-contact evaporative gas drive in block B111. The miscible state depends
on the maintenance level of formation pressure. The injected natural gas has a significant
extraction effect on the medium and light components in crude oil. The content of C2–C15
in gas phase at the gas drive front, as well as the contents of CH4 and C16+ in the residual
oil at the gas drive trailing edge, will increase markedly. Accordingly, the residual oil
density and viscosity will also increase.

On the whole, block B111 is a reservoir with a high gas–oil ratio, high saturation
pressure, small formation–saturation pressure difference, large volume factor and low
density. Natural gas injection is the best selection. Its EOR mechanisms are different from
other gases such as CO2. Hence, the development plan should be different. In addition, the
feasibility of coupling natural gas flooding with the construction of a gas storage reservoir
deserves further research in the future.
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