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ABSTRACT

An essential technology of carbon capture, utilization and storage-enhanced oil recovery (CCUS-EOR) for
tight oil reservoirs is CO, huff-puff followed by associated produced gas reinjection. In this paper, the
effects of multi-component gas on the properties and components of tight oil are studied. First, the core
displacement experiments using the CH4/CO, multi-component gas are conducted to determine the oil
displacement efficiency under different CO, and CH4 ratios. Then, a viscometer and a liquid density
balance are used to investigate the change characteristics of oil viscosity and density after multi-
component gas displacement with different CO, and CHy ratios. In addition, a laboratory scale numer-
ical model is established to validate the experimental results. Finally, a composition model of multi-stage
fractured horizontal well in tight oil reservoir considering nano-confinement effects is established to
investigate the effects of multi-component gas on the components of produced dead oil and formation
crude oil. The experimental results show that the oil displacement efficiency of multi-component gas
displacement is greater than that of single-component gas displacement. The CH4 decreases the viscosity
and density of light oil, while CO, decreases the viscosity but increases the density. And the numerical
simulation results show that CO, extracts more heavy components from the liquid phase into the vapor
phase, while CH4 extracts more light components from the liquid phase into the vapor phase during
cyclic gas injection. The multi-component gas can extract both the light components and the heavy
components from oil, and the balanced production of each component can be achieved by using multi-
component gas huff-puff.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

development of tight oil, but also achieve CO, utilization and
storage (Harpalani and Mitra, 2010; Riazi et al., 2011; Pang et al.,

The recovery by traditional waterflooding development for tight
oil reservoir is inadequate because of nano pore-throat and
extremely low permeability (Jia et al., 2012a, 2012b; Kuang et al.,
2012; Yao et al., 2013; Zou et al., 2015; Zhou et al., 2019; Wang
et al,, 2021). Gas injection development method is one of the key
strategies for EOR of tight oil reservoir. Currently, as a key carbon
capture, utilization and storage-enhanced oil recovery (CCUS-EOR)
technique, cyclic CO, injection can not only achieve effective
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2012; Han et al., 2016; Wang et al., 2017a). The simulation results
of cyclic CO; injection in tight reservoirs show that the recovery
efficiency can be increased by more than 20% (Pu et al., 2016; Yu
et al,, 2016, 2017; Song and Yang, 2017). However, the utilization
and storage efficiency of CO, are significantly decreased after
multiple rounds of cyclic CO, injection. As a result, numerous
scholars proposed CO, injection followed by associated produced
gas reinjection. The main components of associated produced gas
are CH4 and CO,. This method could considerably enhance both the
oil recovery and the effective CO, storage volume (Al Hinai et al.,
2019; Yu et al.,, 2020; Zhang et al., 2020; Jokar et al., 2021; Li
et al., 2021).

1995-8226/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:caorenyi@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2023.06.002&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2023.06.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2023.06.002
https://doi.org/10.1016/j.petsci.2023.06.002

Z.-H. Jia, R-Y. Cao, B.-Y. Wang et al.

The single-component gas used in the process of gas injection
generally includes CO,, CHy, Ny, etc. (Alquriaishi and Shokir, 2011;
Zhang et al., 2018a; Yu et al., 2019; Qiu et al., 2020; Wei et al., 2020;
Zhu et al., 2021). After CO; dissolving in formation oil, its viscosity
will decrease to one tenth of its original value, and the increase in
formation pressure caused by CO, injection will further improve
the solubility of CO;, and further reduce the viscosity of crude oil
(Crawford et al., 1978). In addition, dissolved CO, can increase the
volume of crude oil by 10—100 times (Guo et al., 2018). Generally,
CO; is in a supercritical phase state under the initial temperature
and pressure conditions of oil reservoir. The hydrocarbon compo-
nents of crude oil can be extracted to realize miscibility (Al-Riyami
et al., 2017). The EOR mechanism of CHg is similar to that of CO,. The
viscosity of crude oil can also be lowered by CH4 dissolving (Liu
et al,, 1998). It can both extract light and medium components
from crude oil, but its extraction efficiency is less than that of CO,
(Luo et al., 2001). CHy4 has better compatibility with reservoir crude
oil and can perform relatively favorable component mass transfer
(Lakatos et al., 1999). However, the solubility of CHy in crude oil is
relatively low, so it has certain advantages over CO, in maintaining
formation pressure (Duiveman et al., 2005). Ny, unlike CO, and
hydrocarbon gases, is primarily used to maintain formation pres-
sure because it is neither soluble in water nor crude oil (Hudgins
et al, 1990; Dindoruk et al, 1997; Janssen et al, 2018). The
research mentioned above indicates that CO, has the best solubility
and extraction effect, N, has the largest effect on preserving for-
mation energy, and CH4 is more compatible with reservoirs.

Due to the different EOR mechanisms of single-component gas,
the multi-component gas injection technology could combine the
advantages of different gases. Rich gas, flue gas, acid gas, and air,
etc. are typical multi-component gas (Tuta and Singhal, 1998;
Christensen et al., 2001; Rogers and Grigg, 2001; Dong and Huang,.,
2002; Wang et al., 2017b). Ning et al. (2011) studied the effects of
CO, mixture with different propane fractions on heavy oil reservoir,
and showed that propane can effectively increase the solubility of
CO; to further decrease the oil viscosity. Shyeh-Yung and Stadler
(1995) proposed that the propane will increase the solubility of
N, and improve the oil displacement efficiency. Based on PVT
analysis, Huang et al. (2019) investigated the compatibility of
several gases (CO,, associated gas, flue gas, and deoxygenated air)
after water flooding and showed that the flue gas and the deoxy-
genated air are more suited for single well huff-puff. Through the
analysis and discussion of gas injection method in shale reservoirs
in the United States, Bender and Akin (2017) showed that flue gas
injection followed by CO, injection can improve the economic
benefits. Jia and Sheng (2017) showed that rapid air injection can
produce the thermal effect more effectively and oxygen in the air
will speed up the reaction of crude oil. According to the above
research, the development performance of multi-component gas in
tight oil reservoir is better than that of single-component gas.

The pore-throat of tight oil reservoirs is in nanoscale. Through
theoretical research and a few experimental studies, many scholars
have found that complex phase behavior will occur in the reservoir
within the pore-throat radius of 1-50 nm (Ambrose et al., 2010;
Assef et al., 2019; Teklu et al., 2014; Ally et al., 2016; Dong et al.,
2016; Li and Firoozabadi, 2009; Pinho et al., 2014; Parsa et al.,
2015). Among these, the analytic equation of state (EOS) method
is currently a more complete phase prediction technique and can
more effectively be used in numerical simulation. Through the use
of the GCMC approach, Vishnyakov et al. (2001) related the pore-
throat radius and Lennard Jones parameters to critical tempera-
ture and pressure. Yang and his coworker (Yang et al., 2019; Yang
and Li, 2020) also proposed to quantitatively characterize the key
parameter offsets in the nanopore fitted from experimental data. In
order to get more precise prediction results, Zhang et al. (2018b)
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introduced the capillary force in the nanopores into the iterative
computation of EOS. Singh et al. (2009) studied the change of
gas—liquid critical properties in slit pores of inorganic substances
such as graphite and mica by GCMC method, and linked this
method with the pore-throat radius. Based on the above analysis,
the majority of scholars believe that nanopores in tight reservoirs
have an impact on the phase state of the fluid, mainly affecting the
critical parameters (Song et al., 2020; Teklu et al., 2014; Tian et al.,
2019; Zheng et al., 2021).

However, there are few studies of the change characteristics of
components and physical properties of tight oil caused by the CHy/
CO, multi-component gas. In this paper, the multi-component gas
displacement experiments and composition numerical simulation
considering nano-confinement effects are used to determine the
effects of CH4/CO, multi-component gas on components and
properties of tight oil.

2. Multi-component gas displacement experiment
2.1. Experimental materials and procedures

The oil sample used in experiments is from a tight oil reservoir
in the Ordos Basin, China. The components of the oil sample are
shown in Appendix A. The viscosity and the density are 2.24 mPa-s
and 0.803 g/cm? (53.5 °C, 10 MPa), respectively. The light fraction
C1—C3 and heavy fraction Cy;, are about 47% and 32%, which
indicate the oil sample is light oil. The experimental water is
reconfigured by distilled water according to the ionic composition
of formation water, which is also shown in Appendix A. Its density
is 0.998 g/cm® and its total salinity is 49,779 mg/L. In this experi-
ment, artificial tight cores are used. Five multi-component gas ex-
periments with different CH4 and CO, proportions are designed,
which are shown in Table 1.

2.2. Experimental equipment and process

The experiments have been separated into two parts: the first
part is the multi-component gas displacement experiments, and
the second part is the oil density and viscosity test after multi-
component gas displacement experiments. In the first part of ex-
periments, the central device is the self-developed core displace-
ment system, which consists of a core holder (Tuochuang Co., Ltd.,
0—60 MPa) and a Thermostat (Tuochuang Co., Ltd., HWX-III,
0—180 °C). The driving system and the data collection system are
both connected to the central device as well. Among them, the
driving system mainly consists of an ISCO pump (Teledyne ISCO,
Lincoln, NE, USA), an air compressor (OTS-500), and 500-mL in-
termediate containers. The data collection system is mainly used to
record the pressure, oil/gas rate and oil/gas production total. The
connection of the experimental apparatus is shown in Fig. 1. The
experimental steps are as follows.

(1) Basic preparations: The materials for the experiment, such as
the oil sample, water sample, core, etc., are prepared in
accordance with the experimental designs, and the central
device is connected and its airtightness is verified.

(2) Multicomponent gas configuration: This step is the key to the
success of the displacement experiment. Firstly, two 500-mL
intermediate containers filled with water and one 500-mL
empty intermediate container are prepared and put in the
thermostat, which is set to 53.5 °C. Then, the pump is con-
nected to the top of water-filled intermediate containers and
continues to inject water until the pressure of intermediate
containers is 12 MPa. In addition, the gas cylinder is con-
nected to the pressurization system, which is connected to
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Table 1

Multi-component gas displacement experiments.
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| water

Core sample Components of experiment gas Porosity, % Permeability, mD Length of core, cm Cross-sectional area of core, cm?
1 CO, 9 0.1 5.5 491
2 70% CO;, + 30% CHy 9 0.1 5.5 491
3 50% CO;, + 50% CHa4 9 0.1 5.5 491
4 30% CO, + 70% CH4 9 0.1 5.5 491
5 CH4 9 0.1 5.5 491
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Fig. 1. Experimental apparatus for multi-component gas displacement, including a driving system, a core displacement system, and a data collection system.

the bottom of the water-filled intermediate container. The
pressure of the pressurization system is set to 12 MPa. Next,
all the valves are opened, and the water is squeezed out from
the top of the intermediate container. The volume of each
component gas is controlled by controlling the total volume
of water being squeezed out. For example, if we want to
configure a multi-component gas with a ratio of CH4 to CO;
of 3:7. The intermediate container connected to the CHy
cylinder needs to extrude 150 mL of water, while the inter-
mediate container connected to the CO, cylinder needs to
extrude 350 mL of water. When the specific volume of the
water is squeezed out, the valves connected to corresponding
intermediate container should be immediately closed.
Finally, the pump is used to fill the different gases from the
two intermediate containers into the 500-mL empty inter-
mediate container, and the top and bottom of which are
linked to the central device and ISCO pump, respectively.
Core vacuum saturation: The cores are placed into the
chamber and vacuumed continuously for 10 h by a vacuum
pump. Open the inlet valve to fill the saturation chamber
with water. The process continues for a further 10 h to ensure
that all of the gas has been pushed out of the core.
Establishment of initial water saturation: The core is placed
into the core holder and then saturated with formation oil by
a constant-flux pump. The initial displacement rate is 0.1 mL/
min, but it is increased to 0.5 mL/min when no water flowed
out, until the oil production total reached 10 PV. Then, the
cores are heated in the thermostat at 53.5 °C (formation
temperature) for more than 4 h.

Gas displacement and date analysis: The temperature is set
to 53.5 °C, and the confining pressure is set to 10 MPa. Due to
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the difficulty in stably controlling the gas injection rate
during the gas displacement, the constant pressure
displacement method is used for the experiment. In addition,
in order to eliminate the end-effect, the displacement pres-
sure difference also needs to satisfy my < 0.6. Finally, the
displacement pressure difference is determined to be 11 MPa
and the back pressure is set to be 1 MPa. The formula of 7 is
as follows:

10 300w

T APVKa/$

where o, is the oil—water interfacial tension, mN/m; k, is the
absolute permeability, D; ¢ is the porosity; AP is the pressure dif-
ference, Pa.

The data collection system is adjusted and connected to the core
displacement system. After the ISCO pump is turned on, the multi-
component gas displacement experiments are started, and oil
production total and gas production total are recorded at fixed in-
tervals by liquid and gas flowmeter.

In the second part of the experiment, viscosimeter and density
balance are used to measure the viscosity and density of crude oil
before and after gas displacement, respectively, so as to determine
the change characteristics of multi-component gas with different
CH4/CO-, ratios on the physical properties of formation crude oil.
The experimental steps are as follows.

(1)

S

(1) Viscosity test experiment: Under the temperature of 53.5 °C
and the pressure of 10 MPa, the produced oil sample is
directly transferred to the viscometer. The viscosity of crude
oil is measured after full stirring and stabilization. The test
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experiment is repeated three times, and the average value is
used as the final value.

(2) Density test experiment: First, in order to balance the density
balance, a clean glass cylinder is filled with the distilled cold
water to 80% full, and is put in a 53.5 °C water bath. The glass
hammer hanging on the scale end is immersed into the water
in the glass cylinder and the density balance is adjusted to
equilibrium. Then, under the temperature of 53.5 °C and the
pressure of 10 MPa, the produced oil sample is directly
transferred to the density balance. After emptying the water
from the glass cylinder and wiping it clean, the test oil
sample was loaded to the same height. The dry glass hammer
was then sunk into the oil sample, and the vernier scale on
the balance arm was adjusted to balance. This resulted in the
relative density of the measured oil sample being obtained.
Finally, the test experiment is repeated three times, and the
average value is used as the test value.

2.3. Experimental result analysis

2.3.1. Characteristics of oil displacement efficiency

In all experiments, the oil displacement efficiency and gas—oil
ratio (GOR) have similar characteristics in relation to injection
volume. Fig. 2 shows the curve of oil displacement efficiency and
GOR changing with injection volume in experimental program 1.
With the increase in injection volume, the oil displacement effi-
ciency increases dramatically followed by a period of stability,
presenting a logarithmic curve trend. In stage [ (0—0.2 PV), the GOR
is stable at 30—40 m3/m?, and the oil displacement efficiency in-
creases rapidly. The oil displacement efficiency in this stage ac-
counts for about above 80% of the total oil displacement efficiency.
In stage II (0.2—0.8 PV), the inflection points of oil displacement
efficiency and GOR curve appeared, gas channeling appeared. This
phenomenon shows that the oil displacement efficiency increased
slowly, but the GOR increased rapidly. The oil displacement effi-
ciency in this stage just accounts for about below 20% of the total oil
displacement efficiency. In stage II1 (0.8—1.2 PV), the gas completely
breaks through, and the GOR rapidly increases to 6000 m*/m?, and
the oil displacement efficiency is almost unchanged.

A comparison of the oil displacement efficiency of different
experiments shows that the ultimate oil displacement efficiency of
tight reservoirs by gas displacement is above 50%. In addition, the
displacement efficiency of multi-component gas is higher than that
of single-component gas displacement. For multi-component gas
displacement, with the increase in CH4/CO> ratio, the oil displace-
ment efficiency first increases and then decreases, presenting a

60 6000

—m— Displacement efficiency
° i
3 5 { " COR : L 5000
g :
i

-% 40 ' ] | 4000 o
E : | £
5] i ' E
= 30 ! ¥ 3000 =
9] ] i 4
e Stage 1 | Stage 1I ! Stage 11l o
8 20 ge 1y Gas channeling | Gasbreak through |- 2000 (O]
K i o '
o 1 / !
(2] 1
2 1 ' ' L 1000
e | . :

L :

0 + T T T : 0

o

0.4 0.6 0.8

Injection volume, PV

Fig. 2. Curves of oil displacement efficiency and GOR changing with injection volume
in experimental program 1.
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Fig. 3. The curve of oil displacement efficiency vs. CH4/CO, ratio of multi-component
gas.

quadratic polynomial curve trend, as shown in Fig. 3. When the
ratio of CH4 to CO; is about 50% (CH4:CO, = 1:1), the oil displace-
ment efficiency is maximum, which is above 60%.

2.3.2. Change characteristics of oil density and viscosity

Under the condition of initial formation temperature (53.5 °C)
and pressure (10 MPa), the injected CO, and CH4 are both in su-
percritical state. Therefore, injected gas significantly changes the
density and viscosity of crude oil. The experimental results show
that the supercritical CH4 can decrease the viscosity and density of
light oil, while the supercritical CO, will decrease the viscosity but
increase the density of light oil. By comparing the results of
different experiments, the viscosity and density of crude oil both
decrease as the CH4/CO, ratio of multi-component gas increases, as
shown in Fig. 4. When the optimal CO,/CH4 ratio of 1:1 mentioned
in the previous section is adopted, the oil viscosity decreases from
2.24 to 1.32 mPa-s, and the oil density decreases from 0.8030 to
0.7714 g/cm®. Among them, the viscosity decreases by 41.03%,
while the density only decreases by 3.94%.

3. Numerical simulation of multi-component gas
displacement

3.1. PVTi fitting and phase state analysis considering nano-
confinement effects

In order to further determine the effects of multi-component
gas on components of crude oil during associated gas cycle-
reinjection, the numerical simulation method has been used by
the commercial compositional numerical simulator Eclipse300. The

—— Density
—e— Viscosity

Density, g/cm?®
Viscosity, mPa-s

1
0.65 ': Initial oil sample |
|1 Density: 0.803 glem® 1
| Viscosity: 2.24 mPa-s |
e e e e e I

0.60 T T T T
0 40 60 80

CH,/CO, ratio, %

L 0.5
g

100

Fig. 4. Curves of density and viscosity vs. CH4/CO, ratio of the multi-component gas.
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Fig. 5. Phase envelope of oil in matrix (50 nm nano-confinement space) and fracture
(bulk space).
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Fig. 6. Curves of density and viscosity of oil in matrix (50 nm nano-confinement space)
and fracture (bulk space).

components are split by the Whitson method and reassembled into
11 pseudo-components. The Peng—Robinson equation of state (PR-
EOS) and Lohrenz—Bray—Clark (LBC) model are used in numerical
simulation. The thermodynamic properties of each component af-
ter PVTi fitting are shown in Appendix A. The pore-throat size of
tight reservoirs ranges from several nanometers to hundreds of
nanometers, which results in a significant difference between the
phase state in the nano-confined space and that in the bulk space.
Therefore, Singh's method (Singh et al., 2009) was used in this
study to establish the correlation between the nano-pore size and
the critical parameters inflection point. The expressions are as

Petroleum Science 20 (2023) 3478—3487

follows:
. _ op o\ 2
AT = Too =Teop _  9409% 02415 (l) 2)
Ty p p
. _ op o\ 2
ap: —Po =P _ 9409 _ 2415 (l) 3)
Pcb p p
L 3 ch
;= 0.244 5 oPe (4)

where AT; is the relative critical temperature displacement,
dimensionless; AP; is the relative critical pressure displacement,
dimensionless; 1, is the pore-throat radius, nm; T, is the critical
temperature in bulk space, K; T¢p is the critical temperature in
nano-confined space, K; P, is the critical pressure in bulk space,
MPa; P, is the critical pressure in nano-confined space, MPa; dj; is
Lennard—Jones size parameters, nm.

The mean radius of matrix pores is about 50 nm. As the critical
pressure and critical temperature decreases in nano-confined
space. The calculated phase envelope considering nano-
confinement effects shrinks inward, as shown in Fig. 5.

Compared with bulk space, the viscosity and density of light oil
in 50 nm nano-confined space both decrease. At the initial reservoir
temperature and pressure, the oil density in nano-matrix decreases
by about 0.36% and the oil viscosity in nano-matrix decreases by
about 4.57%, as shown in Fig. 6.

3.2. Establishment of composition numerical model

The laboratory scale model and the model of multi-stage frac-
tured horizontal well model have been established respectively by
the commercial numerical simulator Eclipse300. The laboratory
scale model is used to validate the used parameters of numerical
simulation, such as thermodynamic parameters of each compo-
nent, relative permeability curves, etc. And the parameters of lab-
oratory scale model are totally the same as those of the cores in
Section 2.1, which is shown in Fig. 7(a). The total size of the multi-
stage fractured horizontal well model is 1600 m x 1000 m x 100 m.
The numbers of grids in the X, Y, and Z directions are 251, 50, and 10,
respectively. There is a 1400-m horizontal well with 20 fractures in
the middle of model. The parameters of the multi-stage fractured
horizontal well model are shown in Table 2. The nano-confinement
effects in nano-matrix is considered and EOS partition is carried out

(b) Multi-stage fracture
(bulk space)

EOS regions

Nano-matrix
(50 nm nano-confinement space)

Fig. 7. 3D diagram of composition numerical simulation model. (a) Laboratory scale model; (b) Multi-stage fractured horizontal well model considering EOS partition.
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Table 2

Parameters of the multi-stage fractured horizontal well model.
Parameter Value  Parameter Value
Top depth, m 1760 Initial pressure, MPa 10
Initial temperature, °C 53.5 Irreducible water saturation ~ 0.24
Porosity of matrix, % 9 Porosity of fracture, % 2
Permeability of matrix, mD 0.1 Permeability of fracture, mD 1000
Fracture length, m 600 Fracture width, m 0.01
Injection BHP, MPa 12 Production BHP, MPa 1

70

60

50 1

40 1

30 1 ® CH, experiment
M CO,experiment
20 1 A Multi-component gas experiment
——— CH, numerical simulation
10 ——— CO, numerical simulation

Oil displacement efficiency, %

Multi-component gas numerical simulation
0 T T T T T
0 0.2 0.4 0.6 0.8 1.0 1.2

Injection volume, PV

Fig. 8. Curves of oil displacement efficiency calculated by numerical simulation, which
is validated by experimental results of gas displacement.

in the model, as shown in Fig. 7(b). This numerical simulation fo-
cuses on comparing the changes of components, density, and vis-
cosity after pure component gas huff-puff (CHg, CO3) and multi-

Petroleum Science 20 (2023) 3478—3487

component gas huff-puff (50% CO, + 50% CH4). The model is
developed by 60 days of natural depletion followed by five rounds
of gas huff-puff.

3.3. Laboratory scale model validation

In order to validate the reliability of the numerical simulation
model and determine the parameters used in multi-stage fractured
horizontal well model, the laboratory scale simulation has been
carried out in this section. CH4 displacement, CO, displacement,
multi-component gas (50% CHs + 50% CO,) displacement are
simulated by laboratory scale models, respectively. We fit the nu-
merical model with experimental results by modifying the rock and
fluid parameters, which is shown in Fig. 8. Then, the modified rock
and fluid parameters are used in the multi-stage fractured hori-
zontal well model.

3.4. Result analysis and discussion

3.4.1. Distributions of oil components

The components, Cy, C4—Cg and Cyp., are selected as light hy-
drocarbon component, medium hydrocarbon component, and
heavy hydrocarbon component. Fig. 9 shows the distributions of
light, medium, heavy components in the liquid phase. Comparing
the CO, huff-puff and CHy4 huff-puff, the sweep area of CO, huff-puff
is smaller than that of CH4 huff-puff. And CO, and CH4 mainly
spread in matrix near the fractures. However, CO, extracts more
heavy components from oil, but CH4 extracts more light compo-
nents from oil during cyclic injection. This means heavy compo-
nents are moved to the vapor phase with CO, injection, while light

Molar fraction of each component, mol%

Natural depletion

Ci—Cs

CO, huff-puff

Cs—Cs

IR0

CH, huff-puff

Ci—Cs

50% CO,+50% CH,
huff-puff

0000000000000 00 00000

00000000000000000000

CZO+

00000000000 000000000

Cao.

VARMRNONANONANANINN

CZD+

10000000000000000000

Fig. 9. Distributions of light, medium and heavy components in the liquid phase after different development methods.
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Fig. 10. Histogram of components of dead oil produced by different development
methods, including natural depletion, CO, huff-puff, CH4 huff-puff, and 50% CO, + 50%
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components are moved to the liquid phase with CH4 injection.
Therefore, multi-component gas could both extract the light com-
ponents and heavy components from oil.

3.4.2. Component analysis of produced dead oil

Fig. 10 shows that the components of dead oil produced by
different development methods at different stages. In the process of
CH4 huff-puff, gas production is higher and oil production is lower,
indicating that CH4 has a poor ability to replace crude oil. The
components of dead oil produced by natural depletion are
compared with those produced by 5 gas huff-puff cycles. After CHy
huff-huff, the light components, C; and Cs, and the medium com-
ponents, C4—Cg, decrease rapidly, while the heavy components Cy1
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increase. The experimental result indicated the dead oil produced
by CHy is getting heavier and heavier, and CH4 could extract light
and medium components from light oil. After CO, huff-huff, the
light, medium components remained basically unchanged, while
the C7, components increase slightly, indicating that CO, could
extract heavy components of crude oil. After 50% CO; + 50% CHy4
huff-puff, the components of produced dead oil have little change.

After multiple rounds of CH4 huff-puff, the density and viscosity
of the produced dead oil increases by 1.33% and 9.47%, respectively.
After multiple rounds of CO; huff and puff, the density and viscosity
of the produced dead oil increases by 0.08% and 1.00%, respectively,
indicating that multiple rounds of CH4 huff-puff and CO, huff-puff
will lead to heavier component of produced dead oil. However,
after multiple rounds of 50% CO, + 50% CH4 huff-puff, the density
and viscosity of the produced dead oil remain basically unchanged,
thus effectively maintaining the high flow capacity of the produced
dead oil, as shown in Fig. 11.

3.4.3. Component analysis of formation oil

The components of formation oil in fracture and matrix near the
fracture under different development stages are compared, as
shown in Fig. 12. In the process of natural depletion development,
the molar fractions of light components, C;, C3, and Cs in the oil
phase decrease, while the medium and heavy components increase
significantly, indicating that the light components are developed
first and the heavy components remain in the formation. Further-
more, comparing the components of formation oil in the nano-
matrix and the fracture, the molar fractions of light components
in the oil phase in the matrix is greater than that in the fracture,
while the molar fractions of light components in the oil phase in the
matrix is less than that in the fracture, indicating that the light
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Fig. 11. Histograms of properties of dead oil produced by different development methods. (a) Density; (b) Viscosity.
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components in the fracture are first produced and the light com-
ponents in the matrix gradually flow into the fracture. By further
comparing the component changes of formation oil after single-
component gas huff-puff, it can be seen that CH4 content in the
matrix is greater than that in the fracture after CH4 huff-puff, and
CO, content in the matrix is also greater than that in the fracture
after CO, huff-puff, indicating that the injected gas transfers to the
matrix and extracts the hydrocarbon components of formation oil.
Comparing the component changes of formation oil after depletion
development and 50% CO, + 50% CH,4 huff-puff, it can be seen that
the oil components in matrix and fracture remain basically un-
changed, indicating that the balanced production of each compo-
nent of crude oil can be achieved by using multi-component gas
huff-puff.

4. Conclusions

In this paper, the effects of CH4/CO, multi-component gas on the
properties and components of crude oil are investigated through
physical experiments and nano-confinement composition numer-
ical simulation. The main conclusions of this work are as follows.

(1) The oil displacement efficiency of multi-component gas is
higher than that of single-component gas. When the ratio of
CH4 to CO; is about 50% (CH4: CO, = 1:1), the oil displace-
ment efficiency is maximum.

(2) The supercritical CH4 decreases the viscosity and density of
light oil, while the supercritical CO, decreases the viscosity
but increases the density of light oil. When the multi-
component gas with 50% CO, and 50% CH4 is used in
displacement experiment, the oil viscosity decreases by
41.03%, while the oil density only decreases by 3.94%.

(3) CH4 mainly extracts the light components from the liquid
phase into the vapor phase, which leads to heavier compo-
nent of produced dead oil and more gas production total. CO,
mainly extracts the medium and heavy components from the

Table A1
Composition of oil sample

Petroleum Science 20 (2023) 3478—3487

liquid phase into the vapor phase, which leads to less heavy
components in produced dead oil and more oil production
total. CH4/CO, multi-component gas can extract both the
light components and heavy components from the liquid
phase to the vapor phase, and the balanced production of
each component can be achieved using multi-component gas
huff-puff.
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Appendix A. Composition of oil and water samples

The composition of oil and water samples used in experiments
are shown in Table A1 and Table A2, respectively. The composition
and thermodynamic properties used in composition numerical
simulation are shown in Table A3.

Composition Molar fraction of oil after flash separation, mol% Molar fraction of gas after flash separation, mol% Molar fraction of well fluid, mol%
Ny 0.000 3.262 1.615
CO, 0.000 0.621 0.308
G 0.364 47.210 23.554
C, 0.421 13.139 6.717
Cs 2.386 19.569 10.892
i-Cy 0.533 2.773 1.642
n-Cy 1.225 7.392 4278
i-Cs 1.289 1.819 1.551
n-Cs 1.606 2.028 1.815
Ce 3.690 1.422 2.567
Cy 5327 0.571 2.973
Cs 8.381 0.193 4.328
Cy 6.001 0.000 3.030
Cio 5.160 0.000 2.606
Ci1s 63.617 0.000 32.125
Table A2
Ionic composition of formation water.
Composition, mg/L Total salinity, mg/L
K" + Na* Ca% Mg?* cl S0% HCO3
16207 2528 270 29703 734 337 49779
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Table A3
Thermodynamic properties of 11 pseudo-components after PVTi fitting

Petroleum Science 20 (2023) 3478—3487

Pseudo-components  Molar fraction, mol%  Critical temperature, K

Critical pressure, MPa

Acentric factor  Molecular weight, g/mol  Critical volume, cm?/g

N, 1.615 126.200 3.394 0.040 28.013 88.750
CO, 0.308 304.700 7387 0.225 44.010 93.074
C 23.554 190.600 4.604 0.013 16.043 99.606
Cy 6.717 305.430 4.884 0.099 30.070 146.676
Cs 10.892 369.800 4.246 0.152 44.097 201.026
C4—Cs 11.853 441.907 3.467 0.193 67.711 290.438
C;—Cyo 12.937 585.626 2.742 0.332 113.190 465.723
C11—Ci2 3.260 634.545 2.133 0.502 153.812 612.872
C13—Cig 3.140 677.019 1.844 0.599 182.711 731.390
C15—Cio 6.140 739.520 1.489 0.759 231.885 933.483
Cao, 19.584 1008.084 0.556 1.486 1092.880 4303.300
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