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The successful development of tight oil reservoirs in the U.S. shows the bright future of unconventional reservoirs. Tight oil
reservoirs will be the main target of exploration and development in the future, and CO, huff-n-puff is one of the most
important methods to enhance oil recovery factor of tight oil reservoirs in North America. To improve the performance of CO,
huff-n-puff, injection and production parameters need to be optimized through numerical simulation. The phase behavior and
microscopic flow mechanism of CO, huff-n-puff in porous media need to be further investigated. This paper presents a detailed
review of phase behavior and microscopic flow mechanism in tight porous media by CO, huff-n-puff. Phase behavior in tight
porous media is different from that in a PVT cylinder since the capillary pressure in tight porous media reduces the bubble
point pressure and increases the miscibility pressure and critical temperature. The condensate pressure in tight porous media
and nonequilibrium phase behavior need to be further investigated. The microscopic flow mechanism during CO, huff-n-puff in
tight porous media is complicated, and the impact of molecular diffusion, gas-liquid interaction, and fluid-rock interaction on
multiphase flow is significant especially in tight porous media. Nuclear magnetic resonance (NMR) and molecular simulation
are efficient methods to describe the microscopic flow in tight oil reservoirs, while the NMR is not cost-effective and molecular
simulation needs to be improved to better characterize and model the feature of porous media. The improved molecular
simulation is still a feasible method to understand the microscopic flow mechanism of CO, huff-n-puff in tight oil reservoirs in
the near future. The microscopic flow model in micropore network based on digital core is worth to be established, and phase
behavior needs to be further incorporated into the microscopic flow model of CO, huff-n-puff in tight porous media.

1. Introduction

The depletion of conventional oil resources makes it hard to
meet the requirement of human activity and industry, and
unconventional oil reservoirs (e.g., tight oil, shale oil) have
become the significant sources of energy supplement [1-5].
Tight oil reservoirs have been considered as the most prom-
ising resources among unconventional oil reservoirs. At pres-
ent, the main method to exploit tight oil reservoirs is primary
depletion after massive hydraulic fracturing along long hori-
zontal wells, but the primary recovery factor is only 5%~10%

[6-10]. Successful development of tight oil reservoirs has
been achieved in North America (e.g., Bakken Basin, Perm-
ian Basin, and Eagle Ford) by using CO, huff-n-puft [11-17].

CO, huff-n-puft has several advantages for improving the
oil recovery of tight oil reservoirs. Firstly, compared with
waterflooding, CO, molecules can enter into the micro pores
more easily at the same injection pressure and CO, huff-n-
puff can avoid water-sensitive effects. Secondly, low miscibility
pressure of CO, in crude oil makes it easy to achieve miscible
state, which reduces the viscosity of crude oil [18-20]. Thirdly,
the consumption volume of CO, is relatively small, and the oil
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increment is significant [21, 22]. Ma et al. [23] conducted
physical simulation experiments of CO, huff-n-puff and N,
huff-n-puff in tight oil core. The results showed that the oil
recovery factor of through CO, huff-n-puff is about five to
eight times higher than that of primary depletion, and the
cumulative oil recovery factor of tight oil core through CO,
huff-n-puft is higher than that through N, huff-n-puff.

CO, huff-n-puff has attracted extensive attention in
recent years. On the one hand, numerical simulation has
been performed to optimize injection and production param-
eters [24-26]. On the other hand, physical experiments have
been conducted to investigate the phase behavior and micro-
scopic flow mechanism to improve the CO, huff-n-puft per-
formance in tight oil reservoirs [27]. The phase behavior in a
PVT cylinder is different from that in porous media. Previous
studies about phase behavior in tight porous media are
mainly based on the principle of flash equilibrium [28].
Recently, gas breakthrough has been observed for CO,
huft-n-puff in tight oil reservoirs. NMR and molecular
simulation are used to investigate this. In addition, core
experiments, mathematical models, etc. are used, which pro-
vide new ways for the study.

This paper firstly reviews the mechanism and dominated
factors of enhancing oil recovery by CO, huff-n-puff. Then, it
presents a detailed review of phase behavior and gives the
achievements of microscopic flow mechanism in tight
porous media by CO, huff-n-puff through different
research methods.

2. Mechanism and Dominated Factors of
Enhancing Oil Recovery by CO, Huff-n-Puff

2.1. Mechanism of Enhancing Oil Recovery through CO, Huff-
n-Puff. Studies on the main mechanism of enhancing oil
recovery through CO, huff-n-puff in tight oil reservoirs are
dominated from Bakken basin in the U.S. [1, 11, 12]. CO,
huft-n-puff is implemented in Bakken tight oil reservoirs
after massive hydraulic fracturing. CO, transports in the
fracture network firstly (see Figure 1(a)) and then infiltrates
into the matrix. Meanwhile, some crude oil is pushed into
the deep matrix by CO, (see Figure 1(b)). The expansion of
CO, after CO, enters the matrix allows some of the crude
oil in the matrix to flow into the fracture. There are also dif-
ferences of gradient mass or concentration of CO, and light
components in the oil and gas phase during the CO, huff
and soaking stage. CO, moves from the gas phase to the oil
phase, while light components move from the matrix to the
fractures [29] (see Figure 2). CO, completely penetrates into
the matrix and mixes with crude oil as soaking time
increases. More oil flow into the fractures with the further
expansion of CO,. The reinflation of CO, pushes crude oil
from the matrix flowing towards the fractures with the
decrease of reservoir pressure caused by oil production. The
functions of CO, huff-n-puff are mainly reflected in the injec-
tion stage (pressure supplement), the soaking stage (the disso-
lution and diffusion), and the production stage (the dissolved
gas driving) [30].

The testing analysis of crude oil from YP1-7 well in Fuyu
oilfield indicated that the injected CO, changed the physical
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properties of crude oil. The light components are increased
after CO, huff-n-puff, while the heavy components are
reduced. The viscosity of surface crude oil decreases by
50.7%, which enhances the flow ability of crude oil. The func-
tions of CO, huft-n-puff in Fuyu tight oil reservoir are mainly
reflected in the extraction on heavy components of crude oil,
the viscosity reduction during miscibility, and the enhance-
ment of the formation permeability [32].

CO, is also suggested for the exploitation of heavy oil res-
ervoirs in EOR [33]. Jia et al. [34] points that bubbles appear
and then been wrapped by resin and asphaltene, which forms
the semisolid membrane. The membrane prevents bubble
growing into a continuous phase, so “foamy oil” forms at this
time. Viscosity of crude oil is obviously decreased, which
contributes a lot to a high oil recovery factor [35].

A lot of the parameters (e.g., injection pressure, injection
rate, fracture length, soaking pressure, and time of each cycle)
are optimized by numerical simulations after understanding
the physical mechanism of CO, huff-n-puff in tight oil

reservoirs.

2.2. Dominated Factors for CO, Huff-n-Puff in Tight Oil
Reservoirs. Zuloaga et al. [36] established a numerical reser-
voir simulation model referring to the fluid and formation
data from middle Bakken formation. It was found that the
incremental oil recovery factor of tight oil reservoir by CO,
huft-n-puff is higher than that of CO, flooding when the per-
meability is lower than 0.03 mD (see Figure 3). CO, flooding
is preferred when formation permeability exceeds 0.03 mD.

Sun et al. [37] simulated CO, huff-n-puff after fracturing
in horizontal wells of middle Bakken oilfield by using the
embedded discrete fracture model. The results suggested that
CO, diffusivity had a greater influence on oil production than
the number of cycles, injection time, etc. (see Figure 4). Jia
et al. [1] built a CMG-GEM model based on the geological
and PVT data from Bakken formation, and found that
molecular diffusion plays a significant role for enhancing oil
recovery factor. A maximum of 39% underestimation of oil
recovery will be caused if molecular diffusion is ignored in
the study.

Wang [38] pointed out that the properties of crude oil
under formation condition became better, and its saturation
pressure and volume coefficient are increased with the
increase of CO, injection volume. The degree of reserve
recovery becomes greater with the increase of the soaking
pressure (Figure 5), but the CO, consumption per unit of
oil production also becomes higher. The low viscosity of
crude oil and the long soaking time contribute a lot to the
final recovery factor of the tight oil reservoir through CO,
huff-n-puff.

Yang et al. [39] simulated the CO, huff-n-puff in a tight
oil reservoir by means of physical simulation experiment.
The final recovery factor of CO, huff-n-puff is 12.5% higher
than that of elastic production. The tight oil reservoirs in
Xinjiang show medium to strong water sensitivity. To
improve the tight oil recovery factor after depletion develop-
ment, Ma et al. [23] carried out a physical simulation exper-
iment of CO, huff-n-puff in the laboratory. The analyses
show that more depletion energy is released by dissolved
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F1GURE 1: Two stages of CO, huff-n-puff process in fractured tight oil reservoir [31].
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FIGURE 2: Mass transfer between oil and gas [29].

30

factor (%)

Incremental oil recovery

-10
0.001 0.01 0.1

Permeability (mD)

—a— Huff-n-puff
—e— Flooding

F1GURE 3: Comparison of incremental oil recovery factor between
CO, flooding and CO, huff-n-puff for the range of permeability
from 0.001 mD to 0.1mD [36] (it was calculated by subtracting
the oil recovery factor of base case without CO, injection).

CO, expansion with a lower the production pressure, which
results in a higher oil production and a greater cumulative
recovery factor. The cumulative recovery factor of CO, huff-
n-puff is increased by 16%~34%, which is about five to eight
times of the recovery factor by primary depletion (see Figure 6).

Liu [40] carried out laboratory experiments and field tests
for Gaotaizi tight oil reservoir in Songliao Basin. The results
showed that CO, huff-n-puff has good adaptability and is

an effective measure to improve the recovery factor of tight
oil reservoirs. The parameters (CO, huff-n-puff time, injec-
tion rate, total injection volume, soaking time, and produc-
tion flow pressure) were optimized to provide references for
the production based on the evaluation of oil increment
and oil exchange rate and the production dynamic analysis.
In addition, parameters need to be optimized including peri-
odic injection volume, injection pressure, and soaking pres-
sure [29]. Ma et al. [41] found that injecting 0.1 PV CO, in
the first cycle and carrying three cycles is the optimal eco-
nomic scheme through the core experiment of Ordos tight
oil reservoir. The scheme can improve the recovery factor
up to 34.65%.

The above numerical simulations and experiments show
that CO, huff-n-puff is a feasible technology to improve the
recovery factor of tight oil reservoirs. Soaking time and
CO, diftusivity are two dominated factors for CO, huft-n-
puffin tight oil reservoirs. The phase behavior in tight porous
media and microscopic flow mechanism plays an important
role in updating of engineering software, so the difference of
phase behavior and microscopic flow mechanism in tight
porous media cannot be ignored in the numerical simulations.

3. Phase Behavior in Tight Porous Media

The effect of tight porous media on fluid phase behavior can-
not be ignored. Recently, theoretical studies are carried out
on phase behavior in tight porous media, which mainly base
on the principle of flash equilibrium and consider factors
such as capillary pressure, adsorption of hydrocarbons on
the surface of porous media, migration of critical parameters
for hydrocarbon components, and pore structure distribu-
tion of porous media [28, 42].

It is necessary to consider the wall effect of the pores,
including the influence of capillary pressure and adsorption
when simulating PVT experiments of shale oil. The oil
recovery factor is reduced due to the adsorption of heavy
oil recombination on the pore wall [43]. Lemus et al. [43]
pointed that bubble point pressure will decrease because of
capillary pressure. Nojabaei et al. [44] considered the effect
of small pores on bubble point pressure and dew point pres-
sure. The calculated three curves with different pore sizes
indicate that the bubble point pressure decreases as the pore
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FIGURE 4: Rank of impacts of five uncertain parameters on incremental oil recovery factor [37].
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FIGURE 5: The relationship between degree of reserve recovery and time under different soaking pressure [38].

size is becoming smaller, especially at the lower temperature
(see Figure 7). Besides, the dew point pressure increases if the
pressure is greater than that determined at the cricon-
dentherm, but decreases when pressure is lower than calcu-
lated at cricondentherm. Yang and Li [45] corrected the
effects of molecular-wall interaction and geometric con-
straints on molecular-wall interaction. They carried out
numerical simulation of the natural gas huff-n-puff in middle
Bakken formation. The results show that the phase envelope
of fluids in the reservoir tends to shrink. Under the condition
of reservoir temperature, the bubble point pressure of the
middle Bakken oil decreased by 17.32% considering the con-
finement effect. Sheng et al. [46] found that the bubble point
temperature of crude oil increases with the pore diameter
becoming smaller. Pang et al. [47] established a theoretical
model to predict bubble point and dew point of oil in tight
reservoirs. The calculation results show that the bubble point
decreases as permeability becomes poor due to the increase of

capillary pressure (see Figure 8(a)). Compared with Nojabaei
et al. [44], the method proposed by Pang et al. [47] is more
practical because permeability is often used in petroleum
industry. Besides, the dew point increases in the upper dew
point interval but decreases in the lower dew point interval
(see Figure 8(b)). Wu et al. [48] studied CO, injection in mid-
dle Bakken reservoir and found that bubble point pressure
and minimum miscibility pressure (MMP) decreased with
the increase of pore size. Zhu [49] found that the diffusion
rate of oil and gas decreased while the pore size became
smaller, and the inflection point pressure of displacement
efficiency of n-decane was slightly larger than that of the
MMP of the system in the PVT cylinder, which proved the
effect of porous media on the MMP of n-decane. Yu et al.
[50] studied the impact of injected gas composition on misci-
bility pressure, and found that the methane and nitrogen
increased the miscibility pressure and delay the miscibility
or near-miscibility between CO, and crude oil.
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FiGure 7: The relationship between bubble point pressure and
temperature considering capillary pressure [44].

Studies have shown that the critical temperature and pore
size are linearly negatively correlated. The capillary pressure
reduces the bubble point pressure and the critical parameters.
Jiang [28] compared the PVT experiment and the phase
behavior experiment of fluid in porous medium. The bubble
point pressure in porous medium was lower than that in the
measured value in PVT cylinder after the crude oil was satu-
rated with CO,, and the bubble point pressure reduction
increases with the decrease of dissolved CO, and decrease
of the core permeability. The results of phase behavior in
tight porous media are summarized in Table 1. Generally,
reduction of bubble point pressure, the bubble point temper-
ature, and the MMP increase as permeability of porous
media becomes lower.

It is difficult to observe the change of material in tight
porous media directly by conventional measurement methods

oil saturation in cores after immiscible flooding was signifi-
cantly higher than that after miscible flooding. Therefore, mis-
cible flooding should be used to improve the recovery factor of
tight oil reservoirs. There is an optimal gas injection volume,
beyond which the increase of oil recovery factor is little (see
Figure 9). In addition, Li et al. [51] also found that increasing
CO, injection rate under miscibility condition had little influ-
ence on displacement efliciency. It indicates that when the
miscibility pressure is achieved, it almost realizes a first contact
miscibility with crude oil in porous media.

Although several important parameters of fluid phase
behavior in tight porous media have been studied, the differ-
ence of the condensate pressure in the tight porous media
from that in a PVT cylinder needs to be studied, which is sig-
nificant for the development of gas-condensate reservoirs.
Nonequilibrium phase behavior and the influence of capil-
lary pressure on phase behavior need to be further investi-
gated to obtain more reliable and accurate results.

4. Microscopic Flow in Tight Oil Reservoirs

The microscopic flow of oil and injected gas in tight oil reser-
voirs has received much attention since the microscopic fluid
flow is different from that in conventional reservoirs due to
the small pore size [53-55]. Therefore, multiple experimental
methods have been used to investigate the microscopic flow
mechanism in tight oil reservoirs. At present, NMR experi-
ments, molecular simulations, and other methods have been
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TABLE 1: Summary of the study on phase behavior in tight porous media.
Objects Reference Results
Wall effect Sandoval et al. [43] It is necessary to consider the wall effect while simulating PVT
Lemus et al. [43] experiment of shale oil.
. The pressure reduction of bubble point pressure in porous media
Jiang [28] . 1.
increases as the core permeability decreases.
Lemus et al. [43] The bubble point pressure decreases because of the capillary pressure.
Bubble point Nojabaei et al. [44] The bubble point pressure decreases especially at the lower temperature.
ubble poin
P Yang and Li [45] The phase envelope tends to shrink. The bubble point pressure of middle
& Bakken oil decreases by 17.32% when the constraint effect is taken into account.
Pang et al. [47] The bubble point decreases due to the capillary pressure.
Wu et al. [48] The bubble point pressure decreases with the increase of pore size.
Pang et al. [47] The dew point increases due to the capillary pressure.
Dew point There is either a decrease or increase for dew point pressure considering

the effect of small pores.

Bubble point temperature Sheng et al. [46]

The bubble point temperature increases as the pore diameter becomes smaller.

Wu et al. [48]

The MMP decreases with the increase of pore size.

Minimum miscibility pressure Zhu [49]
Yu et al. [50] The impurity gas increases the miscibility pressure.
Critical temperature Jiang [28] The critical temperature has a linear negative correlation with the pore size.

used to analyze the microscopic flow of CO, huff-n-puff in

tight reservoirs.

lyzed eight cycles of CO, huff-n-puftf by NMR spectroscopy
and found that the crude oil in large pores was produced
firstly, and then oil from small pores was produced gradually

4.1. NMR Experiments. NMR spectroscopy can be used to
quantitatively analyze changes of fluid distribution, which is
convenient for studying changes of oil saturation during
CO, huft-n-puffin tight oil reservoirs [56]. Ma et al. [23] ana-

with the increase of CO, huff-n-puff cycles (see Figure 10).
Therefore, the proportion of crude oil produced from the
large pores decreases, while the proportion of crude oil pro-
duced from the small pores increases gradually. Wang et al.
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F1Gure 9: CT scanning images of residual oil at different CO, injection volumes [51].
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F1GURE 10: NMR spectroscopy of residual oil after different CO, huff-n-puff cycles [23].

[57] pointed out that crude oil flowed out to the core surface
due to the expansion of CO, after CO, injection, which
caused the relaxation time of oil less than the original
645ms. In the first exposure experiment, the oil in each
pore can be mobilized with the increase of the exposure
time. More oil was produced from the macro pores
(29ms < T,<645ms) than that from the micro pores
(T, <29ms) (see Figure 11).

Chen etal. [58] performed experiment using online NMR
spectrometers and concluded that residual oil in tight cores is
mainly distributed in pores with pore diameters below
0.1 ym after CO, displacement. Xiao et al. [59] analyzed
immiscible flooding of CO, in tight oil formation using phys-
ical simulation experiments and NMR. They pointed out that
reducing asphaltene precipitation is essential to prevent core
permeability reduction.

NMR experiments are applied to analyze the pore size
distribution, residual oil distribution, and permeability
changes. It can quickly quantify multiple indexes at the same
time to better analyze the microscopic flow mechanism by
NMR. However, the NMR experiment costs a lot compared
with other methods. Besides, the core analyzed by NMR
equipment is so small that it can only reflect microscopic flow
in limited area in tight oil reservoirs. The main conclusions of

microscopic flow in tight porous media by NMR are summa-
rized in Table 2.

4.2. Molecular Simulation. Traditional methods are hard to
analyze adsorption and flow characteristics of tight oil
reservoirs due to the limitations of large proportion nano-
pores in tight oil reservoirs. With the development of
computer science, molecular simulation has attracted wide
attention to be recognized as a feasible method to investigate
microscopic flow in tight oil reservoirs [60-62]. Guo [63]
used the nonequilibrium molecular dynamics to simulate
the flow of alkanes in quartz pores and dolomite pores.
Results show that the velocity profiles of alkanes in quartz
pores and dolomite pores are parabolic, and the velocity of
alkane increases with the increase of driving force or pore
width. n-Pentane flows in quartz pores tends to slip, and
the slip length increases with the increase of driving force,
but decreases firstly and then tends to be stable with the
increase of pore width (see Figure 12). However, no slip
occurs in dolomite pores. The flow rate of n-pentane in two
types of pores shows a nonlinear trend with the change of
pressure gradient, in which convectional flow rules described
by Darcy’s law are not applicable.
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TABLE 2: Summary of microscopic flow mechanisms by NMR.

Research contents Reference Main conclusions
The crude oil in the large pore is first produced, and then the crude
Ma [23] oil in the small pore is gradually produced under the action

Oil flowing process

Wang et al. [57]

of concentration difference and molecular diffusion.

The crude oil flows out to the core surface due to the expansion of CO,.

The oil in each pore can be mobilized with the increase of the
exposure time in the first exposure experiment.

Residual oil distribution Chen et al. [58]

After CO, displacement, residual oil was mainly distributed in pores

with pore diameter below 0.1 ym.

Permeability Xiao et al. [59]

Reducing the damage of asphaltene deposits to the core permeability

is very important for improving oil recovery factor.
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F1GURE 12: The relation between slip length and pore width of n-
pentane flowing in quartz pore [63].

Slip phenomenon occurs when gas flows through porous
media, especially in unconventional reservoirs [64]. Duan
et al. [65] proposed an apparent permeability model to
describe the gas flow in tight pores considering the boundary
layer. The result shows that the velocity profile is plunger-
like, and the velocity of gas molecules at the wall is consistent
with that of free phase gas molecules (see Figure 13). This
indicates that the slippage of gas molecules is significant at
the wall. With the increase of pressure, the slippage phenom-
enon disappears gradually.

Zhu et al. [66] studied the CO, huff-n-puff with Niobrara
samples saturated with C,, and C,, by molecular dynamics
simulation and found that CO, molecules could replace C,,
and C,, on the surface of calcite, which results in desorption
and flow of hydrocarbon molecules. To analyze CO, huff-n-
puff in organic shale, Ali et al. [67] created the kerogen
molecular structure and simulated CO, huff-n-puff in shale
saturated with dodecane by molecular dynamics. The results
indicate that there is an optimal soaking time after which the
recovery factor is not affected by soaking time anymore.
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Additionally, CO, is more easily adsorbed than dodecane so
that dodecane is replaced by CO,. Fang et al. [68] simulated
the process of CO, extracting hydrocarbon with reservoir
depressurization by molecular dynamics. The calculation
results show that the extraction amount of the alkane is dif-
ferent with depressurization rate changes. An appropriate
depressurization rate can keep extraction at a high value
(see Figure 14).

Molecular simulation can be used to analyze the flow
velocity, flow rate, slip, adsorption, and extraction during
CO, huff-n-puft in tight oil reservoirs. But only small-scale
molecular simulation is available due to the complicated
and large-scale calculation at present. The composition of
porous media and fluid simulated by molecular simulation
is relatively simple compared with the real situation. Besides,
pore shapes are diverse and the surface of pore is rough,
which needs to be taken into account for molecular simula-
tion [69]. Hence, the molecular simulation needs to be
improved to better model microscopic flow and achieve more
accurate results. The results of microscopic flow in tight
porous media by molecular simulation are summarized in
Table 3.

4.3. Other Methods. Other methods are also used to study the
microscopic flow besides NMR and molecular simulation.

Zhou et al. [70] pointed out that sand filling model shows
poor reference to the application in tight oil reservoirs so that
the outcrop plate model was applied to discuss the influence
of injection pressure on CO, huff-n-puff. When CO, is
injected with a pressure lower than miscibility pressure,
CO, enters the matrix in a free state, causing CO, fingering
in the porous media. And CO, is dissolved in the crude oil
after soaking at a pressure higher than the miscibility pres-
sure. Some crude oil traps the free CO, inside the matrix.
In the production stage, the free CO, forms gas driving
directly with pressure decreasing, which is beneficial to
improve the EOR efficiency. Nguyen et al. [71] conducted
direct visualization experiments with a microfluidic system.
Results show that the efficiency of huff-n-puft depends on
the solubility and miscibility of injected gas in crude oil.
CO, is more soluble in crude oil than N,. During the
production stage, CO, can form more bubbles in the fracture
network, which gradually expand with the local mass trans-
ferring between gas and liquid. With pressure reduction,
bubbles displace the crude oil (see Figure 15). Alfarge et al.
[72] confirmed that molecular diffusion is the main factor
to control CO, EOR in shale through comprehensive exper-
imental investigation, field test data, and numerical simula-
tion. Through core experiments, it is speculated that the
exposure time and contact area between the injected CO,



10 Geofluids
TaBLE 3: Summary of microscopic flow mechanisms by molecular simulation.
Objects Reference Results
In quartz pores and dolomite pores, the flow velocity profile
Guo [63] of alkane is parabolic, and the flow velocity of alkane increases

Flow velocity

Duan et al. [65]

with the increase of driving force or pore width.

The velocity profile is plunger-like, and the velocity of gas
molecules at the wall is consistent with that of free gas molecules.

The slip length of n-pentane flowing in quartz pores increases

I Guo [63] with the increase of driving force, and decreases firstly and then tends to
Slip be stable as the pore width increases.

Duan et al. [65] The slippage phenomenon disappears gradually as the pressure increases.
Flow rate Guo [63] The flow rate'of n-pentane in pores shows a .nonhnear trend

with the change of pressure gradient.
i Zhu et al. [66] CO, could replace C,, and C,, from the surface of calcite.
Desorption .
Ali et al. [67] Dodecane could be replaced by CO, from the pore wall.

Extraction Fang et al. [68] An appropriate depressurization rate can keep extraction at a high status.

A [Initial oil saturation, P = 10 MPa

C Oil saturation = 92%, P = 3.5 MPa

D Oil saturation = 85%, P = 2.8 MPa A Initial oil saturation, P = 10 MPa D Oil saturation = 15%, P = 2.5 MPa

3 vmsmaren oy 4T o v

B Oil saturation = 82%, P = 7 MPa Qil saturation = 10%, P = 2 MPa

F Oil saturation = 60%, P = 0.2 MPa C Oil saturation = 40%, P = 5 MPa F  Oil saturation = 5%, P = 1 MPa

(a) N, huff-n-puft

(b) CO, huff-n-puft

FIGURE 15: Images in visual fracture networks during depressurization [71].

and the target formation need to be significantly increased to
achieve better EOR performance during the CO, huff-n-puff.
Liet al. [73] studied the penetration depth of CO, huft-n-puft
in tight oil reservoirs based on core experiments and numer-
ical simulation. The results showed that the penetration
depth of CO, in the first cycle was 105.6 ft and the penetra-
tion volume was approximately 36% of the reservoir volume
in reservoirs where the hydraulic fracture spacing was 600 ft.

Natural fracture spacing shows the greatest impact on the
penetration depth.

Most of the pre-Darcy flow models may cause errors due
to the improvement of crude oil properties with CO, injec-
tion in simulation of the nonlinear flow degree. Based on
the high-precision experimental data of representative cores
in Fuyu reservoir, Wang et al. [74] proposed a new pre-
Darcy model to characterize the influence of CO, huff-n-
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TaBLE 4: Summary of microscopic flow mechanisms by other methods.

Methods Reference

Main conclusions

Experiments

Outcrop plate model experiment Zhou et al. [70]

Direct visualization experiments with a

microfluidic system Nguyen et al. [71]

Core experiment Alfarge et al. [72]

Core experiment and numerical simulation Li et al. [73]

Theory

Pre-Darcy model Wang et al. [74]

Mathematical model Chen et al. [75]

To inject CO, at pressure lower than miscible pressure, which is
conducive to CO, fingering into the reservoir and driving out more
crude oil when the well is opened.

The solubility of CO, is bigger than that of N, so that CO, forms
more bubbles within the fracture. Bubbles gradually expand
with the local mass transferring between gas and liquid and
pressure reduction, and then displace the crude oil.
Increasing the exposure time and contact area between the injected
CO, and the target formation can achieve better performance
of CO, huft-n-puff.

Natural fracture spacing shows the greatest impact on the
CO, penetration depth.

The pre-Darcy flow models can reduce errors caused by
the improvement of crude oil properties while simulating
the nonlinear flow degree.

Due to the boundary layer effect, the absolute permeability
is no longer a fixed value.

puff on the description of nonlinear flow degree. The simula-
tion results show that the proposed pre-Darcy flow model
can describe the reduction of the nonlinear degree well when
the properties of crude oil are improved. Chen et al. [75]
established a mathematical model considering boundary
layer effect based on the three-dimensional random network
model. The factors affecting pore scale flows in tight forma-
tion are analyzed. The results showed that the absolute per-
meability is no longer a fixed value due to the boundary
layer effect, but it increases as the pressure gradient increases.
When the displacement pressure gradient is large enough,
the permeability reaches a stable value, which is independent
of the fluid viscosity (see Figure 16). Under the same pressure

gradient, the connectivity becomes greater, and absolute per-
meability and velocity increase as the average coordination
number of the pore increases. At the same pressure gradient,
the boundary layer becomes thicker as the fluid viscosity
increases. Also, the effective flow space becomes smaller,
and the permeability and velocity decrease.

The above experimental and theoretical researches are
summarized in Table 4. Experimental researches are visual-
ized while theoretical researches are more precise and intrin-
sic, which provides new ways to study the microscopic flow
mechanism of CO, huff-n-puff in tight oil reservoirs.

In this section, the microscopic flow mechanism of CO,
huff-n-puff in tight oil reservoirs is discussed. Various
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methods are investigated and classified. NMR can quantify
residual oil distribution and permeability quickly, while
molecular simulation can be used to analyze the flow velocity,
flow rate, and slip in tight oil reservoirs clearly. Other
methods provide new visible ways and models to analyze
the microscopic flow mechanism of CO, huff-n-puff in tight
oil reservoirs.

The above researches are of great significance to better
understand the microscopic flow mechanism of CO, huff-
n-puffin tight oil reservoirs. In the near future, the improved
molecular simulation is a considerable method to study the
microscopic flow mechanism because the molecular-level
flow mechanism can be discussed by molecular simulation
while traditional methods cannot do it. The microscopic flow
model in micropore network based on digital core is worth to
be established, and it is important that phase behavior be
taken account into the microscopic flow model of CO,
huff-n-puft in tight porous media.

5. Conclusions

Understanding of phase behavior in tight porous media and
microscopic flow mechanism is important for optimizing
CO, huft-n-puft in tight oil reservoirs.

(1) The effect of CO, huff-n-puff is mainly reflected in
the injection stage (pressure supplement), the soak-
ing stage (the dissolution and diffusion), and the pro-
duction stage (the dissolved gas driving), during
which the viscosity of crude oil has been decreased
and the oil flows much easier. Soaking time and
CO, diffusivity are two important factors for enhanc-
ing oil recovery factor through the numerical simula-
tions of CO, huff-n-puff. The difference of phase
behavior and microscopic flow mechanism in tight
porous media from that in conventional reservoirs
cannot be ignored in the numerical simulations

(2) The effect of tight porous media on the phase behav-
ior of fluid cannot be ignored since the capillary pres-
sure in tight porous media reduces the bubble point
pressure, increases the miscibility pressure and criti-
cal temperature, and shrinks the phase envelope.
The difference between the condensate pressure in
the tight porous media and that in a PVT cylinder
needs to be discussed, which is significant for the
development of gas-condensate reservoirs. Addition-
ally, nonequilibrium phase behavior and the influ-
ence of capillary pressure on phase behavior need to
be further investigated to make the results more con-
sistent with the real situation

(3) The microscopic flow of fluid in tight oil reservoirs is
different from that in conventional reservoirs because
molecular diffusion, gas-liquid interaction, and fluid-
rock interaction are especially predominant in tight
porous media. NMR and molecular simulation are
significant methods to understand the microscopic
flow in tight oil reservoirs, while NMR can quickly
quantify several indexes at the same time and molec-

Geofluids

ular simulation can be used to analyze the molecular-
level movement of gas and oil clearly. In the future,
the improved molecular simulation is still a feasible
method to describe and investigate the microscopic
flow mechanism of CO, huff-n-puff in tight oil reser-
voirs. The microscopic flow model in micropore net-
work based on digital core is worth to be established,
and the phase behavior needs to be taken into
account the microscopic flow model
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