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In tight oil reservoirs, the injected �uid needs to travel a long distance to expel oil from the micro/nano-size pores to natural fractures 
or man-made fractures. �e �ow characteristics of injected �uid are not known well due to the long distance displacement and 
complex pore structure. In this study, the tight reservoir samples are from typical tight oil�eld of China and the oil distribution 
characteristics are studied based on mineral composition, physical properties and pore size distribution. �e long core displacement 
experiment is conducted based on injection of water, N2, and CO2, which aims to study the individual �ooding feasibility. �e results 
show that the oil mainly distributes in the form of spots and accumulates in the micro/nano-pores. Both oil spots and clay minerals 
have associated characteristics. �e microfractures are not the storage space for oil spots, but can connect the oil spots to improve 
the mobility of the crude oil. In addition, the oil can achieve long distance migration under the injection of water, N2, and CO2, 
which presents di�erent pressure distribution characteristics. �e reservoir pressure of water �ooding decreases �rst and increases 
later with displacement time. �e reservoir pressure of N2 �ooding rises gradually over displacement time. �e reservoir pressure 
of CO2 �ooding increases �rst and decreases over displacement time. In contrast to water �ooding, N2, and CO2 can increase the 
reservoir energy, which contributes to tight oil production. In comparison, CO2 has better performances than N2 in terms of oil 
displacement e�ciency. �e study contributes to understanding the oil distribution characteristics and provides the guidance for 
�eld trials using di�erent �ooding techniques. 

1. Introduction

�e tight oil, signi�cant hydrocarbon resources, has recently 
become a hot topic for exploration and development following 
shale gas [1]. Tight oil reservoirs are characterized by ultralow 
permeability, which obstructs hydrocarbons �ow to wellbores 
without stimulation [2]. Horizontal-well drilling and multi-
stage fracturing are the e�ective and economic technology for 
the exploitation of oil and gas [3]. Although the production is 
encouraging, intractable problems are also apparent. One of 
the problems is the fast decline of production in individual 
producers during depletion development, forcing operators 
to refracture existing wells or drill new wells [4]. In order to 
maintain the production rate, it is essential to establish e�cient 
�ooding systems for reservoir energy supplement and enhanc-
ing oil recovery [5].

In contrast to conventional sandstone, limestone, and car-
bonate reservoirs, tight oil reservoirs have much lower perme-
ability (<1 mD) and more complicated pore structure [6]. �e 
pore size and connectivity of tight oil reservoirs are greatly less 
than that of conventional reservoirs [7]. �e crude oil tends to 
be entrapped in small pores, suggesting natural inability of oil 
�ow in tight oil reservoirs [8, 9]. Although water �ooding has 
been widely used to improve oil production in conventional 
reservoirs, it is di�cult to apply these technologies for uncon-
ventional reservoirs due to high capillary pressure and low 
injectivity [10]. Lots of experimental studies have been per-
formed to promote the oil transportability in tight oil reser-
voirs, including water imbibition, N2 injection and carbon 
dioxide extraction [11, 12]. However, the experiments were 
conducted in low-temperature and low-pressure conditions 
that cannot represent actual reservoirs. In addition, few studies 
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involve fluid properties or the experimental tests are carried 
out on fluids of simple composition (e.g., kerosene and mineral 
oil). In the future investigation, these technologies should be 
evaluated under representative reservoir conditions [13].

CO2 injection technology has been successfully applied in 
many oilfields, including conventional oil reservoirs and 
low-permeability reservoirs. �e field studies show that recov-
ery efficiency can be larger than 60% in some oil fields [14, 
15]. CO2 can recover oil by reducing residual oil saturation, 
interfacial tension, and oil viscosity [16]. Teramoto et al. [17] 
pointed out that the technology is more feasible at high water-
cut stage during the development of light oil reservoir. 
However, the sweep efficiency is limited in many fractured 
reservoirs because CO2 can directly flow though fractures due 
to instabilities in the gas viscosity [18]. CO2 huff and puff is 
used to mitigate these drawbacks in this circumstance [19]. 
�e same well involves both producing oil and injecting gas, 
and the fractures tend to help extend the exposure area influ-
enced by CO2 [20]. Previous research found that the viscous 
flow is seriously restricted because of high capillary resistance 
and diffusion may be the primary mechanism for oil transport 
and recovery in tight oil reservoirs [21]. As for CO2 enhanced 
oil recovery, the improvement of diffusion-dominated oil flow 
is a critical oil-recovery mechanism [22]. Recent studies show 
that super-critical CO2 could significantly enhance the diffu-
sion process to improve the oil transportability in tight reser-
voirs [23].

Many investigations are performed on laboratory and field 
trials of CO2 flooding techniques, demonstrating that it can 
significantly enhance oil recovery in oil reservoirs [24]. 
Globally, previous studies primarily focus on high and low 
permeability reservoirs, but little attention is paid to tight res-
ervoirs in continental basin. Few studies report the energy 
supplement efficiency of different flooding systems in tight oil 
reservoirs by using long core displacement experiment. Chang 
7 formation of Erdos Basin is the most typical and potential 
target for tight oil in China. �e depletion drive is o�en used 
to extract small volumes of oil, which recovers only about 
8-12% of oil in place. More efficient technology must be 
explored to mobilize a portion of the oil trapped in tiny pores. 
In this study, the comparative experiments of water, N2 and 
carbon dioxide injection are carried out on the long cores 
(1 m). �e pressure profiles along the length direction, 
enhanced oil recovery (EOR) and displacement front velocity 
are studied to explore the potential methods for EOR and eco-
nomic production in tight oil reservoirs.

2. Experiments

�e experimental materials include tight reservoir samples 
and fluids used for displacement tests. �e basic properties of 
rock and fluid are shown in the following paragraph.

2.1. Fluids. �e oil for rock saturation is kerosene with a 
viscosity of 1.3 cp and a density of 0.8 g/cm3. N2 and carbon 
dioxide gas have high purity of 99.999%, which are used as the 
gas source. In pursuance of real reservoir condition, formation 
water collected from production line is slightly yellow and 
used for this experiment. Instead of distilled water, formation 
water is essential to minimize the effects of water sensitivity. 
Table 1 presents the basic properties of formation water. 
�e cleaning fluids include toluene, methylene chloride and 
methanol, which are used to remove the oil in tight reservoirs 
samples.

2.2. Tight Rock Samples
2.2.1. Mineral Composition. �e cores of tight oil reservoirs 
are taken from the outcrop of Chang 7 formation in Ordos 
Basin. �e lithology is primarily characterized by fine-
grained sandstone and siltstone. �e tight oil formation has 
a large potential for future oil exploration and development. 
According to the mineralogy composition analysis, the outcrop 
sample is characterized by low concentration of clay (11.4%) 
and high concentration of quartz (44%) and feldspar (32%) 
(Figure 1(a)). �e ilite and I/S (illite/smectite mixed-layer) are 
the primary clay minerals. �e tight oil reservoirs may not be 
seriously sensitive to water due to low content of clay minerals.

2.2.2. Physical Properties. �e displacement experiment 
requires cuboid shape sample with 4.5 cm wide, 4.5 cm 
high and 100 cm long (Figure 2). Conventional sandstone 
with high porosity and permeability is used as a calibration 
standard. For tight oil reservoirs, the porosity is estimated 
to be about 10.5–11.8% and the permeability ranges 0.6 mD 
to 1.7 mD (Table 2). �e tight rock samples are weighted, 
vacuumed, saturated with formation water and weighed 
again. �en the porosity is determined using the density of 
formation water. In addition, the samples are flooded with 
formation water at the steady state condition. �e flow rate 
and core holder inlet-outlet pressure difference are measured. 
�en the permeability is determined based on the Darcy’s 
equation.

2.2.3. Pore Structure. �e scanning electron microscopy 
(SEM) can help explore the pore structure of tight rocks at 
the micro/nano-scales. �e presence of complex pores is 
confirmed by SEM (Figure 3). Both microfractures and matrix 
pores are well developed in the samples. �e microfractures 
present high connectivity and can connect to matrix pores 
and other microfractures. To some extent, the presence of 
microfractures enhances the sample permeability. In addition, 
the most common pores have the pore diameter of 0.8–3.6 μm, 
most of which are irregular polygon-shaped and have poor 
connectivity.

�e pore size distribution is obtained by mercury intru-
sion and nuclear magnetic resonance (NMR) test, as shown 

Table 1: �e basic properties of formation water.

Cation, mg/L Anion, mg/L
PH Total salinity, mg/L Density, g/cm3 Type

Na++K+ Ca2+ Mg2+ Cl− SO4
2− HCO3

−

3621 1782 12 7831 8 1300 6.0 14321 1.013 CaCl2
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in Figure 4. �e NMR apparatus (MiniMR-VTP) is made by 
Suzhou Niumag Analytical Instrument Corporation. �e 
NMR T2 spectra agree well with the mercury intrusion results. 

�e dual-peak distribution characteristics indicates the devel-
opment of microfractures and matrix pores. �e leª peak 
mainly re�ects the characteristics of the matrix pores with the 
pore size of lower than 1.0 μm. In addition, the pore volume 
of the leª peak accounts for more than 90% of the total pore 
volume. Combined with the results of NMR and mercury 
intrusion, the surface relaxivity of 50 nm/ms can be 
calculated.

2.2.4. Oil Distribution Characteristics. Studying the distribution 
characteristics of tight oil is of great signi�cance for exploring 
the “sweet spot” and understanding the enrichment pattern. 
�e downhole core samples are also taken from the Chang-7 
formation at a depth of 2300 m that is consistent with the 
formation of outcrop sample used in the experiment. Aªer 
removing the core from the bottom of the well, it is immediately 
sealed to prevent oil and gas from escaping. According to the 
SEM observation standard, the surface of the sample is polished 
by argon ion and the oil distribution characteristics is observed, 
as shown in Figure 5. Both matrix pores and microfractures are 
well developed in the tight reservoirs. It is necessary to separately 

4.5 × 4.5 × 100 cm

Figure 2: �e outcrop sample for long core displacement experiments.

Table 2: �e physical properties of tight reservoirs samples.

Sample Formation Porosity, % Permeability, mD
Conventional 
sandstone  
(water injection)

-- 20.2 1414

Sample 1#  
(water injection) 10.5 0.6

Sample 2#  
(N2 injection) Chang-7 11.3 1.2

Sample 3#  
(CO2 injection) 11.8 1.7

11.40%

44%
32%

12.60%

Total clays

Quartz

Feldspar

Calcite

16.70%

35.10%

22.80%

25.40%

Ilite

I/S

Chlorite

Kaolinite

Figure 1: �e mineralogy composition of samples: (a) bulk mineral 
composition, (b) clay mineral composition.

(a)
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Figure 3: �e SEM of tight oil reservoir samples.
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the outlet to simulate constant pressure during production 
(Figure 7).

study the e�ects of pores and microfractures on the distribution 
of tight oil.

�e SEM results show that the oil spots in matrix pores 
present sporadic distribution and poor continuity (Figure 5). 
Clay minerals are oªen developed in oil-spot aggregation 
areas, suggesting the certain associated characteristics of oil 
and clay minerals. According to the mineralogy composition 
of Figure 1, the clay minerals include ilite, I/S, chlorite and 
kaolinite. It should be noted that clay minerals type may have 
an important in�uence on the enrichment pattern and migra-
tion of tight oil.

�e microfractures of di�erent scales are widely developed 
and distributed in a network. Figure 6 presents the oil distri-
bution characteristics in microfractures. It can be seen that 
most of the microfractures are not �lled with oil. It suggests 
that microfractures are not the main space for oil distribution, 
which largely limits the oil production. However, some microf-
ractures can penetrate the oil spots and connect the oil spots 
with sporadic distribution, which will greatly improve the 
mobility of the crude oil.

2.3. Experimental Setup. �e one-dimensional core 
displacement apparatus is oªen used for di�erent �ooding 
experiments. In this study, the long displacement apparatus 
(1 m long) is designed to explore the pressure pro�le in the 
tight reservoirs. �e displacement apparatus includes injection 
system and displacement system (Figure 7). �e injection 
system is mainly composed of ISCO pump, brine/injected 
gas and other components. �e displacement system is made 
up of pressure sensors, long core holder, measuring bottle and 
back-pressure valves.

�e pressure sensors can facilitate the pressure identi�-
cation during all kinds of �ooding. Nine pressure transduc-
ers are installed at the intervals of about 12.5 cm to monitor 
the real-time changes of pressure pro�le along the length 
direction. �e displacement pressure is 25 MPa, back-pres-
sure is 5 MPa, and con�ning pressure is 32 MPa. �e test 
temperature is 25°C. �e back-pressure valve is utilized on 
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of single phase �uid �ow can act as calibration stand-
ard to study two phase �uid �ow.

(5)  �e injection pump of kerosene is closed and the injec-
tion pump of water, N2 or CO2 is opened to conduct 
the di�erent �ooding experiments. Record the real-
time changes of pressure and measure the volume of 
recovered oil.

3. Results and Discussions

�e real-time pressure changes of long core samples are mon-
itored during di�erent �ooding experiments (i.e., water, N2
and CO2 �ooding). In order to benchmark the measurements, 
the pressure pro�le of conventional sandstone samples is also 
monitored under the same conditions. Finally, the compara-
tive studies are conducted on displacement front speed, pres-
sure distribution and oil displacement e�ciency of water, N2,
and CO2 �ooding.

3.1. Water Flooding in Conventional Reservoirs and Tight Oil 
Reservoirs
3.1.1. Water Flooding in Conventional Reservoirs. �e 
conventional sandstone sample is used to conduct water 
�ooding experiment, which can act as a as calibration 
standard. �e water �ooding in conventional reservoirs 
does not need too high injection pressure. �e displacement 
pressure is set to 5.3 MPa, back-pressure pressure is set 
to 5.1 MPa, and con�ning pressure is set to 7 MPa. �e 
experimental results of conventional sandstone samples are 
presented in (Figures 8 and 9).

�e experimental process includes three stages. In stage 1, 
only oil is injected to study the single phase �uid �ow before 
injection time 0 min. In stage 2, the formation water pump is 
opened instead of oil pump and oil–water two phase �ow is 
simulated. In stage 3, the water displacement front arrives at 
the outlet. At the injection time 125 min, the formation water 
is found in measuring bottle, suggesting that two phase �ow 
stage begins to translate into water �ow stage. �e water break-
through time is about 125 min.

Figure 8 presents the pressure change along the �ow direc-
tion over injection time. In spite of three stages, the pressure 
curves are approximately horizontal and parallel. No pressure 
�uctuation is observed during water �ooding, suggesting that 
water �ooding front has little impact on �uid pressure in con-
ventional reservoirs. Figure 9 indicates the pressure distribu-
tion along the displacement direction. �e pressure Pt has a 
linear relationship with distance L and the pressure drop per 
unit distance is constant. Classically, the oil and water satura-
tion can a�ect reservoir pressure by changing the relative per-
meability and capillary pressure. In high permeability 
reservoirs, there is almost no di�erence between oil and water 
permeability, and the capillary pressure is too small. �erefore, 
the water �ooding front cannot result in reservoirs pressure 
�uctuation.

3.1.2. Water Flooding in Tight Oil Reservoirs. Figure 10 
presents the experimental results of water �ooding in the 
tight oil reservoirs. A signi�cant di�erence is detected between 

2.4. Experimental Preparation and Procedures. �e 
experimental preparation is as follows:

(1)  Each cuboid samples are washed thoroughly using 
cleaning �uids and dried at the temperature of 105°C 
to remove the moisture. �e samples are put into the 
oven for 48 hrs and weighed very 6 hrs. If the weight 
error is less than 1%, the drying process is completed. 
�e analytical balance (Mettler Toledo ME204E) is 
used to determine the sample mass.

(2)  In order to saturate the samples with kerosene, it is 
necessary to use a vacuum pump to remove the air for 
2 days. �e tight samples are saturated with kerosene 
at the injection pressure of 10 MPa for 48 hrs.

(3)  �e saturated weight of all the samples are recorded 
to calculate the oil saturation of the tight rock 
samples.

(4)  Aªer the oil saturation processes, the samples are 
placed in long core holder. �e injection pressure is set 
to 25 MPa and the back-pressure is set to 5 MPa. Only 
kerosene is injected to record the pressure changes 
along the length direction. �e pressure characteristics 
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Figure 6: �e oil distribution characteristics in microfractures.
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over time. �e pressure curves schematic of monitoring points 
(P2-P8) are presented in Figure 11. �e pressure decreases to 
“valley bottom” in the leª side and the pressure increase from 
“valley bottom” in the right side. �ere is a common feature 
between the leª and right side that the rate of pressure change 
gradually slows down.

conventional reservoirs and tight oil reservoirs. For tight oil 
reservoirs, there is signi�cant pressure �uctuation during water 
�ooding. �e 7 valley “V” curves are found in the stage of oil-
water two phase �ow. �e pressures of P1 and P9 are always 
constant, which are 25 MPa and 5 MPa respectively. However, 
the pressures of P2 to P8 �rstly decrease and then increase 
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saturation changes of displacement front can result in super-
high �ow resistance. To some extent, it is the primary cause 
of low injectivity in tight reservoirs. In addition, the displace-
ment front corresponds to the pressure decline.

Figure 12 presents the pressure distribution along the dis-
placement direction in in tight reservoirs samples. �e black 
curve of 0 min represents the pressure characteristics of oil 
�ow. In contrary to the conventional sandstone with linear 
relationship between pressure and distance, the pressure drop 
is not constant and increases with distance in tight oil reser-
voirs. It is related to the increase of stress sensitivity as 

In the stage of oil-water two phase �ow, the pressure �uc-
tuation re�ects the oil–water distribution change. In the tight 
oil reservoirs, the water saturation can change the relative 
permeability and capillary pressure, which can a�ect the dis-
placement pressure. �e pore diameter is about 0.1 μm in tight 
oil reservoirs (Figure 4). It is assumed that the interfacial ten-
sion is about 0.071 N/m and the contact angle is assumed to 
0°. �e capillary pressure may be lower than 0.14 MPa. It seems 
that the capillary pressure can be neglected when compared 
with great displacement pressure. However, the capillary pres-
sure is a function of water saturation. �e great water 
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Figure 9: �e pressure distribution along the displacement direction in conventional sandstone samples.
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Figure 12: �e pressure distribution in tight reservoirs samples during water �ooding: (a) 0–29.5 min, (b) 39–89 min and (c) 330.5–380.5 
min. �e black curve of 0 min represents the pressure characteristics of oil �ow.
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sensitive damage. It contributes to long distance migration of 
oil. It should be noted that the interactions between N2 and 
oil can reduce the interfacial tension, oil viscosity and density, 
which contribute to oil �ow in matrix pores.

3.3. CO2 Miscible Flooding in Tight Oil Reservoirs. Figure 15 
presents the pressure pro�les during the CO2 �ooding. �e 
pressure characteristic of CO2 �ow is similar to that of N2 �ow. 
�e pressure of CO2 �ow stage is much larger than that of oil 
�ow stage, resulting from the low viscosity and �ow resistance 
of CO2. �e CO2 injection can increase the pore pressure and 
maintain the reservoirs energy. �e 7 bell-shaped curves are 
demonstrated in the stage of oil-CO2 two phase �ow. �e 
pressure gradually increases to the maximum value of “bell 
top” and then slowly decreases. �e pressure of right side is 
larger than that of leª side, as shown in Figure 16. From P2 to 
P8, the bell top gradually changes from obtuse head to acute 
head. It suggests that the time length of maximum value state 
is related to reservoir pore pressure. �e higher pore pressure 
corresponds to larger time length of maximum value state. 
Unlike the �ow of N2 and water, the curve of CO2 �ow is 
smooth under high pressure, but it has obvious �uctuations 
at low pressure. �e CO2 dissolved in the water is gradually 
released at the low pressure, causing pressure �uctuations to 
some extent.

�e pressure characteristics are related to the miscible 
displacement of CO2. When CO2 is injected into the reservoir, 
it contacts the oil in the pore, resulting in the transition zone 
(Figure 17). When the reservoir pressure of inlet end exceeds 
the minimum miscibility pressure, CO2 begins to dissolve in 
kerosene substantially during the multiple contact miscible 
process. In the tight oil reservoirs, the transition zone changes 
into miscible zone. Actually, it is di�cult to distinguish 
between transition zone and miscible zone. �e CO2 dissolu-
tion in oil can result in oil swelling, viscosity and interfacial 
tension reduction, which can improve the oil mobility. It plays 
important roles for enhanced oil recovery. From the inlet to 
outlet, the pressure gradually decreases from 25 MPa to 5 MPa. 

distance. �e pore pressure drops from 25 MPa at the inlet end 
to 5 MPa at the outlet end. �e e�ective stress increases from 
7 MPa at the inlet end to 27 MPa at the outlet end. Due to the 
stress sensitivity, the permeability samples decreases as dis-
tance, but the �ow resistance of samples increases as distance, 
which result in non-constant pressure drop.

3.2. N2 Immiscible Flooding in Tight Oil Reservoirs. Figure 13 
presents the experimental results of N2 �ooding in tight oil 
reservoirs. �e pressure of N2 �ow stage is much larger than 
that of oil �ow stage. �e low viscosity N2 has much smaller 
�ow resistance than oil. It suggests that N2 can well maintain 
the reservoirs energy during �ooding operations. �e pressure 
characteristics of oil-N2 two phase �ow are di�erent from that 
of oil-water two phase. �e pressure increases as the injection 
time gradually. �e signi�cant pressure rise is accompanied by 
N2 displacement front. �e 7 “S” curves are found in the stage 
of oil-N2 two phase �ow. In the initial stage, the pressure did 
not change much with time. As time increases, the pressure 
rises rapidly. In the later stage, the pressure tends to be 
constant. �e pressure curves are shaped like “S”. �e range 
of pressure rise due to N2 injection is related to displacement 
distance L. When � < 50, the range of pressure rise changes 
gradually from 1 MPa to 4 MPa. When � = 50, the range of 
pressure rise reaches the maximum value (about 4 MPa). 
When � > 50, the range of pressure rise changes gradually 
from 4 MPa to 2 MPa.

�e pressure distribution along the displacement direction 
is presented in Figure 14. As expected, N2 �ooding has better 
performance than water �ooding. �e pressure of P2–P8 has 
been increased to varying degrees. When the displacement 
time exceeds 50 min, the pressure of P2–P8 does not change 
anymore. Compared to water �ooding, the pressure gradient 
at the inlet end of the N2 �ooding is signi�cantly reduced. It 
shows that the N2 �ooding has a strong injection capacity. A 
e�ective displacement system can be established using N2
injection. In addition, N2 �ooding increases reservoir pore 
pressure, which reduce e�ective stress and relieve stress 
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�ooding can also increase pore pressure, reduce e�ective 
stress and relieve stress sensitive damage. An e�ective dis-
placement system can be established for oil migration by CO2
displacement.

3.4. �e Comparison of Water, N2 and CO2 Flooding in Tight 
Oil Reservoirs. �e water, N2 and CO2 �ooding can improve 
the oil mobility and enhance oil recovery. In order to explore 
the suitable displacement measure for Chang 7 formation, 
it is necessary to carry out comparative study of water, N2
and CO2 �ooding. �e displacement front velocity, energy 
supplement e�ciency and oil displacement e�ciency are 
the most important parameters for evaluating �ooding 
performance.

When the pressure is lower than minimum miscibility pres-
sure, the miscible zone gradually decreases and even disap-
pears completely. �e oil zone and CO2 zone begin to appear 
(Figure 17).

Figure 18 presents the pressure distribution along the CO2
displacement direction. �e pressure of P2–P8 increase grad-
ually over time before 55 min. When the displacement time 
exceeds 55 min, the pressure of P2–P8 begins to decrease over 
time. When the displacement time exceeds 75 min, the pres-
sure of P2–P8 does not change anymore. Compared with 
water �ooding, the pressure gradient at the inlet end is sig-
ni�cantly reduced during the CO2 �ooding, suggesting the 
well injection capacity of CO2. An e�ective displacement 
system can be established for oil migration. In addition, CO2
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Figure 14: �e pressure distribution in tight sandstone samples during N2 �ooding: (a) 0–50 min and (b) 55–120 min.
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is the key mechanism for fast decline of production. �e 
energy supplement e�ciency can be used for comparative 
investigation on the feasibility of di�erent �ooding systems 
in tight oil reservoir (Figure 20). �e energy supplement 
e�ciency �� is given by

where ��(�) is pressure along the sample longitude during 
di�erent �ooding experiments; ���(�) is pressure during oil 
�ow experiments, which is representative of reservoir 
pressure.

Dimensionless time is the ratio of displacement time to 
maximum displacement time in di�erent �ooding experi-
ments. Figure 21 presents the relationship between energy 
supplement e�ciency and dimensionless time. �e ESE of 
water �ooding decreases �rst and increases later with displace-
ment time, which is lower than 100%. �e ESE of N2 �ooding 

(1)

�� =
∫�0��(�)��

∫�0�����
× 100%,

3.4.1. �e Displacement Front. �e water, N2 and CO2
injection can lead to the pressure drop or rise in the stage 
of two phase �ow. To some extent, the pressure �uctuation 
indicates the movement of displacement front. Figure 
19 presents the relationship between displacement front 
position and displacement time. During water �ooding, the 
displacement front position is linear with time at initial stage 
(<180 min), but it deviates gradually from linear relationship 
at the late stage (Figure 19). �e displacement front velocity 
decreases with the time, which is related to the permeability 
reduction induced by stress sensitivity. It takes about 400 min 
to get the outlets. Compared with water �ooding, N2 and CO2
only take 55 min to reach the outlet, therefore they have higher 
front velocity than water �ooding. Moreover, it seems that the 
front velocity increases over time and even tends to be in�nite 
at the outlet. It may be related to viscous �ngering. �e CO2
and N2 have much lower viscosity than oil and may directly 
�ow through high permeability zones, without contacting 
much oil in matrix pores. Compared with water �ooding, 
CO2 and N2 �ooding have poorer sweep e�ciency. It should 
be noted that it is more di�cult to identify the displacement 
front according to the pressure �uctuation characteristics of 
N2 and CO2 �ooding.

3.4.2. �e Energy Supplement E�ciency (ESE). A de�nition 
called energy supplement e�ciency (ESE) is used in 
order to compare the experimental results of di�erent 
displacement. �e energy depletion in tight oil reservoirs 
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rises gradually to 116%. �e ESE of CO2 �ooding rises to 123% 
�rst and drops to 112% later. In contrary to water �ooding, 
N2 and CO2 can increase the reservoir energy, which contrib-
utes to tight oil production. Comparatively speaking, CO2 has 
better performances than N2.

3.4.3. Oil Displacement E�ciency. �e relationship between 
oil displacement e�ciency and injected �uid volume is 
presented in Figure 22. �e injected water is about 0.47 pore 
volume (PV) and the oil displacement e�ciency was 43% 
during water �ooding experiments. �e injected N2 volume 
is about 0.87 PV and the oil displacement e�ciency was 
61.9% during N2 �ooding experiments. �e injected CO2
volume is about 1.38 PV and the oil displacement e�ciency 
was 79% during CO2 �ooding experiments. According 
to oil displacement e�ciency, CO2 �ooding has the best 
performance to improve the production of tight oil, followed 
by N2 and CO2 �ooding.
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4. Conclusions

In this study, the water, N2 and CO2 �ooding experiments for 
tight oil reservoirs are performed on the 1 m long cores. �e 
comparative studies are based on the characteristic parame-
ters, such as displacement front velocity, energy supplement 
e�ciency and oil displacement e�ciency. �e conclusions are 
as follows.

(1) �e SEM and NMR observations show that the oil mainly 
exists in the form of spots and in the micro/nano pores. Both oil 
spots and clay minerals have associated characteristics. �e 
microfractures are not the storage space for oil spots, but can 
connect the oil spots to improve the mobility of the crude oil.

(2) �e reservoir pressure of water �ooding decreases �rst 
and increases later with displacement time. �e reservoir pres-
sure of N2 �ooding rises gradually over displacement time. 
�e reservoir pressure of CO2 �ooding increases �rst and 
decreases over displacement time. In contrary to water �ood-
ing, N2 and CO2 can increase the reservoir energy, which con-
tributes to tight oil production. Comparatively speaking, CO2
has better performances than N2.

(3) �e displacement front velocities of N2 and CO2 are 
nearly equal, which are much larger that of water. However, it 
is more di�cult to identify N2/CO2-water interface according 
to the pressure �uctuation characteristics of N2 and CO2 �ood-
ing. It can be explained by gas viscous �ngering that results 
from lower viscosity of gas than that of oil.

Comparatively speaking, N2 and CO2 �ooding is more suit-
able for tight oil reservoirs. However, low sweep e�ciency of 
gas �ooding should be regarded with some care. In the future 
work, the carbonate water that dissolves large amounts of CO2
maybe used for oil displacement in tight oil reservoirs.

Data Availability

�e datasets generated and analyzed during this study are 
available in the eAtlas repository.
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