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Abstract: In order to evaluate the displacement effect of four kinds of injection media in tight oil
sandstone, water, active water, CO2, N2 flooding experiments were carried out in laboratory. Online
Nuclear Magnetic Resonance (NMR) spectrometers combine the advantages of NMR technology and
core displacement experiments. In the displacement experiment, NMR data of different injection
volumes were obtained and magnetic resonance imaging (MRI) was carried out. The results showed
that micro and sub-micropores provided 62–97% of the produced crude oil. The enhanced oil
recovery ratio of active water flooding was higher than that of conventional water flooding up
to 10%. The recovery ratio of gas flooding in micro and sub-micropores was 60–70% higher than
that of water flooding. The recovery ratio of CO2 flooding was 10% higher than that of N2 flooding.
The remaining oil was mainly distributed in pores larger than 0.1 µm. Under the same permeability
level, the remaining oil saturation of cores after gas flooding was 10–25% lower than water flooding.
From MRI images, the displacement effects from good to bad were as follows: CO2 flooding,
N2 flooding, active water flooding, and conventional water flooding.

Keywords: online NMR; oil displacement mechanism; tight oil sandstone; water flooding;
active water flooding; CO2 flooding; N2 flooding

1. Introduction

In the face of the continuous growth of world oil and gas demand and the decline of conventional
resources production, tight oil resources with great potential have gradually become burning issues
in global petroleum exploration and development [1–4]. China has abundant and plentiful tight oil
resources [5], most of which are continental deposits, unlike the United States, where they are marine
deposits [6]. Therefore, the development difficulty of tight oil reservoirs in China is different from that
in the United States. Comparing with conventional oil and gas reservoirs, tight oil reservoir is mainly
the reservoir with extremely poor physical properties in large area [7,8]. The source beds are closely
related to the reservoirs, and there is no obvious boundary of the trap [9]. Development experience
shows that the combination of long horizontal wells and multi-stage fracturing is an effective method
for economic exploitation of tight oil reservoirs [10–12]. At present, China has carried out tight oil
reservoirs development in Ordos, Songliao, Santanghu, and Junggar Basin [6]. The difficulty to develop
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tight oil reservoirs is mainly in two aspects. First, the tight oil reservoir has small pore throat radius [13],
high clay mineral content, low permeability and obvious non-Darcy seepage [14,15], which makes it
difficult to supplement formation energy by conventional water injection [16]. Second, the production
of water flooding development decreases rapidly and the recovery ratio is low, thus it is necessary to
inject medium into formation to supplement formation energy for a long time [17].

At present, the common injection media include water, active water, CO2 and N2. Each injection
medium has its own merits and demerits [18]. For the selection of injection medium in tight oil
reservoirs, the enhancing oil recovery effect, energy supplement effect and comprehensive cost should
be considered comprehensively [19]. Because the water was easy to get, the costs of conventional
water flooding were low [20]. Water was also commonly used injection medium tight oil reservoir
exploitation [21]. However, the problem is that the tight oil reservoir is too tight, resulting in high
injection pressure, serious casing damage, and short life of oil and water wells [22]. The active water
flooding is to add surfactant into the water as the injection medium. Surfactant has the ability to
reduce the oil-water interfacial tension apparently and effectively, change the internal wettability
of porous media, and increase the dispersion of crude oil in water, thereby effectively improving
oil recovery [23–25]. Active water flooding had a good performance in the development of tight
reservoirs in Ordos Basin and had great potential in the future [26,27]. When injecting CO2 into
reservoirs, CO2 can reduce viscosity of crude oil, improve the oil-water mobility ratio, promote
oil-water miscibility, extract light hydrocarbons, and reduce interfacial tension [28,29]. With the
development of CO2 production and recycling technology, the cost of CO2 flooding is decreasing [30,31].
For low permeability and tight reservoirs, it has been proved that CO2 can effectively enhanced oil
recovery [32,33]. N2 flooding can expand the volume of crude oil, thereby reducing the viscosity of
crude oil and supplement formation energy [34]. And the cost of producing N2 was lower than that
of CO2 [35]. Some ultra-low permeability oil fields had chosen N2 flooding as injection medium to
enhanced oil recovery after water flooding, and achieved good effects [36].

Since the first pulse NMR logging instrument was applied to commercial service in the early
1990s, one-dimensional NMR technology based on CPMG pulse sequence has entered a high-speed
development period [37–39]. It has been successfully used in porosity measurement, permeability
calculation, saturation calculation, pore structure evaluation and fluid identification [40]. In 2002,
Hürlimann et al. [41] created a two-dimensional NMR core analysis technique, which was typically
represented by D-T2, and successfully applied to medium-high porosity and permeability cores.
However, due to the closer diffusion coefficient of inside fluid, lower porosity and less fluid existing
in the tight core, the effect of two-dimensional nuclear magnetic resonance on the tight core is not
satisfactory [42]. Therefore, for the quantitative analysis of tight core, NMR one-dimensional T2

spectrum is more accurate.
In traditional displacement experiments, when core was removed at the end of displacement,

the temperature and confining pressure will change, which will give rise to changes of the pore and
fluid distribution in the core. Meanwhile, the oil and water around the core will be dissipated after the
core is removed, resulting in inaccurate measurement of the NMR [43]. Online NMR technology has
effectively solved the above problems. Online NMR technology combines NMR and displacement
equipment [44]. The material of core gripper and inner rubber sleeve is nonmagnetic [45]. And the
confining pressure and temperature remain stable through circulating fluorinated oil. In the core
displacement experiment, online NMR spectrometer can measure the T2 spectrum and carry out MRI
under high temperature and pressure [46]. The experimental process can perform without taking the
core out, and the confining pressure and temperature can be controlled [45]. Therefore, the measured
data are closer to the actual situation during the oilfield development.

In this work, four kinds of common injection media, such as simulated formation water, active
water, CO2, N2, were selected to carry out laboratory oil displacement experiments on tight oil cores.
Online NMR spectrometer was applied to measure the NMR data and carry out MRI of different
displacement volumes at constant temperature and confining pressure. The T2 spectra were obtained
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by inversion software calculation. The pore structure in the core was analyzed, and the oil recovery
ratio and residual oil saturation under different injection media and displacement volumes were
compared. The displacement effects of different injection media were compared visually by MRI
images. Studying the displacement effects of different injection media on tight oil cores under the same
experimental conditions are helpful for each oilfield to optimize the injection medium in combination
with its own conditions.

2. Fundamental Theory

2.1. NMR Measurement of Fluid Content in Porous Media

NMR is a physical process in which the spin energy level of an atomic nucleus with non-zero
magnetic moments undergoes Zeeman splitting under an external magnetic field and resonantly
absorbs a certain frequency of radio frequency radiation. Commonly used in petroleum exploration
and development is the detection of hydrogen nucleus in fluids [47]. Oil and water in porous media
are rich in hydrogen nucleus. Hydrogen nucleus has nuclear magnetic moment, and the nuclear
magnetic moment will generate energy level splitting in an external magnetic field. When external
radio frequency magnetic field generate a specific frequency, the nuclear magnetic moment will occur
absorption transition, and producing NMR signal. The intensity of NMR signal becomes stronger
with the increase of the number of hydrogen nucleus in the sample. The relaxation time is the time
when the magnetic vector deviates from the equilibrium state and returns to the equilibrium state after
NMR occurs under the excitation of radio frequency field. The longitudinal relaxation time T1 and the
transverse relaxation time T2 are two independent relaxation processes. In the petroleum industry,
NMR spectrometer usually measures T2 relaxation time [48].

As shown in Equation (1), the relaxation time distribution reflects the specific surface area of
the rock, which corresponding to the pore size [13,49,50]. The surface relaxation strength ρ2 is a
parameter for characterizing fluid properties in porous media, which is related to the internal surface
properties and mineral composition. When ρ2 is constant, the larger the porosity of porous media is,
the longer the T2 relaxation time is; the smaller the porosity is, and the shorter the T2 relaxation time is.
This important conclusion is the basis of the following research:

1
T2

≈ ρ2
S
V

(1)

where T2 is the transverse relaxation time of fluid in pores (ms), ρ2 is surface relaxation strength of
porous media (µm/ms), and S/V is the pore specific surface in porous media (1/µm).

The data collected by NMR spectrometer is the decay curve of the total NMR signal intensity with
time during relaxation process. The distribution spectrum of relaxation time T2 can be obtained by
multi exponential fitting of echo strings with NMR inversion software. The T2 spectra of a tight oil
sandstone core under different N2 displacement volumes are shown in Figure 1. The NMR spectrum
of oil phase was shifted to the right side, indicating that the molecular force between the oil molecules
and the pore wall was relatively weak. The reason is that the core was hydrophilic and the oil phase
was non-wetting phase. The saturated oil was more likely to exist in macropores and as oil droplets in
the center of the pore, thus the signal was shifted to the right side [51].
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Figure 1. Nuclear magnetic resonance (NMR) T2 relaxation time curves of a tight oil sandstone core.

2.2. MRI of Cores

MRI technology uses the hydrogen nucleus in porous media for imaging. As a consequence
the MRI image reflects how much fluid there is in the porous media, which is contrary to the
X-ray picture reflecting the rock skeleton. Based on this characteristic, the displacement effects of
different injection media can be detected because only crude oil has signal in displacement experiment.
Furthermore, the dynamic changes of remaining oil under different displacement volumes can be
obtained visually [52]. Because of the low porosity of tight cores and the low fluid content, the image
resolution is relatively low. For tight cores, MRI images can only be used for qualitative observation.

The basic process of MRI for core is as follows: firstly, a certain layer of core was selected by radio
frequency pulse. Secondly, the instrument carried on the phase coding and frequency coding to the
target layer under the gradient magnetic field. Thirdly, receiver collected echo signal, and then the
gray level image of the target layer was obtained by Fourier transform [44]. Finally, MRI processing
software was applied to add pseudo color to get easily recognizable images.

3. Experimental

3.1. Experimental Equipment

Figure 2 is the flow chart of the experimental equipment. The test fluids were pressurized by two
Q5000 displacement pumps (Quizix, Tulsa, America). Deuterium water, crude oil, active water, CO2 and
N2 were contained in five intermediate containers respectively. MacroMR12 online NMR equipment
(Niumag Analytical Company, Suzhou, China) was applied to log the NMR data as well as MRI
images of the cores. The magnetic field strength of the NMR spectrometer was 12 MHz. A pressurized
circulation pump (Niumag Analytical Company, Suzhou, China) was used for circulating fluorinated
FC-40 fluid and provided confining pressure for core holder. The circulating heating system was used
to heat the core by heating fluorination fluid outside the core holder. The back-pressure valve was
only used in gas flooding to ensure that the outlet pressure in the core was stable, so that the pressure
difference at both ends of the core holder can be controlled. A manual pump (Huaan Scientific Research
Devices Company, Nantong, China) was used to set the back-pressure valve pressure.
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Figure 2. Flow chart of the experimental equipment.

3.2. Geological Survey and Experimental Samples

The selected cores were taken from tight oil reservoirs in the Ordos Basin. According to particle
size, the reservoir was dominated by fine sand, with high content of siltstone and mudstone and dense
lithology. Reservoir physical properties were poor, with a low permeability of less than 0.5 × 10−3 µm2

and the overall face rate was low. The radius of pore throat was small and the coordination number
were 1–4, and the connectivity was poor. The natural fractures were developed and the brittleness
index of rock was about 45%. The initial oil saturation of the reservoir was between 50% and 70% and
the crude oil had good properties. The reservoir had no edge-bottom water and natural energy was
insufficient, so it was categorized as low pressure reservoir. The average porosity of experimental
cores is 14.6% and permeability measured with gas ranges from 0.22 × 10−3 µm2 to 1.59 × 10−3 µm2.
16 pieces of core were chosen and divided into four groups. Table 1 shows the typical characteristics of
the experimental cores.

Table 1. Characteristics of the experimental cores.

No. Length (cm) Diameter (cm) Permeability (×10−3 µm2) Porosity (%) Injection Medium

A 5.25 2.49 0.229 9.27 Water
B 5.16 2.48 0.196 10.25 Active water
C 5.19 2.50 0.237 9.63 CO2
D 5.22 2.49 0.206 9.88 N2

E 5.37 2.49 0.537 13.52 Water
F 5.47 2.50 0.593 12.57 Active water
G 5.38 2.50 0.516 13.68 CO2
H 5.40 2.44 0.521 14.71 N2

I 5.20 2.48 0.933 15.99 Water
G 5.41 2.50 0.928 15.36 Active water
K 5.15 2.49 0.949 16.24 CO2
L 5.49 2.50 1.057 15.38 N2

M 5.57 2.48 1.592 16.92 Water
N 5.32 2.50 1.521 16.83 Active water
O 5.45 2.49 1.536 17.53 CO2
P 5.39 2.49 1.519 16.32 N2

The experimental crude oil was taken from the reservoirs where the cores were located. At 67 ◦C
(formation temperature), the viscosity of formation crude oil was 2.08 mPa·s. The density of crude oil
was 0.77 g/cm3, which belongs to light crude oil. The salt concentration of simulated formation water
was 80 g/L. Deuterium water, which salt concentration was 80 g/L, was used to create the original
water saturation in cores without generating NMR signals. The active water was prepared by adding
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TRS10 (a kind of petroleum sulfonate) into deuterated water at a rate of 2 g/L. The interfacial tension
of different systems was measured by a TX-500C interface tensiometer (CNG, Stafford, America)
and are listed in Table 2. TRS10 could effectively reduce the oil-water interfacial tension, and was
still effective at formation temperature [53]. In order to ensure the same injection pressure (10 Mpa),
the CO2 flooding experiment was CO2 immiscible flooding. Both CO2 and N2 in the experiment was
high purity. Intermediate containers were applied to contain the fluids used in the experiment.

Table 2. Interfacial tension of different systems.

System Interfacial Tension (mN/m)

25 ◦C 67 ◦C

Deuterium water + salt + crude oil 23.39 15.71
TRS10 + deuterium water + salt + crude oil 0.126 0.076

3.3. Experimental Procedure

The procedures of the experiment are described below. Thirty two cores with four kinds of
permeability were chosen, labelled, oil washed, and dried. Then the basic parameters were measured:
length, diameter, dry weight, air permeability, and porosity. To prevent all kinds of signal interference,
the NMR T2 base signal of core holder should be recorded before every core performing displacement
experiments. The cores were vacuumed for 48 h, then inhaled simulated formation water and
pressurized to 10 MPa for 24 h. Online NMR spectrometer was applied to record NMR T2 data as well
as MRI images of coronal plane under saturated water. Under pressure conditions, the existence of
cracks will cause gas channeling, resulting in data skew. As shown in Figure 3, cracks inside the core
can be detected by NMR spectra and MRI images.
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Figure 3. NMR T2 relaxation time curves and MRI images of cores without cracks and with internal
cracks. (a) NMR T2 relaxation time curve of a core without cracks, (b) MRI image of a core without
cracks, (c) NMR T2 relaxation time curve of a core with cracks, (d) MRI image of a core with cracks
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The NMR T2 data as well as MRI images of cores were examined, and 16 cores without cracks
were selected. Then put the cores in the oven and set 120 ◦C to dry for 48 h to ensure that all the water
in the cores evaporates. Afterwards, the cores were vacuumed for 48 h, then inhaled deuterium water
and pressurized to 10 MPa for 24 h. Injection flow rate was set as 0.005 mL/min, crude oil was filled in
every piece of core, and the displacement volume was 10 pore volume (PV). Subsequently, online NMR
spectrometer was employed in recording NMR T2 data. The experimental temperature was set to 67 ◦C,
and the follow-up displacement experiment were carried out at 67 ◦C. For the sake of preventing the
introduction of nuclear magnetic signals, water flooding experiment was conducted with deuterium
water. Water flooding, active water flooding, CO2 flooding and N2 flooding experiments were carried
out respectively for each group of cores. The displacement pressure was gradually increased to
10.0 MPa. The displacement volume of each core was 10 PV. The pressure of back-pressure value
was set as 7.0 MPa when gas flooding experiment was carried out. In the process of displacement
experiment, when the displacement was 0.2, 0.5, 1.0, 2.0, 5.0, 10.0 PV, NMR T2 data of the cores were
logged by the online NMR spectrometer, which was done with no need for removing the core. As a
result of the low core porosity, the internal fluid content was extremely small, the time of MRI was
very long. Therefore, it was impossible to accurately record the data before 1 PV. The thickness of
the imaging section was set as 15 mm, when the displacement volume was 1, 2, 5, 10 PV, the online
NMR spectrometer was applied to obtain MRI images of the cores. Subsequently, the pore volumes,
fluid saturation, oil recovery ratio and residual oil distribution were calculated by using NMR data and
MRI images. The NMR base signal needs to be subtracted when calculated. Finally, micro displacement
mechanism with different injection media were studied.

4. Results and Discussion

4.1. Pore of Tight Oil Sandstone Core

The core NMR T2 spectrum can be converted into the core pore distribution [13,54]. For tight oil
sandstone, the pores were divided into nanopores, micro-nanopores, sub-micropores, and micropores
according to pore radius [44,55], which were 0.05, 0.1, and 1 µm. The distribution of pore radius was
analyzed by NMR data which was acquired from the 16 cores saturated with simulated formation water.
Then the volume proportions of the different pores was calculated, as shown in Figure 4. The pore
structure and permeability of rocks are closely related. The lower the core permeability was, the more
the proportion of nanopores was. When the core permeability was 0.2 × 10−3 µm2, the proportion of
nanopores plus micro-nanopores was more than 50%. Along with the core permeability increasing,
the proportion of sub-micro and micropores was increasing gradually. When the core permeability
was over 1.5 × 10−3 µm2, the proportion of sub-micropores plus micropores was around 80%.Energies 2018, 11, x FOR PEER REVIEW  8 of 16 
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4.2. Oil Saturation of Tight Oil Sandstone Core

Online NMR spectrometer was applied to log NMR T2 data of each core which was filled with
crude oil. The formula for calculating initial oil saturation Soi is shown as [44]:

Soi =
∑

T2,max
T2,min

Ai,o − ∑
T2,max
T2,min

Ai,b

∑
T2,max
T2,min

Ai,w − ∑
T2,max
T2,min

Ai,b

× 100% (2)

where Soi is the initial oil saturation of the core (%); T2,min and T2,max are the minimum and maximum
T2 relaxation time, respectively (ms); and Ai,o, Ai,w and Ai,b are the corresponding signal strength value
of NMR T2 relaxation time curves of saturated oil, saturated water and online NMR spectrometer base
semaphore, respectively (A/m).

The oil saturation in different pores after the core was filled with crude oil is shown in Table 3.
The majority of the crude oil consisted in sub-micro and micropores. Although the volume of nano
and micro-nanopores accounts for half of pore volume of the 0.2 × 10−3 µm2 core, it was saturated
with little crude oil. The main reason for this phenomenon is that these pore radius were less than
100 nm, under normal displacement pressure gradient, it was difficult for crude oil droplet to enter
them. As the permeability decreases, the connectivity of the pores is worse. And the wettability of tight
oil reservoir belongs to mixed wettability. The tight oil reservoir has complex mineral composition
and its distribution is random, therefore the wettability of the rock surface is uneven. The oil wet part
is dispersed distribution, the water wet part is a reticular distribution, and the whole is hydrophilic
wettability [56]. The reverse imbibition process existed during the displacing process. The reverse
imbibition is a process that a medium displaces another medium in a pore through the same throat
under the action of the capillary force. The wettability in small pores is generally water wetting,
and large pores are generally oil wetting. Because there was not enough capillary force, the oil
droplet cannot enter the pores through reverse imbibition process. Therefore, as the core porosity and
permeability decrease, it becomes more and more difficult for crude oil to saturate the core. Overall,
the average oil saturation of the experimental core was 58.2%, which was close to the reservoir oil
saturation (65%) of the tight oil reservoir.

Table 3. Oil saturations of the cores saturated with the crude oil.

No. Permeability (×10−3 µm2)
Soi in Different Pores Share of Total (%) Total Soi (%)

Nano Micro-Nano Sub-Micro Micro

A 0.229 8.2 5.5 22.5 16.2 52.4
B 0.196 8.8 5.4 22.8 17.2 54.2
C 0.237 10.2 3.3 24.1 14.7 52.3
D 0.206 9.7 6.5 23.8 11.7 51.7

E 0.537 7.6 5.2 26.6 16.2 55.6
F 0.593 6.1 6.6 24.7 17.5 54.9
G 0.516 3.3 3.9 30.3 18.4 55.9
H 0.521 3.4 7.7 34.9 8.5 54.5

I 0.933 3.2 6.7 27.4 19.8 57.1
J 0.928 4.7 6.4 32.8 15.9 59.8
K 0.949 3.2 5.7 31.6 16.8 57.3
L 1.057 2.5 4.7 42.2 12.1 61.5

M 1.592 0.3 2.1 33.1 30.6 66.1
N 1.521 0.5 1.1 34.7 31.1 67.4
O 1.536 0.9 2.4 33.9 27.6 64.8
P 1.519 1.2 2.5 32.2 29.2 65.1



Energies 2018, 11, 2836 9 of 16

4.3. Oil Recovery Ratio with Different Injection Media

Oil recovery ratio refers to the proportion of the crude oil production to initial oil reserves. In the
displacement process, NMR data can be measured in real time by online NMR spectrometer, and then
the oil recovery ratio can be calculated according to Equation (3) [44]:

ER =
∑

T2,max
T2,min

Ai,o − ∑
T2,max
T2,min

Ai,a

∑
T2,max
T2,min

Ai,o − ∑
T2,max
T2,min

Ai,b

× 100% (3)

where ER is the oil displacement effect of the core (%) and Ai,a is the corresponding signal strength
value of NMR T2 relaxation time curves after displacement (A/m).

Taking four tight sandstone cores (E, F, G and H) with permeability of 0.5 × 10–3 µm2 as examples,
the core recovery ratio varied with displacement volume under different injection media are shown
in Figures 5 and 6. The oil recovery ratio of two kinds of water flooding basically increased linearly
with the increase of displacement volume. There was an inflection point around 2 PV. Before 2 PV,
the recovery ratio increased rapidly with the increase of displacement volume. After 2 PV, it increased
slowly. This shows that when the displacement volume reached about 2 PV, the injected liquid
basically spread to the pores that it can entered in the whole core. The effect of active water flooding
was better than conventional water flooding. The displacement effect of active water in nano and
micro-nanopores was 42% more than that of water flooding. On the whole, the enhanced oil recovery
ratio of active water flooding was higher than that of conventional water flooding up to 10%.

The effect of the two kinds of gas flooding was obviously better than that of the two kinds of water
flooding. Compared with water flooding, the recovery ratio of gas flooding was obviously increased
at the initial 1 PV, and the inflection point appeared significantly earlier. After the injection of 1 PV,
the increase of oil recovery ratio slowed down. The recovery ratio of CO2 flooding was 10% higher than
that of N2 flooding. The recovery ratio of gas flooding in micro and sub-micropores was 60–70% higher
than that of water flooding. However, it was 1.5 times lower in nano and micro-nanopores. It can be seen
that 0.1 µm was the development limit of gas flooding. The main reason is that the fluidity of gas was
strong, and the tight porous media have strong internal heterogeneity. Although the cores without cracks
have been selected in the early stage of the experiment, it was difficult for gas to undergo a piston-like
displacement like water flooding. Instead, gas choses to go through the preferential seepage channel,
and then it is difficult for it to spread to nano- and micro-nanopores with very small radius. Therefore,
the effect of fingering was more serious for gas flooding. Moreover, the lower the core permeability
was, the higher the proportion of imbibition oil recovery was. The cores as a whole were hydrophilic,
so that the injected water can effectively displaced the crude oil in the pores of radius less than 0.1 µm
by capillary force. When the gas broke through, the gas flow resistance decreased and the gas flow
rate increased obviously. The crude oil in the nano and micro-nanopores was difficult to be recovered.
Achieved the same displacement volume, the gas flooding time was 1 times less than that of water
flooding. Under the injection pressure of 10 MPa, CO2 does not reach the minimum miscible pressure.
Therefore, it is not necessary to consider the problem of sediment blocked the channel [57]. On the
larger pores, the advantages of gas flooding are obvious. Gas flooding can displace crude oil in pores
“cleaner” than water flooding. Considering the economic benefits, the injection volume and injection
production pressure difference should be controlled in gas flooding. This allows the gas to spread as
much as possible to the micro-nanopores and extends the contact time between the gas and the crude oil.

The oil recovery ratio of tight cores with 4 kinds of permeability and their different pores under
different injection media are shown in Figure 7. On the whole, micro and sub-micropores provided
62–97% of the produced crude oil. The recovery ratio of gas flooding was significantly higher than that
of water flooding. Compared two kinds of water flooding, the recovery ratio of active water flooding
was about 10% higher than that of conventional water flooding.
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Compared with the oil recovery ratio in different pores, the recovery ratio of active water flooding
in nano and micro-nanopores were 30–50% higher than that of conventional water flooding. Moreover,
the lower the core permeability was, the better the displacement efficiency of active water in nano and
micro-nanopores was. The reason for this phenomenon is that surfactant can decrease the interfacial
tension and deform the oil droplets in the pores, and then reduce the resistance of oil droplets
through the channel. Moreover, in tight porous media, the surface of small pores was mostly oil wet.
Surfactant changed the wettability of the inner surface of pores, effectively reduced the flow resistance,
and increased the dispersion of crude oil in water, thus more crude oil can be recovered.

Under the pressure difference of injection and production of 3 MPa, the flow rate of CO2 was
faster than that of N2, and the gas channeling was formed earlier. Therefore, CO2 has lower recovery
efficiency for nano and micro-nanopores. High flow rate was not conducive to the recovery of nano and
micro-nanopores of crude oil. CO2 flooding mainly depended on extraction in small pores, which led
to precipitation of heavy components and increased flow resistance, and then decreased oil recovery in
nano and micro-nanopores. Compared two kinds of gas flooding, the effect of CO2 flooding was better
than that of N2 flooding. The reason is that the N2 is almost insoluble in crude oil. With the increase
of pressure, the solubility of CO2 in crude oil was increased, thus the viscosity of crude oil and the
interfacial tension of oil and gas were reduced.

4.4. Study on Residual Oil Distribution

The residual oil saturation refers to the percentage of residual crude oil in pore volume.
After flooding, NMR data of cores were measured. The residual oil saturation can be calculated
according to Equation (4) [44]:

Sor =
∑

T2,max
T2,min

Ai,a − ∑
T2,max
T2,min

Ai,b

∑
T2,max
T2,min

Ai,w − ∑
T2,max
T2,min

Ai,b

× 100% (4)

where Sor is the residual oil saturation of the core (%).
The residual oil saturation of tight cores under different injection media are shown in Table 4.

The residual oil of cores were related to their pore structure, permeability, initial oil saturation and
recovery ratio. On the whole, the remaining oil was mainly distributed in pores larger than 0.1 µm.
Under the same permeability level, gas flooding and water flooding were carried out respectively,
and the remaining oil saturation of cores after gas flooding was 10–25% lower. Especially on micropores,
the cores residual oil after gas flooding were less than that of water flooding by 40–50%. On the contrary,
the cores residual oil of after water flooding were lower than that of after gas flooding on nano and
micro-nanopores. This indicates that gas flooding had taken away the crude oil from the macropores,
and had not effectively displaced the oil in the pores with radius below 0.1 µm. Two kinds of water
flooding can effectively displaced nano and micro-nanopores because of its slow spread speed.

Compared the two kinds of water flooding, the residual oil saturation after active water flooding
was slightly lower than conventional water flooding. Especially in micro-nanopores, the residual oil
after active water flooding was 45% lower than that after conventional water flooding. Compared the
two kinds of gas flooding, the residual oil after CO2 flooding was 9% less than that of N2 flooding.
After two kinds of gas flooding, the remaining oil distribution was close, and the residual oil in the
pores below 0.1 µm was not as effective as water flooding. The whole crude oil in the core mainly
existed in micro and sub-micropores, thus gas drive was more conducive to the development of tight
reservoir. The experiment also showed that the CO2 flooding effect was the best under the same
displacement pressure and displacement volume.
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Table 4. Residual oil saturation of tight cores under different injection media.

No. Permeability (×10−3 µm2) Injection
Medium

Sor in Different Pores Share of Total (%)
Total Sor (%)

Nano Micro-Nano Sub-Micro Micro

A 0.229 Water 5.6 3.6 16.0 12.6 37.8
B 0.196 Active water 5.4 2.2 15.7 13.8 37.1
C 0.237 CO2 9.4 2.5 13.1 7.5 32.5
D 0.206 N2 9.0 4.9 13.4 5.9 33.2

E 0.537 Water 5.2 3.5 18.6 11.9 39.2
F 0.593 Active water 3.6 3.2 17.1 12.9 36.8
G 0.516 CO2 2.7 2.9 17.5 9.1 32.2
H 0.521 N2 2.6 6.5 21.3 3.3 33.7

I 0.933 Water 1.9 4.6 19.2 14.1 39.8
J 0.928 Active water 3.1 2.5 22.3 11.6 39.5
K 0.949 CO2 2.9 3.9 17.3 6.8 30.9
L 1.057 N2 2.1 3.3 24.9 5.9 36.2

M 1.592 Water 0.2 1.4 21.2 21.0 43.8
N 1.521 Active water 0.4 0.2 20.9 20.4 41.9
O 1.536 CO2 0.9 1.5 19.1 10.9 32.4
P 1.519 N2 1.2 1.5 18.3 14.9 35.9

Taking core M, N, O, and P with 1.5 × 10−3 µm2 permeability as examples, MRI images of cores
under different injection media and displacement volumes are shown in Figure 8. There is no nuclear
magnetic signal in the injected medium, and the MRI image essentially shows the residual oil in the
coronal section of the core. The brighter the image was, the stronger the semaphore was, and the more
oil there was in the corresponding area of the core. The injection medium was injected from the left
side of the core shown in the image and the crude oil was recovered from the right side. The cores were
cylindrical, and the MRI image was the superimposed semaphores of the selected section. Therefore,
the semaphore in the middle of the image was large, and in the upper and lower sides was small.
MRI images can only be used to qualitatively analyze the residual oil in cores with different injection
media and displacement volumes. As can be seen intuitively from Figure 8, the displacement effects
from good to bad were as follows: CO2 flooding, N2 flooding, active water flooding, and conventional
water flooding. The effects of the two kinds of gas drive were obviously better than that of water
flooding. Especially when the displacement volume was 1 PV, the semaphore of MRI image of CO2

flooding was obviously lower than that of other injection media, which indicates that CO2 flooding
effect was remarkable.Energies 2018, 11, x FOR PEER REVIEW  13 of 16 
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5. Conclusions

In this paper, the main task was to evaluate the displacement effect of different injection media
in tight oil sandstone. Water, active water, CO2 and N2 flooding experiments were carried out on
cores with four kinds of permeability. Online NMR spectrometer was applied to log NMR data as well
as MRI images of cores with different displacement volumes. The pore structure and oil saturation
of tight oil cores were compared. The oil recovery ratio and residual oil saturation under different
injection media and displacement volumes were analyzed.

Some conclusions can be summarized as follows. The lower the core permeability, the more the
proportion of nanopores. In the wake of the increased permeability, the proportion of sub-micro and
micropores was increasing gradually. Sub-micro and micropores contained more than 80% of the
crude oil.

Micro and sub-micropores provided 62–97% of the produced crude oil. The enhanced oil recovery
ratio of active water flooding was higher than that of conventional water flooding up to 10%.
The displacement effect of active water in nano and micro-nanopores was 42% more than that of water
flooding. The recovery ratio of gas flooding in micro and sub-micropores was 60–70% higher than that
of water flooding. However, it was 1.5 times lower in nano and micro-nanopores. The recovery ratio
of CO2 flooding was 10% higher than that of N2 flooding.

The remaining oil was mainly distributed in pores larger than 0.1 µm. Under the same permeability
level, the remaining oil saturation of cores after gas flooding was 10–25% lower than water flooding.
From MRI images, the displacement effects from good to bad were as follows: CO2 flooding, N2 flooding,
active water flooding, and conventional water flooding.
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