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Abstract: The development effect of water flooding in an ultra-low permeability reservoir is poor
due to its poor physical properties and high shale content, so an experimental study of air flooding
which helps to complement energy production was carried out. Based on the Accelerating Rate
Calorimeter experimental results, the crude oil of N block in L oilfield can undergo low-temperature
oxidation reactions, which are the basic condition for air flooding. Three groups of experimental
natural cylinder cores designed for oil displacement, water flooding and air flooding were used
respectively, and the relationship between differential pressure, oil recovery, injection capacity with
injection volume was investigated. It is observed that the recovery efficiency increased 2.58%, the
injection-production pressure difference dropped 60% and the injection capability increased 60% in
the experiment of shifting air flooding after water flooding to 75% moisture content, compared with
water flooding alone. It has been shown in the results that the recovery efficiency improved sharply
more than water flooding, the effect of depressurization and augmented injection was obvious,
and the air displacement was thus validated. We suggest that other science and technology workers
should perform further tests and verify this result through numerical simulation.
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1. Introduction

The proven reserves found low and ultra-low permeability reservoirs in China account for a large
proportion of the available oil and in recent years, water injection has been developed for low and
extra-low permeability oil reservoirs, but it generally shows poor effects [1,2]. Many studies show
that gas (including air, nitrogen, carbon dioxide, etc.) injection is an effective method to improve
the development efficiency of low and extra-low permeability reservoirs [3–7], which can establish
a valid driving force better than water injection. Less often considered is that most CO2 used for
enhanced oil recovery (EOR) is never recovered, but is actually stored in the reservoir permanently;
this long-term sequestration helps offset the greenhouse gas (GHG) emissions from burning fossil
fuels [8–10]. In practice CO2 flooding cannot be carried out because of the air supply, scaling and
corrosion of pipelines. N2 flooding gets more oil under the circumstances of a larger volume coefficient
the same as the other gas injection volume. N2 has high compressibility and expansibility, but the
preparation and transport of N2 are expensive. Air injection is more worthy of application because it
is an abundant resource and low-cost [11,12], so air injection is expected to become one of the most
preferred techniques in the future.
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Air displacement is mainly divided into low-temperature oxidation (LTO) and high-temperature
oxidation (HTO) In-Situ combustion (ISC) is mainly used for heavy oil reservoirs, as its theory,
including dry combustion and wet combustion, is complex. The preferred mechanism is HTO,
whereby the heavy ingredients of crude oil such as coke are used as fuels, and the heating decreases
the viscosity of crude oil to enhance the oil recovery. The use of horizontal wells for ISC to shorten the
displacement distance, which is called the Toe-To-Heel Air Injection process (THAI) is also established,
but the method is not adaptable to the target block due to the high cost of drilling horizontal wells.
The target block usable for air flooding has thin oil, well trapped good and with a small inclination
angle, and the main mechanism is LTO which can reduce oil viscosity, producing complementary
energy to enhance oil recovery. Field testing of air flooding has been performed in the Yanchang
oilfield, but the effect was not good because of the cross flow of low permeability fractured reservoirs.
N block of L oilfield in the Bohai Bay basin on the other hand is an extra-low permeability sandstone
reservoir without cracks. As the mechanism of air flooding is not only complex, but also has a certain
operational risk, an experimental study has now been been conducted to study the feasibility of air
displacement [13,14].

2. Experimental Design

2.1. Low Temperature Oxidation Kinetics Experiment

An Accelerating Rate Calorimeter (ARC) is the instrument used for screening suitable conditions for
injecting air into the reservoir. Under adiabatic conditions, by means of heating-waiting-retrieving-
tracking, then detecting the rate of increase of the instrument’s internal temperature and evaluating
the possibility of spontaneous combustion of crude oil under certain pressure, we can get the crude
oil oxidation kinetic parameters (heat of reaction, activation energy, reaction series), determining the
reaction type [15–17]. The experimental conditions were as follows: M calorimetric ball, 13.781 g;
M sample, 3.2 g (oil 1.5 g + particulate cores 1.5 g + water 0.2 g); Cp calorimetric ball, 0.42 J/g, K);
initial search temperature 50 ◦C; stop search temperature 350 ◦C; search step 10 ◦C. The chemical
reaction equations of low temperature oxidation are shown in Figure 1.
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2.2. Oil Displacement Experiment

Contrastive studies of the displacement efficiency between water and gas displacement have
undertaken in the N block of L oilfield in the Bohai Bay basin [18–22]. The block has been exposed to
water flooding, thus two types of experiments were performed: direct water flooding and gas driving
after water flooding, in order to get in line with the actual situation. Typical cores from producing
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wells were selected, and a series of three oil displacement experiments were designed for comparing
the recovery ratio and injection capacity between the two types of displacement.

2.2.1. Experimental Setup

The average depth of the target block is 3100 m, spacing is 3100 m, the average permeability
is 1 × 10−3 µm2, the average oil viscosity is 2.79 mPa·s, the well spacing method is an inverted
nine-spot pattern, the combined water cut is 75% at present, and as the moisture content increases,
the pressure of the water wells rises quickly, the stage injection-production ratio is 0.6, and the
formation energy decreased rapidly. Based on the observation of cores from inspection wells, due to the
strong water sensitivity, clay expansion reduces the reservoir permeability, so gas injection is the
best choice. The whole experiment was designed according to the similarity principle to simulate
the reservoir.

Gas channeling can easily form because of the high permeability of gas compared with the oil
and water phases. The gravity stabilization method, water/air alternate injection, air foam flooding
and other ways of flooding are used in the oilfield. Considering the limited laboratory conditions, the
experimental model was designed to satisfy the following conditions: first, the model is long enough,
so an oxidation zone, mixed regions and oil zone can be formed after multi-level contacting; second,
enough reactant is used to ensure that complete oxygen consumption happens before reaching the flue
gas outlet; third, the sweep efficiency should increase along with the injection volume and amount of
solvent injected; fourth, the core holding is roughed to reduce the breakthrough of injected fluid from
the tube wall and improve the sweep efficiency [23]. The experimental apparatus is shown in Figure 2.
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2.2.2. Experimental Conditions

Experimental reagents, including distilled water, NaCl, CaCl2, MgCl2, kerosene, crude oil, air,
water injection, were used etc. The cores should be long enough and not suffer damage during drilling.
The basic physical parameters of the cores such as the permeability (K), porosity (Φ), core length (L)
and diameter (d) of the samples were tested after grinding, washing and drying and are listed in
Table 1. The test results show that the samples have ultra-low permeability.

Table 1. Core sample parameters.

Core Sample K/×10−3 µm2 Φ/% L/cm d/cm

15 0.7399 12.63 6.54 2.36
31 0.3279 10.00 7.09 2.36
32 0.2297 10.00 6.08 2.36
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The experimental displacement oil sample is simulate the crude oil from the production well has
an oil formation temperature of 78.0 ◦C, formation pressure is 29.0 MPa, the saturation pressure is 18.0
MPa, dissolved gas ratio 450.0, and crude oil viscosity is 2.79 mPa·s.

Experimental formation water and injected water are based on water analysis data of samples
from oilfield block N, oilfield L. The block formation water contains sodium bicarbonate (NaHCO3),
the total salinity has an average of 5112.42 mg/L, which includes high levels of cations like Na+ and
K+, while the Mg2+ ion content is relatively low. A relatively high content of anions like HCO3

−,
while SO4

2− ion content is relatively low. The details are listed in Table 2. The volume fraction of
oxygen of the injection air is 21%.

Table 2. Formation water composition (mg/L).

Ion Salinity

Na+ + K+ 1493.85
Ca2+ 10.02
Mg2+ 6.08
Cl− 274.80

SO4
2− 81.65

HCO3
− 3051.00

CO3
2− 195.00

Total Salinity 5112.42

2.2.3. Experimental Procedures

The experiment is divided into eight steps.

(1) The air permeability of the natural core is determined after oil extraction, washing, drying,
packaging the core in plastic, connecting it with the core model, and connecting the back
pressure controller to the outlet end of core. The porosity is determined after formation
water saturation.

(2) Formation water is prepared, the cores are saturated with water, and the water
permeability calculated.

(3) Oil is injected into the core which is saturated with water, creating oil flooding water,
until there no water comes out of the core outlet, and the irreducible water saturation
is calculated.

(4) Water is injected into the core 15 for water flooding until no oil flows out. The amount of
oil flooding by water, the amount of injection water needed for the flooding process, and
the residual oil saturation, recovery efficiency and ultimate recovery can be calculated.

(5) Core 15 should be oil saturated with irreducible water. Repeat step (3), to calculate the
irreducible water saturation.

(6) Inject water into core 15 for water flooding until the water cut of the outlet reaches 75%,
which is the average water cut of the block. Adjust the gas pressure to the displacement
pressure, inject air into the core for the oil displacement experiments until no oil flows out,
calculating the amount of oil and injected air.

(7) Repeat steps (1)~(4) to calculate the residual oil saturation, recovery efficiency and ultimate
recovery with core 31.

(8) Repeat steps (1)~(3), (6), measuring the oil and gas volume and injected gas volume and
calculate the recovery efficiency with core 32.
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3. Results and Discussion

3.1. Test Conclusions

The initial exothermal temperature was 200 ◦C; adiabatic temperature rise >136 ◦C; maximum
heating rate 0.11 ◦C/min; correction coefficient is 2.24; activation energy 87.577 kJ/mol. Refer to the
former factor 1.54 × 108 s−1; reaction series is 0.97. The adiabatic oxidation process temperature–time
profile is shown in Figure 3. As shown in the figure, the current block formation of crude oil, particulate
cores and water mixture can happen with the air oxidation reaction in low temperature. At the reservoir
temperature, the low temperature oxidation reaction is very slow, less than the rate of diffusion of
oxygen into the oil.
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The speed can be lower when there are no sands, suggesting that the reaction occurs on the
surface of the sand, or when the oil and gas interface is fairly small, and the reaction is controlled by
the diffusion.

3.2. The Experimental Results and Analysis

There are three groups of oil displacement experiments. The first set of experiments used core 15
for water flooding only, followed by gas flooding after the water flooding experiment; the second set of
experiments used core 31 for water flooding; the third set of experiments used core 32 for gas flooding
after a water flooding experiment. The current N block water cut is about 75%, so in order to make the
experiment more in line with the reality, the water drive was changed to gas drive as the outlet water
cut reached up to 75%.

3.2.1. The First Set of Experiments

For the first set of experiments with core 15, the physical parameters of the core are shown
in Table 3.

The core was drilled from the 12–16 Well of L oilfield N block. µw is the injected water viscosity,
Ka is the permeability, φ is the porosity, T is the experimental temperature, γd the is ratio of formation
water, KW is the water phase permeability, γW is the ratio of injected water and formation water,
µd is brine viscosity, L is the core length, k is the water-free oil recovery, the Swi is the irreducible
water saturation, D is the diameter, sor is residual oil saturation, Kw is the water phase permeability
in the residual oil saturation, η is the ultimate oil displacement efficiency of water flooding, V is the
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pore volume, vw s the water injection rate, Qo is the oil saturation, µo is the oil viscosity, A is the
cross-sectional area, and pwo is the differential pressure at the end of the water displacement.

Table 3. Core physical property parameters and experimental conditions.

Parameter

µw/mPa·s Ka/×10−3 µm2 φ/% T/◦C γd/g/cm3 µo/µw * Kw/×10−3 µm2

0.65 0.74 12.63 78 0.993 4.23 0.56

Parameter

γW/g/cm3 µd/mPa·s L/cm k/% Swi/% D/cm Sor
0.99 0.67 6.54 36.3 42.77 2.36 0.0807

Parameter

η/% V/cm3 vw/mL·min−1 Qo/mL µo/mPa·s A/cm2 pw0/MPa
56.52 3.61 0.20 2.07 2.75 4.372136 4.018

* dimensionless.

(a) Permeability to Water

Core 15 is saturated by formation water and Kw was measured. The experimental results are
shown in Table 4, where ta is the time interval, v is the injection rate, ta is the cumulative injection time,
the Q is the cumulative injection volume, and p is the differential pressure. During the experimental
process, the pressure rose slowly, but as the injection time was extended, the pressure rose with a very
slight increases, which shows that there are changes in the pore structure of the core, such as jams
caused by clay swelling and particle movement, etc.

Table 4. Saturated water experimental results.

ta/min v/mL·min−1 Q/mL p/MPa Injection Multiples/PV K/×10−3 µm2

0 0.5 0 0 0
60 0.5 12.00 1.388 3.32 0.602
30 0.5 18.00 1.394 4.99 0.599
30 0.5 24.00 1.453 6.65 0.575
20 0.5 28.00 1.464 7.76 0.570
20 0.5 32.00 1.475 8.86 0.566
20 0.5 36.00 1.486 9.97 0.562

(b) Water Flooding Recovery

The core was saturated with oil and the core irreducible water saturation was measured. It takes
75 min for the oil to come out of the outlet and after 195 min the core is saturated with oil. In the oil
saturation process, the irreducible water saturation is 42.65%. The detailed experimental data is shown
in Table 5, Qw is the accumulated water production rate.

Table 5. Saturated oil experimental results.

ta/min v/mL·min−1 Q/mL Qw/mL p/MPa Injection Volume/PV K/×10−3 µm2 Remarks

0 0.1 0 0 0 0 0
75 0.1 15.00 1.62 1.631 4.16 0.420 Oil breakthrough
30 0.2 21.00 1.87 1.719 5.82 0.399
30 0.4 27.00 1.97 3.348 7.48 0.410
30 0.8 33.00 2.07 4.969 9.14 0.552
30 1.2 39.00 2.07 8.484 10.80 0.646

The water flooding experiment was carried out after saturating with oil, and the recovery efficiency
of water flooding was determined. In the water flooding process, it took 8 min for the water to break
through, and the measured water-free oil recovery was 36.23%. It takes 565 min to the end of water
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flooding with an ultimate recovery of 56.52%, a residual oil saturation of 24.93% and the water phase
permeability is 0.0807 × 10−3 µm2 under Sor conditions. The experimental results are shown in Table 6
and Figures 4 and 5, where Qo is the cumulative oil production.

Table 6. Water flooding experimental results.

ta/min v/mL·min−1 Q/mL Qo/mL p/MPa Injection Multiples/PV Recovery/% Remarks

0 0.2 0 0 0 0
5 0.2 1.00 0.55 2.476 0.28 26.57

3 0.2 1.60 0.75 2.784 0.44 36.23

Water
breakthrough

(water-free
recovery 36.23%)

7 0.2 3.00 0.95 3.092 0.83 45.89
10 0.2 5.00 1.00 3.555 1.39 48.31
10 0.2 7.00 1.00 3.714 1.94 48.31
20 0.2 11.00 1.05 3.747 3.05 50.72
30 0.2 17.00 1.07 3.806 4.71 51.69
30 0.2 23.00 1.10 3.855 6.37 53.14
30 0.2 29.00 1.10 3.798 8.03 53.14
30 0.2 35.00 1.12 3.850 9.70 54.11
30 0.2 41.00 1.12 3.828 11.36 54.11
30 0.2 47.00 1.15 3.844 13.02 55.56
30 0.2 53.00 1.15 3.826 14.68 55.56
60 0.2 65.00 1.15 3.793 18.01 55.56
60 0.2 77.00 1.15 3.905 21.33 55.56
60 0.2 89.00 1.17 4.020 24.65 56.52
60 0.2 101.00 1.17 3.947 27.98 56.52
60 0.2 113.00 1.17 4.018 31.30 56.52
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The injection pressure of core 15 during water flooding shows a small fluctuation before rising
during the water flooding recovery efficiency experiments, rather than the decreasing pressure seen in
general water flooding. The phenomenon illustrates that internal pore blockage happened, which is
because of the high content of clay expanding after meeting the water. Generally, the pressure would
rise if the open water injection method were adopted, especially in the cores of this block.

The differential pressure between production and injection increased rapidly as the injection
volume increased, with the growth slowing down gradually after 0.5 PV, and the differential pressure
stayed above 3.5 MPa and rose slowly. After 1.5 PV injection, the injection capacity began to flatten,
and the injection capacity trended slightly down due to the low permeability of the clay minerals of
the core.

(c) Oil Saturation Experiment Again

Because the structure of core 15 changed after water flooding, the saturated oil pressure is
significantly higher than the saturated oil pressure the first time. Due to the decrease of flowing
pore volume, the amount of saturated oil was significantly less than the first time, which was high in
bound water. The oil measured content was 1.77 mL in the core, and the irreducible water saturation
is 50.97%. Specific experimental data are shown in Table 7. The experimental purpose is re-saturate the
oil with oil, irreducible water, oil content within the core is 1.77 mL, the irreducible water saturation
swi is 50.97%.

Table 7. Saturated oil again experimental results.

ta/min v/mL·min−1 Q/mL Qw/mL p/MPa Injection Multiples/PV K/×10−3 µm2 Remarks

0 0.1 0 0 0 0 0
215 0.1 43.00 0.47 2.620 11.91 0.262 Oil breakthrough
30 0.2 49.00 0.57 3.659 13.57 0.375
30 0.4 55.00 0.67 5.487 15.24 0.500
30 0.8 61.00 0.77 7.288 16.90 0.753
30 0.4 67.00 0.77 7.000 18.56 0.392
30 0.20 73.00 0.77 6.500 20.22 0.211
30 0.10 79.00 0.77 3.587 21.88 0.191
30 0.10 85.00 0.77 3.405 23.55 0.201
30 0.10 91.00 0.77 3.609 25.21 0.190
60 0.10 103.00 0.77 3.688 28.53 0.186
120 0.05 127.00 0.77 3.968 35.18 0.086
120 0.05 151.00 0.77 4.233 41.83 0.081
120 0.05 175.00 0.77 4.564 48.48 0.075
120 0.05 199.00 0.77 4.607 55.12 0.074
120 0.05 223.00 0.87 4.134 61.77 0.083

(d) Air Displacement after Water Flooding Experiments

First, the experiment was switched from water flooding to gas displacement when the outlet
moisture content was 75%. When the injection time is 20 min, outlet water breakthrough occurred and
the measured the water-free oil recovery is 35.03%. At the end of the water drive the recovery efficiency
was 48.01%. The outlet water cut reached 75% after the change to air injection. The experiment ended
at 185 min, with a total recovery efficiency of 54.80%. Specific experimental data are shown in Table 8,
Figures 6 and 7.

The differential pressure between production and injection increased rapidly as the injection
volume increased, and after the injection of air, the differential pressure of injection-production drops
rapidly, and stays constant at 2.5 MPa. Before the black vertical lines is the water flooding stage,
and the gas injection stage is behind. As Figure 6 shows, in the gas flooding after water flooding
experiment process, recovery factor increased during the water drive process as the injected water
rose significantly. After changing to air injection displacement and using a displacement velocity
of 0.2 mL/min, the recovery increase is not obvious, and the ultimate recovery was 54.8%.
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Table 8. Switch to air injection experimental results.

ta/min V/mL·min−1 Q/mL Qo/mL p/MPa Injection
Multiples/PV Recovery/% Qa/m3·MPa−1 Oxygen

Content/% Remarks

0 0.2 0 0 0 0 0 0 -
10 0.2 1.0 0.25 4.12 0.50 20.03 0.21 -

10 0.2 2.0 0.62 5.33 0.55 35.03 0.38 - Water
breakthrough

4 0.2 2.8 0.79 5.84 0.78 45.03 0.48 -
2 0.2 3.2 0.83 5.83 0.89 46.76 0.55 -
2 0.2 3.6 0.85 5.84 1.00 48.01 0.62 -
1 0.2 3.8 0.92 4.25 1.05 51.98 0.89 -
5 0.2 4.8 0.95 4.27 1.33 53.67 1.12 -

7 0.2 6.2 0.95 3.20 1.72 53.67 1.94 19.6 Gas
breakthrough

9 0.2 8 0.97 2.90 2.22 54.80 2.76 17.6
10 0.2 10 0.97 2.50 2.77 54.80 4.00 16.7
15 0.2 13 0.97 2.50 3.60 54.80 5.20 12.1
20 0.2 17 0.97 2.50 4.71 54.80 6.80 10.2
25 0.2 22 0.97 2.50 6.09 54.80 8.80 10.2
30 0.2 28 0.97 2.50 7.76 54.80 11.20 9.9
35 0.2 35 0.97 2.50 9.70 54.80 14.00 7.5
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(e) Analysis of the Results

The recovery in core 15 is 56.52% during the first water flooding experiment process, which is
higher than the second water flooding recovery efficiency of 54.80%. As Table 8 shows, the oxygen
content is higher after gas breakthrough with an oxygen content of 19.6%, and the oxygen content
of the injected air was 21%, suggesting that gas channeling happened during the air displacement
process, which affected the results of the experiment. In order to confirm the air displacement effect,
a second and the third group of experiments was carried out, and in the bcase of gas channeling the
injection volume, and injection solvent amount increased.

3.2.2. The Second and the Third Groups of Experiments

The second and third groups of experiments were carried out with cores 31 and 32, respectively.
The cores are drilled from 12 to 18 Wells at 3228 m depth with similar properties, and adopt water
flooding and water flooding to air flooding at the water cut of 75% in the outlet, to make a contrastive
analysis of the experimental results. A second group of core 31 basic data used in the experiment are
shown in Table 9.

Table 9. The Core 31 physical property parameters and experimental conditions.

Parameters Ka /×10−3 µm2 T/◦C µo/µw * φ/% γd/g·cm–3 Kw/×10−3 µm2 L/cm

Value 3.1825 78 4.23 14.31 0.993 2.95 7.09
Parameters µd/mPa·s k/% D/cm V/cm3 Swi/% Sor vw/mL·min−1

Value 0.67 37.2 2.36 4.44 40.09 0.255 0.20
Parameters A/cm2 µo/mPa·s Q0/mL pWO/MPa µw/mPa·s γW/g·cm–3 η/%

Value 4.372 2.75 2.66 3.853 0.65 0.99 57.51

* dimensionless.

On core 31 with saturated oil operation, we measured the irreducible water saturation of the
core. During the process of oil saturation, after a cumulative injection time of 120 min, oil came out
from the outlet. After 210 min the saturated oil release is over, and the irreducible water saturation
measured 40.09%. Specific experimental data are shown in Table 10.

Table 10. Saturated oil experiment results.

ta/min v/mL·min−1 Q/mL Qw/mL p/MPa Injection Multiples/PV K/×10−3 µm2 Remarks

0 0.10 0 0 0 0 0
70 0.20 14 1.03 0.89 3.15 1.67
50 0.50 24 1.65 1.53 5.41 2.43 Oil found
30 1.20 30 2.06 2.92 6.76 3.06
30 1.80 36 2.35 4.58 8.11 2.92
30 3.15 42 2.66 7.36 9.46 3.18

At the time of 10 min injection, water broke through from the outlet, and the water-free oil
recovery was 37.22%. Water flooding ended at 545 min, and the ultimate recovery of 57.52%, and the
residual oil saturation was 25.45%. The data are shown in Table 11, Figures 8 and 9.

Table 11. Second group of water flooding experiment results.

ta /min v/mL·min−1 Q/mL Qo/mL p/MPa Injection
Multiples/PV Recovery/% Qa/m3·MPa−1 Remarks

0 0.20 0 0 0 0 0 0
5 0.2 1.00 0.68 1.53 0.23 25.56 0.65

5 0.2 2.00 0.99 2.68 0.45 37.22 0.75 Water
breakthrough

7 0.2 3.40 1.00 2.89 0.77 37.59 1.18



Energies 2016, 9, 783 11 of 17

Table 11. Cont.

ta /min v/mL·min−1 Q/mL Qo/mL p/MPa Injection
Multiples/PV Recovery/% Qa/m3·MPa−1 Remarks

10 0.2 5.40 1.00 3.33 1.22 37.59 1.62
15 0.2 8.40 1.00 3.56 1.89 37.59 2.36
20 0.2 12.40 1.05 3.68 2.79 39.47 3.37
30 0.2 18.40 1.05 3.78 4.14 39.47 4.87
3 0.2 24.40 1.10 3.78 5.50 41.35 6.46

30 0.2 30.40 1.10 3.78 6.85 41.35 8.04
30 0.2 36.40 1.11 3.85 8.20 41.73 9.45
30 0.2 42.40 1.27 3.83 9.55 47.74 11.08
30 0.2 48.40 1.27 3.84 10.90 47.74 12.59
30 0.2 54.40 1.30 4.11 12.25 48.87 13.24
60 0.2 66.40 1.36 4.61 14.95 51.13 14.40
60 0.2 78.40 1.48 4.45 17.66 55.64 17.62
60 0.2 90.40 1.50 4.89 20.36 56.39 18.49
60 0.2 102.4 1.53 5.03 23.06 57.52 20.36
60 0.2 114.4 1.53 5.12 25.77 57.52 22.34
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Figure 9. Injection ability and multiple injection relationship diagrams.

The recovery efficiency increased with the increase of injection rate, while the differential pressure
between production and injection became higher and higher. For water flooding an ultra-low
permeability core, the trend is obviously that the injection capability declines after reaching stability.
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The basic data of core 32 in the third set of experiments are shown in Table 12. The core source was
from L oilfield N block Well12-18 (depth 3228 m).

Table 12. The core 32 physical property parameters and experimental conditions.

Parameters

Ka/×10−3 µm2 φ/% T/°C γd/g/cm3 µo/µw Kw/×10−3 µm2 L/cm
3.2297 14.21 78 0.993 4.23 2.83 6.08

Parameters

µd/mPa·s D/cm Swi/% k/% Sor V/cm3 vw/mL·min−1

0.67 2.36 39.78 36.4 0.241 3.78 0.20

Parameters

A/cm2 µo/mPa·s Q0/mL pWO/MPa µw/mPa·s γW/g/cm3 η/%
4.372 2.75 2.28 2.211 0.65 0.99 60.09

(a) Water Flooding Recovery

Core 32 was saturated with oil, and the irreducible water saturation of the core was measured.
During the process of oil saturation, at the injection time of 220 min, oil breakthrough from outlet
was observed. The saturation was over at 610 min, and the irreducible water saturation was 39.78%.
Specific experimental data are shown in Table 13.

Table 13. Third oil saturation experiment results of experiments.

ta/min v/mL·min−1 Q/mL Qw/mL p/MPa Injection Multiples/PV K/×10−3 µm2 Remarks

0 0.1 0 0 0 0 0
50 0.2 10 1.03 0.99 2.65 1.29
70 0.2 24 1.11 1.2 6.35 1.06
50 0.3 34 1.37 1.47 8.99 1.30

50 0.4 44 1.54 1.56 11.64 1.64 Oil
breakthrough

30 0.4 50 1.66 2.78 13.23 0.92
30 0.5 56 1.87 2.86 14.81 1.11
30 0.5 62 1.95 2.87 16.40 1.11
60 1 74 2.01 2.92 19.58 2.18
60 1.6 86 2.01 7.36 22.75 1.39
60 1.8 98 2.28 7.25 25.93 1.58
120 3.2 122 2.28 8.64 32.28 2.36

(b) Switch to Air Displacement after Water Flooding Experiment

A gas flooding after water flooding experiment was carried out on core 32. The water flooding
experiment was performed first, until the outlet water cut is 75%, and then switched to a gas
displacement experiment. When the injection time is 15 min, water breaks through from outlet,
and the water-free oil recovery is 36.40%. The water flooding experiment ended at 26 min, and the
recovery from the core was 50.10%. Then it was converted to a gas displacement experiment, and gas
breakthrough from the outlet was observed at 34 min, so as the instantaneous flow became faster, gas
breakthrough occurs sooner, and there is a sharp drop in pressure. The gas flooding experiment ended
at 119 min, and the recovery was 60.09%. The results are shown in Table 14, Figures 10 and 11.

Compared to the second set of experiments, the differential pressure of injection-production drops
by more than half after the air drive, which matches with the first set of experiments. The area before
the black vertical line is the water flooding stage, and the gas injection stage follows. The injection
capacity increased more than one time and remained stable after air flooding, which matches the first
set of experiments. Several researchers’ results [24] show that for most of the oil product, the oxygen
content safety limit is 10%~11%. As shown in Table 14, the oxygen content is 10.8%, which is within
the safety scope of the security. At the same time, the well spacing between injection and production
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well is generally a few hundred meters, so the oxygen of the injected air could make full contacted with
the oil within the scope of the long distance, and result in a slow reaction at the reservoir temperature,
so the concentration of oxygen is reduced gradually, so we can predict that the production well will
not explode, but the surveillance must nevertheless be strengthened [25,26].

Table 14. Third group experiment: first water flooding followed by air injection experiments.

ta/min V/mL·min−1 Q/mL Qo/mL P/MPa Injection
Multiples/PV Recovery/% Qa/m3·MPa−1 Oxygen

Content/% Remarks

0 0.2 0 0 0 0 0 0 -
5 0.2 1.00 0.62 5.36 0.26 27.19 0.19 -

10 0.2 3.00 0.83 5.84 0.79 36.40 0.51 - Water
breakthrough

5 0.2 4.00 1.04 5.90 1.06 45.47 0.68 -
2 0.2 4.40 1.12 5.96 1.16 49.20 0.74 -
2 0.2 4.80 1.13 6.21 1.27 49.65 0.77 -
2 0.2 5.20 1.14 6.35 1.38 50.10 0.82 -
1 0.2 5.40 1.15 6.40 1.43 50.44 0.84 -
2 0.2 5.80 1.19 5.89 1.53 52.19 0.98 -

5 0.2 6.80 1.23 3.14 1.80 53.95 2.17 10.8 Gas
breakthrough

5 0.2 7.80 1.27 3.02 2.06 55.70 2.58 8.7
10 0.2 9.80 1.27 3.02 2.59 55.70 3.25 7.1
10 0.2 11.80 1.34 2.50 3.12 58.77 4.72 7.0
10 0.2 13.80 1.34 2.50 3.65 58.77 5.52 5.6
20 0.2 17.80 1.37 2.50 4.71 60.09 7.12 4.6
30 0.2 23.80 1.37 2.50 6.30 60.09 9.52 4.1
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Figure 10 shows that recovery efficiency continues to increase during the water flooding, and the
recovery is 45.47% when the water injection up to 1.06 PV (injection volume divided by pore
volume). Then the water flooding effect get worse, and when 1.38 PV is injected, the recovery
reaches 50.10%. We switch from water drive to gas drive when the water displacement becomes
difficult. The displacement rate is 0.2 mL/min, injection angle is 20◦, and air displacement improved
the recovery efficiency to 60.09% by gravitational force, which is higher than ever.

(c) Result Comparison

Figure 12 shows that the injection pressure increases obviously after switching to air flooding, and
oil recovery with air flooding is higher than with water flooding when the injection up to 4 to 5.5 PV.
The pressure of the air injection is nearly half lower than the pressure of water flooding, and the
pressure falls rapidly after breakthrough. From Figures 13 and 14, the oil displacement ability of water
flooding in the two experiments is close, and they show similar recovery trends, but the recovery
of the third group experiments with air displacement is significantly higher than in the second set
of experiments, which shows that air flooding plays a significant role in this experiment. Through
comparison and analysis of the second and the third groups of experiments on core 31 and core 32,
respectively, after water flooding and water flooding to a moisture content of 75% and switching to
air displacement, the recoveries were 57.51% and 60.09%, respectively, a 60% drop compared to the
water, gas injection pressure differential, and the injection capacity increased by 60%, after the change
to air injection of 2.43 PV, so compared with the same water flooding the degree of recovery increases
significantly. The effect of air displacement in the L oilfield N block oil displacement is significant, the
air displacement of oil is feasible, but places a high requirement on technology.
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contrast analysis.

The experiments can only consider the viscosity factor, and there is a swept volume in actually
water flooding a reservoir, so the actual recovery efficiency is lower than in the experiments. Compared
with the CO2 flooding, nitrogen gas flooding is much cheaper, but its security problems are very
significant. Corrosion resistance must be considered in the actual production, increasing the monitoring
oxygen content.

After the early water flooding stage, the injection of the third set of experiments is more difficult
than the second set of experiments, as the differential pressure of injection-production is two times
more, and the differential pressure of injection-production is less than only water flooding after



Energies 2016, 9, 783 15 of 17

switching to air flooding. Before the black vertical line is the water flooding stage, and the gas injection
stage follows.Energies 2016, 9, 783  15 of 17 
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contrast analysis.

The injection capacity of the second set of experiments becomes poor gradually, which corresponds
to only water flooding, while the injection capacity of the third set of experiments increases greatly
after the shift to air flooding. Before the black vertical line is the water flooding stage, and the gas
injection stage is behind.

4. Conclusions

(1) ARC verified by the experiment that in this block formation oil transformation can happen with
low temperature air oxidation, the initial exothermic temperature of the experiment is 240 ◦C,
and the maximum heating rate is 0.11 ◦C/min.

(2) The core15 experiments may be a result of gas channeling, and increasing the injection volume,
and increasing the sweep efficiency may be ways to improve this problem, and one could also
try the injection foam in the actual production.

(3) The recovery efficiency improved 2.58%, the injection-production pressure difference dropped
60% and the injection capability increased 60% in the experiment shifting to air flooding after
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water flooding to 75% moisture content, compared with only water flooding. In the aspect of
EOR and injection capacity improvmenet, the air displacement feasibly solved the problem of
injection difficulty in the N fault block of the L oilfield.

(4) The paper provides experimental proof this can work, suggesting that other science
and technology workers could now undertake further tests and verify this through
numerical simulation.
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