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Abstract: In ASP (Alkali-Surfactant-Polymer) flooding processes, surfactants help to enhance oil
recovery by lowering the interfacial tension between the oil and water. However, due to the high
cost of surfactants and the stability of the emulsion that varies with surfactant concentration, it is
necessary to optimize the surfactant concentration in ASP flooding. In this study, we combined
numerical simulation and physical experimental research to solve this problem. In order to screen
for the optimal surfactant concentration in the main and vice slugs, CMG (Computer Measurement
Group) numerical simulation software was used to change the surfactant concentration in the
injected compound system and the oil recovery factor and the recovery percent of reserves were
compared. The physical experiments were also carried out with different surfactant concentrations
and the results verified the simulation results. It shows that the recovery factor increases with the
surfactant concentration. The optimal surfactant concentration in the main and vice slug are 0.3%
and 0.15%, respectively. As for improving the recovery factor, it is more efficient to increase the
mass fraction of the surfactant in the vice slug than in the main slug. It demonstrates that the
amount of surfactant in the main slug plays a more important role in displacing oil from the
formation.

Keywords: ASP (Alkali-Surfactant-Polymer) flooding; weak base; optimal surfactant
concentration; numerical simulation; oil recovery

1. Introduction

At present some oilfields have entered the high water-cut period, which has brought about
many issues, such as difficulties in the development process and poor economic benefits. Some
recovery technologies must be applied to improve recovery efficiency. Based on polymer flooding,
we developed ASP (Alkali-Surfactant-Polymer) flooding, which provides a stable production for the
old oilfields and broad prospects for enhanced oil recovery [1,2].

Research results have shown that adding surfactant into the slug is very helpful in improving
the recovery efficiency. Firstly, the surfactant can reduce the interfacial tension between the water
and oil phase and turn the residual oil into an oil-water emulsion, which makes crude oil more
dispersed and results in higher crude oil production. However, adding too much surfactant into the
compound system will reduce its viscosity, causing difficulties in fluid control. Additionally,
surfactants are expensive, therefore it is necessary to optimize the surfactant concentration [3-5].
Results have shown that the ASP system with a lower concentration of surfactant can improve oil
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recovery by 22.3%, which was better than that of the surfactant/polymer system, alkali/polymer
system, and polymer system [6]. Using a surfactant with higher concentration does not guarantee
higher oil recovery, but it does increase the cost of the operation. It was found that using low
concentration surfactants can improve the recovery efficiency significantly [7]. The surfactant type
and mass fraction were selected through the orthogonal test method. The results showed that the
QY-3 surfactant has the best compatibility with polymers resulting in an effective synergistic effect,
which greatly reduced the oil-water interfacial tension. The results also showed that the oil
displacement efficiency is the most economical and effective when the mass fraction of the
surfactant is 0.3% [8]. The surfactant concentration used for EOR (Enhanced Oil Recovery) in the
Daging Oilfield low permeability oil reservoir was also studied. Five different concentrations (0.1%,
0.2%, 0.3%, 0.4%, and 0.5%) of SY surfactant were used for flooding. The results showed that 0.3% is
the optimum concentration, due to the lower surfactant usage and good oil recovery characteristics
[9]. The surfactant adsorption in the reservoir was also studied, and the results showed that the
adsorption is irreversible with concentration and reversible with salinity [10].

However, research on optimizing the surfactant concentration in weak base ASP flooding has
been only briefly reported. In this article, based on the geological characteristics of SA I110-SA III in
the Daqing oilfield, a geological model through CMG (Computer Measurement Group) software
(Computer Measurement Group, Turnersville, NJ, USA) was constructed, and the model was
verified by the dynamic history of water drive production. Then the optimal surfactant
concentrations in the main slug and vice slug were screened through numerical simulation. Finally,
a physical experiment was conducted to verify the simulation results.

2. Numerical Simulation Model

In order to ensure the smooth development of a reservoir numerical simulation, a reasonable
development plan was generated and a fine 3D geological model was established on the basis of
comprehensive geological studies. Combining the existing Eclipse black oil model and the
geological characteristics of the block, the CMG-STARS (Computer Measurement Group, Steam,
Thermal and Advanced process Reservoir Simulation) chemical flooding model was established
and modified.

2.1. Numerical Simulator

The CMG parallel simulator can directly input the results of reservoir descriptions into several
modules, which can be returned to the geological modeling software simultaneously, so as to realize
the real full oil reservoir numerical simulation.

The CMG software can be used to calculate and process the model. It can deal with complex
structural oil and gas reservoirs. The resulting solution is stable, and the data processing function is
strong. The STARS module can simulate the thermal recovery and chemical flooding in the oil field.
As compared to other numerical simulation software, it has a better simulation effect, especially in
the following aspects:

(1) It includes a flexible component model, user can defined chemical reaction kinetics, phase
equilibrium constant model, function model, saturation function model, and flexible good
geological mechanics model of the simulator, and the user can simulate all kinds of chemical
flooding processes based on this software;

(2) It can fully characterize the physicochemical mechanism in the process of chemical flooding, it
can simulate the change of molecular weight of the polymer, polymer shear, affect the degree
of mineralization, adsorption, and retention, permeability decrease, inaccessible pore volume,
non-Newtonian fluid, polymer degradation, capillary number equation, interfacial tension,
components of the dispersion and diffusion, ion exchange reaction, emulsification, etc. It also
can be used to simulate the scale of the laboratory to the scale of the mine, such as the choice of
the chemical agent, the optimization of the development method, the research on the oil
displacement mechanism, the chemical flooding simulation, and so on.
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Based on the above analysis, we chose the CMG software as the numerical simulator software.

2.2. Geologic Characteristics

The site for the ASP flooding experiment is located in the west of the Daqing oilfield, including
the SA II10-SA 1III10 blocks. The reservoir is a clastic reservoir with a delta plain and inner front
sedimentary facies. This clastic reservoir has thick deposition, wide distribution, relatively good
connectivity, and high capacity of injection and output. The physical property parameters of this
area are as follows: oil-bearing area of the site 3.7 km?, perforated sandstone thickness 23.4 m, net
pay thickness 14.7 m, and mean permeability 0.553 um?. The well pattern is a five point area with a
distance of 125 m between the injection and producing well. There are 230 wells in the area,
including 99 injection wells and 131 producing wells. The geological reserves are 706.19 x 10* t. The
pore volume is 1377.07 x 10* cm?. At present, the extraction rate is 39.84%; the comprehensive water
content is 92.8%, which is in the super high water cut stage.

2.3. Geologic Models Characterization

The ASP flooding numerical simulation is implemented using the STARS module of the CMG
software. The numerical simulation model, which is a multicomponent chemical flooding model, is
intercepted in the center representative area of the experimental zone. In the model, there are 50
wells, including 28 injection wells and 22 producing wells. Total grid numbers of the model are 51 x
44 x 53 = 118,932 in the X and Y coordinate axis. Each grid size is 10 m. In the longitudinal axis, a
refined grid is used that represents a mean thickness of 0.5 m. The model of permeability, porosity,
and oil saturation is shown in Figure 1. The contour map of the permeability and oil saturation of
the main layer are shown in Figure 2.
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Figure 1. Different models. (a) Permeability model; (b) porosity model; and (c) oil saturation model.
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Figure 2. Contour map of main layer. (a) Permeability contour map; (b) porosity contour map; and (c)
oil saturation contour map.

3. Dynamic Fitting of the Reservoir Water Flooding Production

In the fitting process, the fixed liquid quantity was used for the production well, and the
monthly averaged liquid quantity, from January 2001 to December 2014 was used for the
production data fitting. The actual production fluid data was input into the model for calculations.

3.1. Dynamic History-Matching of Production in the Whole Block

The production dynamics of the whole block are shown in Table 1. The relative error of
cumulative oil production is 1.69%. The relative error of cumulative liquid production and water
injection is 0.5%. The fitting curve of oil production and water injection in the experimental area is
shown in Figures 3 and 4.

Table 1. Production dynamics of the whole block.

Items Cumulative Oil Cumulative Liquid Cumulative Water
Production (10* m3) Production (10* m3) Injection (10* m3)
Simulation 26.64 327.76 678.967
Actual 27.09 329.40 682.362
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Figure 3. Fitting curve of the oil production in the experimental area.
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Figure 4. Fitting curve of the water injection rate in the experimental area.

3.2. Dynamic History-Matching of Production in a Single Well

On the basis of fitting geological reserves, the history-matching of single well water flooding
was conducted, with oil production and water content from a fixed single well liquid production.
The fitting time was from January 2011 to December 2014. First, the relative permeability curve and
permeability and conductivity distribution were adjusted in order to keep the entire block of oil and
water production trend consistent. Then, the local adjustment of permeability and conductivity in
the near well zone of each well was conducted to keep the fitting of the output profile consistent
with the actual production history. At the end of the history-matching, the water injection and
production wells were well fitted with the fitting rate more than 90% and the average error less
than 10%. This shows that the geological model has good agreement with the real reservoir.
Therefore, we can use this geological model to simulate the optimization of the surfactant
concentration. The history-matching curves of monthly liquid and oil production are shown in
Figure 5.
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Figure 5. Fitting curve of the monthly liquid and oil production of a single well. (a) Liquid
production of the CD208-SP10 well; (b) CD208-SP10 well; (c) liquid production of the CD8-SP07




Energies 2017, 10, 304 8 of 14

well; (d) oil production of the CD8-SP07 well; (e) liquid production of the C208-SP010 well; (f) oil
production of the C208-SP010 well; (g) liquid production of the C8-SP012 well; (h) oil production of
the C8-SP012 well; (i) liquid production of the CP208-SP11 well; and (j) oil production of the
CD208-SP11 well.

4. Numerical Simulation Results

Based on previous experience [11-13], when only the main slug was injected, the oil
displacement effect was poor. However, with the pre-polymer slug, vice slug, and rear-polymer slug,
the recovery efficiency was improved greatly. Therefore, in this study, the pre-polymer slug, main
slug, vice slug, and rear-polymer slug were injected sequentially.

4.1. Effect of Surfactant Concentration in the Main Slug on the Oil Displacement Results

The surfactant used in the optimization is petroleum sulfonate, and the reason why we used it
in this simulation is that the surfactant used in actual production is petroleum sulfonate. The
surfactant concentration used in the Dagqing oilfield is between 0.05% and 0.4%, so our task is to
optimize the concentration in this range.

The numerical simulation schemes are shown in Table 2. We compared the results of the
experimental schemes and chose the optimal surfactant concentration.

Table 2. Numerical simulation schemes of the oil displacement with different surfactant
concentrations in the main slug.

Surfactant
Scheme  Pre-Polymer Slug Main Slug Vice Slug Rear-Polymer Slug  Concentration in
Main Slug (%)
; 0'03 I;Vf?re 0.35 PV 0.15 PV 02PV 8';
3 (160 5’ ;g /E ”s (12% Ab+Sc+1900 (1% A +0.15% S+ 1800 (1600 mg/L, 0
4 million P %) mg/L, 16-19 million P) ~ mg/L, 16-19 million P) 16-19 million P) 04

2 polymer, ® alkali, ¢ surfactant.

Numerical simulation results are shown in Figure 6 and Table 3. Figure 6 shows that the
recovery factor increases with the surfactant concentration in the main slug and the length of
exploitation. Table 3 shows that the value of the recovery factor increases to its highest value when
the surfactant concentration is 0.2%. After that point, the value of the recovery factor gradually
declines. However, when the ASP flooding solution flows through the actual formation, the
surfactant will be absorbed, resulting in damage for the compound system. Therefore, the surfactant
concentration in the main slug should be slightly higher than the optimum value, to ensure the
stability of the compound system. Considering that excessive surfactant concentration is not helpful
for the stability of the emulsion, the surfactant concentration in the main slug should be 0.3%.

Table 3. Recovery factor percentage of different experimental schemes.

Scheme  Surfactant Concentration/% Recovery Factor/% Increased Value of Recovery Factor/%

1 0.1 15.53 -

2 0.2 17.72 2.19
3 0.3 18.53 0.81
4 0.4 19.08 0.55
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Figure 6. Recovery factor comparison of different experimental schemes.

4.2. Effect of Surfactant Concentration in the Vice Slug on the Oil Displacement Results

The numerical simulation was carried out with 0.04 PV pre-polymer slug (1600 mg/L polymer);
0.35 PV main slug (0.3% surfactant + 1.2% surfactant + 1900 mg/L polymer); 0.15 PV vice slug
(surfactant + 1.0% alkali + 1800 mg/L polymer); and 0.25 PV rear-polymer slug (1600 mg/L polymer).
The surfactant concentrations in the vice slug were 0.1%, 0.15%, 0.2%, 0.3%, and 0.4%, respectively.
The results of the experimental schemes were compared and the optimal surfactant concentration
was chosen based on the results.

The numerical simulation results are shown in Figure 7 and Table 4. Figure 7 shows that the
recovery factor also increases with the increase of the surfactant concentration in the vice slug. Table
4 shows that the recovery factor increases to its highest value when the surfactant concentration is
0.15%. After that point, the value of the recovery factor gradually declined. When the vice slug
flowed through the formation, part of the surfactant in the main slug was adsorbed, which
prevented the surfactant in the vice slug from being consumed. Considering the influence of
economic factors, the surfactant concentration in the vice slug should be 0.15%. By comparing the
effect of the surfactant concentration in the main slug and vice slug, we concluded that the increased
value of the recovery factor is bigger when we increased the mass fraction of the surfactant in the
main slug rather than in the vice slug. This shows that the amount of surfactant in the main slug
plays a more important role in displacing oil from the formation. Therefore, the surfactant
concentration in the main slug should be higher than the optimum value.

Table 4. Recovery factor percentage of different experimental schemes.

Scheme Surfactant Concentration/% Recovery Factor/% Increased Value of Recovery Factor/%

1 0.1 17.74 --

2 0.15 18.53 0.79
3 0.2 18.90 0.37
4 0.3 19.15 0.25
5 0.4 19.33 0.18
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Figure 7. Recovery factor comparison of different experimental schemes.

5. Oil displacement Experiment

5.1. Experimental Materials and Equipment

D
@)

©)

4)

Core: artificial epoxy resin cementation heterogeneous cores, 4.5 cm x 4.5 cm x 30 cm;

Polymer: the polymer is partially hydrolyzed polyacrylamide, with an average relative
molecular weight of 16-19 million and 25 million, and a solid content of 88%, from Dagqing
Refining and Chemical Company in China. The alkali is Na2COs of analytical grade; the
surfactant is alkyl benzene sulfonate with a solid content of 50%, from Daqing Refining and
Chemical Company in China;

Experiment water: the injected water was from injection allocation station II of factory one from
the Daqing oilfield. The injection and formation water contains sodium bicarbonate and
includes high concentrations of Na* and K* and relatively low concentrations of Mg?* and SOs?-
ions. The average total salinity of the injection water and formation water were 4012.7 and
8025.4, respectively. The composition of the injected water and formation water are shown in
Table 5;

Experimental oil: the synthetic oil used in the displacement experiment was compounded with
the crude oil sampled (degassed and dehydrated) from Daging Oilfield and the aviation
kerosene. The viscosity of the synthetic oil was 7.0 mPa-s at 45 °C.

Table 5. Water composition of the injection and formation water (mg/L).

Component Water Type

Cations Anions
Na*+K* Mg* Ca* COs* HCOs Cl- SO+

Total Salinity

Injection water 1265 73 3206 210.07 170856 780.12  9.61 4012.7
Formation water 2530 14.6 6412 420.14 341712 1560.24 19.22 8025.4

5.2. Experimental Procedure

@
@
®)

(4)

The pore volume was measured by vacuum and then saturating it with underground water. All
steps were conducted at room temperature;

At 45 °C, the core was saturated with 1.2 PV (Pore Volume) oil, and was then stopped when the
oil saturation was larger than 70%;

At 45 °C, the core was flooded with water until the water cut was 98%. The pressure change,
liquid producing capacity, water rate, and oil rate in each period were recorded, and then the
recovery factor was calculated;

At 45 °C, the chemical flooding was conducted. Each slug was injected according to the
experimental scheme. The pressure change value, liquid producing capacity, water rate, and oil
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rate in each period were recorded, and then the recovery factor was calculated. The
experimental process diagram is shown in Figure 8 [14].

Figure 8. Diagram of the experimental process. 1-plunger pump; 2-beaker; 3-container; 4-water;
5-polymer; 6-ASP solution; 7-pump sensor; 8-core holder; 9-base; 10-manual pump; 11-oven.
5.3. Experimental Results

(1) The oil displacement experiments were conducted with three different surfactant
concentrations in the main slug: 0.25%, 0.3%, and 0.35%, respectively. All other conditions were
the same. The concrete schemes are shown in Table 6.

Table 6. Concrete schemes of the oil displacement with different surfactant concentrations in the

main slug.
Surfactant
Scheme Pre-P]o lymer Main Slug Vice Slug Concentration in Post-I’lolymer
Slug Main Slug (%) Slug
1 0.04 PV 0.35PV 0.15PV 0.25 02PV
2 (1600 mg/L, (1.2% A b +S<+1900 (1% A +0.15% S + 1800 0.3 (1600 mg/L,
3 25 million P ) mg/L, 16-19 million P) mg/L, 16-19 million P) 0.35 16-19 million P)

2 polymer, ® alkali, ¢ surfactant.

Tables 6 and 7 show that for the same pre-polymer slug (0.04 PV of 1600 mg/L polymer with a
molecular weight of 25 million), main slug (0.35 PV of alkali (1.2%) + surfactant (0.25%) + polymer
(1900 mg/L with molecular weight of 16-19 million)), vice slug (0.15 PV alkali (1%) + surfactant
(0.15%) + polymer (1800 mg/L with molecular weight of 16-19 million)), and post-polymer slug (0.2
PV polymer (1600 mg/L with molecular weight of 16-19 million)), the concentration of surfactant in
the main slug varied from 0.25% to 0.35%. When the surfactant concentration in the main slug was
0.25%, the chemical flooding recovery factor was 80.07% and the oil recovery was improved by
23.57% compared to the water flooding. When the surfactant concentration in the main slug was
0.3%, the chemical flooding recovery factor was 80.97%, which improved by 24.17% compared to
water flooding. The oil recovery factor increased by 0.6% compared to that for the 0.25% surfactant
concentration in the main slug. When the surfactant concentration in the main slug was 0.35%, the
chemical flooding recovery factor was 81.56%, which improved by 24.56% compared to water
flooding. The oil recovery factor increased by 0.39% compared to the surfactant concentration of
0.3% and 0.99% compared to the surfactant concentration of 0.25% in the main slug. It is shown that
the recovery factor increased significantly compared to water flooding. It is also shown that the
amplification oil recovery factor for the surfactant concentration that increased from 0.25% to 0.3% is
bigger than those from 0.3% to 0.35%. It is concluded that the oil recovery factor increased with the
surfactant concentration in the main slug. However, the amplification of the oil recovery factor
decreased with the surfactant concentration, which was consistent with the results of the numerical
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simulation. According to the above analysis, the optimal concentration of the surfactant in the vice
slug is 0.3%.

Table 7. Oil displacement results with different surfactant concentrations in the main slug.

Scheme Oil Water Flooding Chemical Flooding Added Value by Amplification of
Saturation/% Recovery Factor/% Recovery Factor/% Chemical Flooding/% Recovery Factor/%
1 74.1 56.5 80.07 23.57 --
73.5 56.8 80.97 2417 0.60
3 73.8 57.0 81.56 24.56 0.39

(2) The oil displacement experiments were conducted with surfactant concentrations of 0.05%,
0.10%, and 0.15% in the vice slug, respectively. The concrete schemes are shown in Table 8.

Table 8. Concrete schemes of the oil displacement with different surfactant concentrations in the vice

slug.
Surfactant
Scheme Pre-gﬁiymer Main Slug Vice Slug Concentration Post-sl’lzlymer
8 in Vice Slug (%) 5
1 .
5 0.04 PV 0.35 PV 0.15PV 8 (1)3 02PV
3 (1600 mg/L, (1.2% At +0.3% S <+ 1900 (1% A +S +1800 mg/L, 0'15 (1600 mg/L,
4 25 million P 2) mg/L, 16-19 million P 16-19 million P) O N 16-19 million P)

2 polymer, ® alkali, ¢ surfactant.

Tables 8 and 9 show that under the same pre-polymer slug (0.04 PV polymer, 1600 mg/L and
molecular weight of 25 million); the main slug (0.35 PV alkali-1.2% + surfactant-0.3% + polymer
with a concentration of 1900 mg/L and molecular weight of 16-19 million); the vice slug (0.15 PV
alkali-1% + surfactant-0.05% + polymer, 1800 mg/L, and molecular weight of 16-19 million) and the
post-polymer slug (0.2 PV polymer, 1600 mg/L, and molecular weight of 16-19 million), the
surfactant concentration in the vice slug varied from 0.05% to 0.15%. When the concentration of the
surfactant in the vice slug was 0.05%, the chemical flooding recovery factor was 80.23% and the oil
recovery was improved by 23.03% compared to water flooding. When the surfactant concentration
in the vice slug was 0.1%, the chemical flooding recovery factor was 80.10% and the oil recovery
was improved by 23.60% compared to water flooding, which was increased by 0.57% compared to
that for the surfactant concentration of 0.05% in the vice slug. When the surfactant concentration in
the vice slug was 0.15, the chemical flooding recovery factor was 80.97% which was improved by
24.17% compared to water flooding. The oil recovery was increased by 0.75% compared to that of
the surfactant concentration of 0.1% and by 1.32% compared to that of the surfactant concentration
of 0.05% in the vice slug. When the surfactant concentration in the vice slug was 0.2%, the chemical
flooding recovery factor was 81.28%, which was improved by 24.88% compared to water flooding.
The oil recovery was increased by 0.51% compared to that of the surfactant concentration of 0.15%
and by 1.28% compared to that of the surfactant concentration of 0.1% in the vice slug, and by 1.85%
compared to that of the surfactant concentration of 0.05% in the vice slug. It is concluded that the
recovery factor increased significantly compared to those of water flooding. It demonstrates that the
amplification oil recovery factor for the surfactant concentration that increases from 0.1% to 0.15%
is bigger than that from 0.05% to 0.1%. It also shows that the oil recovery factor increases with the
surfactant concentration in the vice slug. The amplification of the oil recovery factor also increases
with the surfactant concentration, which is consistent with the results of the numerical simulation.
Therefore, the optimal concentration of the surfactant in the vice slug is 0.15%.
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Table 9. Oil displacement results with different surfactant concentrations in the vice slug.

Scheme 0il Water Flooding Chemical Flooding Added Value by Amplification of
Saturation/%  Recovery Factor/% Recovery Factor/% Chemical Flooding/% Recovery Factor/%
73.6 57.2 80.23 23.03 -
73.8 56.5 80.10 23.60 0.57
73.5 56.6 80.97 24.37 0.77
73.4 56.4 81.28 24.88 0.51

6. Conclusions

D
@)

®)

According to the numerical simulation, the oil recovery increases gradually with the surfactant
concentration in the main slug. The optimal concentration of the surfactant in main slug is 0.3%;
According to the numerical simulation, the oil recovery factor increases gradually with the
surfactant concentration in the vice slug. The optimal concentration of surfactant in the vice
slug is 0.15%;

Compared to increasing the mass fraction of surfactant in the vice slug, the recovery factor
increased more when increasing the mass fraction of surfactant in the main slug. This
demonstrates that the amount of surfactant in the main slug plays a more important role in
displacing oil from the formation than in the vice slug.
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